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ARTICLE INFO ABSTRACT
Keywords: Shrink-fitted sleeve rolls have several advantages; for example, the shaft can be reused after
Bimetallic roll reaching the threshold minimum diameter. However, the interfacial slip sometimes appears be-

Shrink-fitted

Irreversible relative displacement
Interfacial slip

FEM analysis

tween the shaft and the shrink-fitted sleeve causing roll damage. To clarify the interfacial slip in
real rolls, in this study, FEM analysis is performed focusing on the roll deformation promoting the
failure. The irreversible relative displacement between the shaft and the sleeve may cause the
interfacial slip when the roll is deformed under external loading. The amount of the interface slip
increases significantly with increasing the shaft deformation by decreasing Young’s modulus of
the shaft.

1. Introduction

In metalworking, rolling processes are more tonnage than any other manufacturing process. Rolling technology is developing and
advancing further although seemingly mature [1-15]. Fig. 1 illustrates the rolling roll in roughing stands of hot rolling stand mills. The
rolls are classified into two types; one is a single-solid type, and the other is a shrink-fitted assembled type consisting of a sleeve and a
shaft.

Some sleeve rolls are practically and successfully used as the back-up rolls having large trunk diameter exceeding 1000 mm and also
used as the rolling rolls for large H-section steel [1-3]. Those sleeve rolls have several advantages. The shaft can be reused by replacing
the sleeve after consumed due to the abrasion or the surface roughening. Furthermore, the sleeve wear resistance can be improved
independently without loosening the shaft ductility.

On the other hand, this shrink-fitted sleeve roll has several peculiar problems such as residual bend deformation, fretting fatigue
cracks at the sleeve end and sleeve fracture due to the circumferential sleeve slippage [5-13]. Among them, no detail studies are
available for this circumferential slippage in rolling roll. It should be noted that the circumferential slippage sometimes occurs even
though the resistance torque at the interface is larger than the motor torque. It is known that this slippage is irreversible since the
slippage does not go back to the initial state in a reversible way after removing the load. Since the initial conditions cannot be restored
exactly [12-15] this phenomenon is hard to be proved. Considering no quantitative study available for rolling rolls, our previous study
assumed a rigid shaft to simplify the phenomenon and to realize the slippage in the numerical simulation [12-15]. However, similar
phenomenon is known as “interfacial creep” in ball bearing. In this failure, the bearing gradually moves circumferentially to the
stationary shaft or housing [16-26]. To explain this failure, Soda [16] explained two factors; one is the clearance between the ring and
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the shaft or housing, and the other is the elastic deformation which Imai [17] proved experimentally. Those studies treated the
interface creep in the opposite direction to the bearing rotation [17,18] but another reports treated the creep in the same direction
[19,20]. Several other studies are also available for the bearing creep phenomenon [21-28]. However, few studies discussed the
phenomenon quantitatively.

In this study, to understand the phenomena essentially, the elastic roll deformation effect will be discussed in the simulation under
free rolling. Furthermore, by using miniature rolling facility, the interfacial slip will be verified experimentally. Different from ball
bearings, as shown in Fig. 1a, the driving torque and the frictional force may promote the slippage in the sleeve rolls causing serious
failure. However, before considering additional factors such as the motor torque, it is necessary to investigate and verify the essence of
the phenomena under free rolling like ball bearing creep. By clarifying the phenomenon, in this way, such unknown failure can be
prevented in the near future and the sleeve assembly type roll can be used much more widely.

2. Interfacial slip simulation focusing on the relative displacement

Fig. 1 illustrates a sleeve assembly type roll used in rolling. Fig. 1a illustrates the central cross section and Fig. 1b illustrates the
axial cross section. As shown in Fig. 1, the sleeve roll consists of a sleeve and a shaft shrink-fitted. Fig. 1c shows an example of a
commonly used bimetallic sleeve roll manufactured by centrifugal casting method. Here, the outer layer is made of high-speed steel
(HSS) having high abrasion resistance and the inner layer is made of ductile casting iron (DCI) having high ductility. In this study a
single material sleeve roll is considered instead of the bimetallic roll to simplify the analysis and to clarify the interfacial slip.

As shown in Fig. 1a, the roll is subjected to the contact force P from the back-up roll, the rolling force P, and the frictional force S
from the rolling plate. Since two-dimensional modelling is applied, the external force per unit length should be considered as well as
motor torque T. In Fig. 1b, the back-up roll is longer than the width the rolling plate; and therefore, the bending force Py is acting at the
bearing. Here, the rolling force P, the rolling reaction force Py, and the bending force Py, should be balanced, but Py is estimated to be
<10% of P and Py, [5]. Therefore, in this study, assume the bending force P, = 0; then, the rolling force (=~P x back-up roll body
length) is equal to the rolling force (=~Pj x strip width) as P = Py. This modelling refers to the case study of the loading at the fifth
stage of hot finishing roll [5].

Fig. 2 illustrates two-dimensional modelling in numerical simulation. As shown in the Appendix A in detail, the roll rotation is
expressed by the load shifting on the fixed roll surface [12-15]. Fig. 2a illustrates the real roll by shifting the load on the roll surface
with the roll center fixed. The roll is assumed to be subjected to the concentrated rolling load P = 13270 N/mm [4,5]. In rolling the
friction S is used to compress the rolling plate between the rolls. In this study, however, the free rolling with T =0 and S = 0 will be
discussed as shown in Fig. 2b. This is similar to the ball bearing where the torque is not applied on the ball but either on the inner or
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Fig. 1. Schematic illustration for real hot strip rolling roll.
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Fig. 2. Modelling and simulation for interfacial slip.

outer ring and the balls freely rotates to minimize the friction. Fig. 2b also shows an example of the mesh division for the finite element
method (FEM). To realize the interface slippage, the FEM simulation should be well conducted on basis of the experience and skills for
engineering applications. In the previous studies [29-32], the FEM mesh error was discussed for bonded problems and mesh-
independent technique was proposed confirming that the displacement boundary condition applied confirming that the displace-
ment boundary condition is relatively insensitive. Contact status change was clarified when the pitch-difference nut is tightened [33]
and dynamic deformation was investigated through consecutive quasi-static analyses [34]. On the basis of those skills, during the
ceramic roll rotation, the axial movement of the shaft was analyzed by shifting the load on the fixed shaft [35-38]. In this study, the
circumferential sleeve slippage will be realized by extending the above technique and applying FEM code Marc/Mentat 2012 to the
elastic contact quasi-static analysis for rolling rolls. In this code, the complete Newton-Raphson method and the direct constraint
method for the contact analysis are used. As shown in Fig. 2b, a 4-node quadrilateral plane strain is used with the number of mesh
elements are 309,440 with confirming the mesh independency of the results [39].

Table 1 shows mechanical properties, dimensions and boundary conditions of the model in Fig. 2b. The loading condition used in
this study is based on the data at No. 5 stand for roll hot strip finishing roll mill [4,5]. Assume the concentrated loading P from the back-
up roll and the reaction P from the strip with P = 13270 N/mm [4,5]. Small effect can be confirmed by replacing Hertzian contact stress
with the concentrated force P. The shrink-fitting ratio is defined as 6/d, where § is the diameter difference between the inner diameter
of the sleeve and the outer diameter of the shaft. Usually, the shrink-fitting ratio in the range 5/d = 0.4 x 10 ~ 1.0 x 107 is applied to
sleeve rolls on the basis of long year experience. This is because a smaller value 5/d < 0.4 x 10 may cause interface slip easily and a
larger value 5/d greater than 1.0 x 10" may increase the risk of sleeve fracture [6]. To study the irreversible interfacial slip, in this
paper, 5/d = 0.5 x 107 is focused. The effect of the shrink-fitting ratio is discussed in Appendix B. Regarding the friction coefficient u
controlling the slippage resistance on the interface, u = 0.2 was used in an experimental study and u = 0.4 was often used for steel
surfaces previously [1,40]. In this way, since u = 0.2 ~ 0.4 is usually used for sleeve assembly type rolls, in this study, the friction
coefficient u = 0.3 between the sleeve and the shaft is used.

Table 1
Mechanical properties, dimensions and boundary conditions in Fig. 2b [13-15].
Mechanical properties Sleeve Young’s modulus of steel sleeveEgeee 210 GPa
Poisson’s ratio of steel sleeve v 0.28
Shaft Young’s modulus of elastic shaftEqs 210 GPa
Poisson’s ratio of steel shaft v 0.28
Roll size Outer diameter of sleeve 700 mm
Inner diameter sleeve d 560 mm
Shrink fitting Shrink fitting ratio 6/d 0.5 x 103
Friction coefficient between sleeve and shaft y 0.3
External force Concentrated load per unit thickness P 13270 N/mmTotal: 1.327 x 107 NRolled width: 1000 mm
Frictional force per unit thickness S 0 N/mm
Motor torque per unit thickness T 0 N/mm
Bending force from bearingP 0 N/mm
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(ii) Define the displacement ug(6)
due to P(0)~P(¢) as uh@~P®

(a) Definition of interfacial displacement u§®~"®)(6) due to the load shifting P(0)~P(¢).
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(d) Interfacial displacement u§®~"®(0) due to the load shifting P(0)= P from from ¢ = 0 to ¢ = ¢ when
Eshaft = Esteeve= 210 GPa and when Egpqpr =°° and Egjeeve= 210 GPa.

Fig. 3. Interfacial displacement and irreversible interfacial displacement.
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3. Irreversible relative displacement causing interfacial slip

The relative displacement accumulation between the sleeve and shaft may represent the interfacial slip. In Fig. 3a, the relative

displacement us(o)N Fe) (0) due to the load shifting P(0) ~ P(¢) is defined between the sleeve and shaft when the load moves from the
angle ¢ = 0 to ¢ = ¢. Here, notation ¢ denotes the angle where the load is shifting and notation 6 denotes the position where the
displacement is evaluated. The load P(¢p) is defined as the pair of forces acting at ¢ = ¢ and ¢ = ¢ + #. The notation ug(O)N P@ )
means the relative displacement uy(0) at @ = 6 when the pair of loads are applied atp =0top =@ andp=ntop = ¢ + 7.
Fig. 3billustrates an example of the interfacial displacement ug(o) (0) due to an initial load P(0) when Egpq=Ejeeye = 210 GPa. Fig. 3b
P(0)~0

also indicates the displacement u, (0), which is the residual displacement when the initial load P(0) is removed as P(0) — 0. As
shown in Fig. 3, ug(o)_’o(e)are not zero as well as u§<°> (6). This non-zero ug(o)_’o(e)means the displacement u§<°>(9) and u{;(o)N P@) () is

irreversible. Fig. 3c shows ug(o) (@)and ug(o)*o(e)when the larger load P(0) = 1.5P is applied and removed as P(0) — 0. The maximum
value of the slip u‘;(‘” (0) increases from 0.0329/0.0188~:1.75, which is larger than 1.5. This non-linearity is caused by contact status
change although the displacement is elastic. The maximum value of the irreversible slip u’;(‘”*"(e) increases from 0.0118/
0.0077~1.53, which is also larger than 1.5. Fig. 3b and c illustrates the irreversible displacement ug(o)*o(a)in a fundamental way by
removing the initial load completely. During the roll rotation that can be expressed as the load shifting, such irreversible displacement
is accumulated and appears in a complicated way.

When the load is shifted fromp = 0 to ¢ = 27, Fig. 3d illustrates the relative displacement ug(O)N P ("')(0) at @ = 0. As shown in
Fig. 3b, under the initial loadug(o)(o) = 0. Due to the irreversible slip, uZ(O)N P("’)(O) becomes negative asug(O)N P(‘”)(O) < 0 in the range
0< ¢ < 96° and becomes positive u10>(0)~ Pl@) (0) > 0in the range ¢ > 96° when Eq = Egteeve= 210 GPa. Since the slip varies depending
on 6, the variations are indicated in Appendix A for half rotation as us(O)N P(x) (0) and for one rotation as u§(0>N P@m) (0) in the range 6 =
0 ~ 2z. To express the amount of the slip with increasing ¢, the average displacement can be defined by the following equation.

- 1 [ -
0 = [ o e
2r /o

As shown in Fig. 3, when the initial load P is applied at ¢ = 0, the average displacement is zero as uﬁ,’_fﬁe, = 0. Also, when the initial load

is removed as P(0) — O the average displacement is zero as ugff\,): % — 0.1t should be noted that the displacements themselves ul;w) )

and ug(o)ﬁo(e)are not zero except at @ = 0, w, and 2x. This non-zero displacement means once the load is applied, such local slippage
may appear. Although u§<0> (0) is symmetric as shown in Fig. 3b, with increasing the load shifting angle ¢, the average displacement
ugff‘)g P¥) increases after losing the symmetry (see Fig. A.2 in Appendix A).

4 . P(0)~ P(g)
Fig. 4 illustrates the average displacement 1 .~

by varying Young’s modulus of the shaft, Egqq. As indicated in Fig. 4 and
Table 2, assumed shaft materials are ductile cast iron (DCI), steel, cermet and rigid. Table 2 also indicates the shrink-fitting stress o, .,

0.08 T T g
1 P4 s _
07 o = Jo ub @@ (g)dg Egteeve=210 GPa
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E 005 Egiape =210 GPa
®
s oo} Eaiase=490 GPa ; ;
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002 | 1 stress gy, . when 8/d = 0.5x 1073
001 { 1 Material Shaft Young's o, .[MPa]
0 ) ) ) modulus (Normalized
0 %0 130 270 360 Esnare [GPa]  when Eq e
¢ (rad) =210 GPa)
DCI 160 19.42(0.967)
4 « + Steel 210 20.09(1.000)
: S\
‘ — ‘«- ‘\ e ‘f« (4 \ Cermet 490 21.43(1.067)
¥ A v > SV Rigid 22.57(1.123)

Fig. 4. Average displacement ugff‘f‘: P(2r) (0) increases almost linearly with increasing load shift angle ¢.
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Table 2
Shaft Young’s modulus Egerand shrink- fitting stress oy, when 8/d = 0.5 x 1073
Material Shaft Young’s modulus Egqs [GPal Orc [MPa]
(Normalized
when Egpp
= 210 GPa)
DCI 160 19.42(0.967)
Steel 210 20.09(1.000)
Cermet 490 21.43(1.067)
Rigid © 22.57(1.123)

by varying Egqp. The average displacement usy(c?‘f: P@increases with increasing the load shift angle ¢. With decreasing Egf:, the shrink-
fitting stress oy, decreases slightly as shown in Table 2. It should be noted that the average displacement ugff‘): P9) s accelerated

more significantly with decreasing Egqp;. The interface slip may occur as soon as the load shifting starts. It should be noted that the
amount of interfacial slip ug_’(aov); Plo)
therefore, the load shift P(0) ~ P(2z) which represents one rotation load will be considered to discuss the interfacial slip since the
results under many rotations can be linearly estimated.

Fig. 5 illustrates the average displacement ulﬂ),(ao‘,)‘: P due to the load shifting P(0) ~ P(2x) versus the shaft Young’s modulus Egqs.
The average displacement for ductile iron (DCI) is larger compared to steel, cermet and rigid shaft. It may be concluded that the shaft
elastic deformation contributes to the interfacial slip. In the following section, the effect of the shaft materials to the interfacial slip will

be discussed in detail. The relation between ugv(f‘,)‘: P(

increases almost linearly with increasing the load shift angle ¢ as shown in Fig. 4. In the following,

) and Egqpe in Fig. 5 should be compared with other relations to find out the
controlling parameter of usff‘): PR (see Fig. 7, Fig. 8, Fig. 10).

4. Discussion of shaft elastic deformation on interfacial slip

Fig. 6 shows the shear stress distribution rfg(mw PE1) in comparison with the frictional stress uo? (0~ P(2m) along the shrink-fitting
surface. Fig. 6a shows the rigid shaft result under the load shifting P(0) ~ P(2r). Fig. 6b shows the elastic shaft result whenEgqs
= 210 GPa under the load shifting P(0) ~ P(2z). The notation P(0) ~ (27) denotes one rotation loading from ¢ =0 to ¢ = 2x. It
should be noted that the displacement increases with increasing ¢ as shown in Fig. 4 but the stresses oy does not change with increasing
@ [13].

In this study, the friction coefficient u = 0.3 is assumed between the sleeve and the shaft. By considering the FEM accuracy, the
irreversible relative displacement may appear when 7,4 = |uo,| within the error + 1 MPa. This region can be defined as the slippage
region /g;. In the previous study by Noda et. al. [12], the region was named “quasi-equilibrium stress zone 7,y = |uo,|” where the
irreversible displacement occurs. As shown in Fig. 6a and b, the slippage region /g;, is much larger for the elastic shaft compared to the
rigid shaft. This behaviour explained the larger irreversible displacement appears as shown in Fig. 5.
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X Eshafi= o
t L shaft ]
5§ 003 Material: Rigid
g
S
0.02 1
0.01 | ]
0 L L L L |
0 100 200 300 400 500 ! ‘_A_JOC
Eshaft
Fig. 5. Average displacement ug_(aov)l: P27 yersus Eghoft WhenEgee, = 210 GPa.
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Fig. 6. Comparison of slippage zone of rigid shaft and elastic shaft under the load shifting P(0) ~ P(2x).
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Fig. 7 shows the slippage region ratio that is defined as /g;, /7d due to the load shifting P(0) ~ P(2x). Here the slippage region /g,

P(0)~ P(27)

(0)~ P27) o ’ ot

. P(0
is where 7,,

Slippage region ratio = /y;, /7d

/iy = Region where 720~ POT) ot~ Pem) 2)

As shown in Fig. 7, the slippage region ratio /s, /7d decreases with increasing Egqp;. As shown in Fig. 5, the average displacement

P(0)~ P(2r
0.a

Ve, )also decreases with increasing Egnqf. In this way, the interfacial displacement may be promoted by larger elastic deformation

due to smaller Egqs. Therefore, the reason why /g, /7d decreases with increasing Egy: is discussed in this section.

First, as a typical elastic deformation, the diameter increase in the lateral direction Ad is focused. Fig. 8 shows the lateral diameter
increment AdP(©)~ P27 after the one cycle loading P(0) ~ P(2x) when the final loads are applied in the vertical direction at§ = 0° and
6 = 180°. With increasing Egg, the lateral diameter increment AdP©~ P27 decreases and goes to zero. Figs. 7 and 8 show the same
trend although in Fig. 8 Ad — 0 when Eg,q; — 0. It can be concluded that the interfacial slip can be accelerated by the larger elastic
shaft deformation due to smaller Egqy.

()~ P

Next, the contact stress change due to the external loading is focused. Fig. 9 illustrates the contact stress o 27) along the

interface due to the load shifting P(0) ~ P(27). As shown in Fig. 9, there is the region /,qy Where the contact stress af(o)N P pe.
comes smaller than the original shrink-fitted stress oy,,,, as of O Pm) < Oryie- HeTE, 07, denotes the shrink-fitting stress without

applying the load P when Eggs = Egeeve = 210GPa. The region /g, can be named “the smaller contact stress region” where
af(O)NP (2m) < 6r,,.- In Fig. 9, the length of the smaller contact stress region /gnqy is express as gnan = Gsman X d/2 by using the angle
Osman as described in Fig. 10. As shown in Fig. 9, the DCI shaft has a larger /oy followed by steel and cermet shaft, while rigid shaft has
a smallest /gnq-

Fig. 10 shows the smaller contact stress region ratio /’gnqu/7d normalized by the total circumferential length zd by varying Eggg.
The smaller contact stress region ratio is given by the following equation.

Smaller contact stress region ratio = / g,/ 7d
/ sman = Region where of (0)~ P(2m) < 0, When Egup = Egeene = 210 GPa 3)

The ratio /smq/7d increases with decreasing Eguqp;. Similar trend can be seen for /g, /zd in Fig. 7. With increasing the smaller contact
stress region, the slippage may happen easily. It can be concluded that the slippage region /g, is closely related to the smaller contact
stress region /gnq-

In this paper, under fixedEg,.,. = 210 GPa, the interfacial slip is discussed by varying Egp; as shown in Table 2. One may think that
Egnqp assumed in Figs. 4-10 is not very realistic; and instead, larger Eg.such as ceramics sleeve should be discussed to reduce the
surface wear. In this paper, however, to develop the bimetallic sleeve roll in Fig. 1c, the effect of the shaft elastic deformation on the
interface slippage is focused to clarify the phenomena. After understanding the essential phenomena in this way, the interface slippage
will be prevented.

nd
Lsmatt = Osman X d/2 (Osmau; see Fig. 10) nd
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Fig. 11. FEM mesh.
5. Experimental confirmation

The relative displacement was discussed as described in the above sections. In this section, the interfacial slip will be confirmed
experimentally. Fig. 11 shows the FEM mesh of a miniature roll used in this experiment. A 4-node quadrilateral plane strain element is
used for mesh division, and the number of mesh elements are 7408. By using the miniature roll whose diameter is 60 mm, the
experiment is conducted under free rolling with T =0 and S = 0. The work roll consists of two sleeves and a shaft. To realize the slip
between sleeve 1 and sleeve 2 as shown in Fig. 11, sleeve 2 and shaft are fixed by the key. Assume the loading P = 490 N/mm, the
shrink-fitting ratio 5/d = 0.2 x 10" and the friction coefficient 4 = 0.3 between sleeve 1 and sleeve 2, the numerical simulation is
newly performed for the miniature roll. Similar to Fig. 3b, u§<°>~ Pleo) (0) is defined as the relative displacement between sleeve 1 and
sleeve 2.

Table 3 shows a summary of the average displacement values obtained through the results of the experiment and simulation when
the shrink-fitting ratio 5/d = 0.2 x 10 for the miniature roll. The experimental value corresponding to u‘;ffgg P9 which is the
average displacement during one roll rotation that can be calculated in the following way.

Table 3
Comparison of experimental data and simulation results for average displacement.

Shrink-fitting ratio 8/d = 0.2 x 1073

Experiment data Simulation results

(PO~ Per) 0.108 x 10 mm 0.886 x 107> mm

0,ave.
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p)~pr) _ Osiip X 7d

0.ave. = 3600 x 1t
_T7° x 1 x 48mm 4

T 360° x 3 x 10*
32mm

T3x10
=0.108 x 10 %mm

In Eq. (4), Oy, is the slip angle observed in the experiment, d is the inner diameter of sleeve 1 and n is the number of the roll rotation. As
shown in Table 3, the order of the numerical simulation coincides with the order of the experimental result. The experimental
observation shows several small local scratches and developed damage can be seen on the slipped surface, which may resist the
slippage. However, the numerical simulation does not consider such local scratches. Although the experimental and simulation results
are not in a good agreement, the model can be used for comparative purposes. Here, the model confirmed the hypothesis that there is
relative movement under free loading.

In this study, to understand the phenomena essentially, the interfacial slip was verified experimentally and the elastic roll
deformation effect was discussed analytically under free rolling condition. By clarifying the phenomenon in this way, such unknown
failure can be prevented and the sleeve assembly type roll can be used much more widely. Although the driving torque may promote
the interfacial slip, it is essential that the phenomena can be realized under free rolling in this study.

6. Conclusions

Shrink-fitted sleeve rolls have several advantages in rolling although interfacial slip sometimes appears and causes the roll damage.
Since there were no detail studies are available, in this study, numerical and experimental simulations were performed to clarify the
phenomenon of the irreversible relative displacement. Under free rolling condition that is similar to ball bearing, the effect of roll
deformation on the circumferential slippage was discussed. The irreversible relative displacement was focused, which is corresponding
to the interfacial slip in ball bearing. The conclusions can be summarized as follows:

1) In the numerical simulation, the irreversible relative displacement was confirmed by removing the external load. The accumulation
of the irreversible relative displacement ug_fv)g P27 due to the rotation force can be regarded as the slip per rotation since the order
of the experiment agrees with the simulation results.

2) The interfacial displacement is promoted by the roll deformation since ugfv); P@)

increases with decreasing the shaft Young’s
modulus Eggp; as shown in Fig. 5. The effect of Egq on the irreversible relative displacement is related to the interface slippage
region size /g as shown in Fig. 7.

3) The interface slippage region /g;, can be explained from the smaller contact stress region /’gnq as shown in Fig. 9. This is because as
the smaller contact stress region size /s, becomes larger, the slippage may occur easily. The smaller stress region increases with

decreasing shaft Young’s modulus Egqyp; as shown in Fig. 10.

In this study, the interfacial slip was confirmed under free rolling condition. It is crucial to understand that the interfacial slip
appears due to the elastic roll deformation even under no driving torque. By clarifying the phenomenon in this way, such unknown
failure can be prevented, and the sleeve assembly type roll can be used much more widely, the authors believe.
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P(0)~ P(p) (0)

Appendix A:. Interfacial displacement ug(())N P(‘”)(G) and average interfacial displacement u,

Fig. A.1 illustrates two-dimensional modelling where the roll rotation is expressed by the load shifting on the fixed roll surface
[12-15]. The roll is assumed to be subjected to the concentrated rolling load P = 13270 N/mm [4,5]. As shown in Fig. A.1, the
continuous roll rotation can be expressed by the discrete load shifting with a constant interval ¢,. The most suitable value of ¢, can be
chosen to reduce the computational time without loosening the accuracy. From the comparison among the results ¢, = 0.25" ~ 12,
the load shift angle ¢, = 4" is adopted in the following discussion since the relative error between ¢, = 0.25° and ¢, = 4° is less than a
few percent. In the following, both forces are denoted by P.

Fig. A.2 shows the variation of ug(o) (0) due to the initial load P(0) by comparing the elastic and rigid shaft. As shown in Fig. A.2a, the
displacement is symmetric with respect to & = 0 as can be expressed in the following equation:

—uy " (=) = u," (6) (AD)
Fig. A.2b shows the displacement 15®~ *™ (9) for the elastic shaft due to the load shifting P(0) ~ P(r) and the displacement

10
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Fig. A.1. The roll rotation can be replaced by discrete load shifting by the angle ¢, on the fixed roll.
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Fig. B.1. Average displacement vs. §/d when the load shifting angley = 0 ~ 2x.
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1)@~ P27 (9 due to the load shifting P(0) ~ P(2x) in comparison with u® (6). As shown in Fig. A.2b, 15 @~ *™(9) and u}®~ P* (9) are
not symmetric anymore with respect to # = 0 due to the load shifting as given in the following equation:

7u§(°)N P(2r) (—6)# MZ(O)N P(2r) o) (A.2)

In Fig. A.2a and b, the average values of the displacements are also indicated by u{;,(") and ug(fv); P#)_Since those displacement varies

ave.

depending on 6, the average displacement can be defined as follows:

" 1 2 N
ypo~ e _ L / WO~ P9 (9)dg (A.3)
ave 21 Jo

© _

ave.

When the initial load P is applied at ¢ = 0, the average displacement is zero as 1, 0 and u”)(0) is symmetric. Due to the load

O~ Pl) ; '

shifting from ¢ = 0 to ¢ = ¢, the average displacement 1, increases losing the symmetry. This is because ug(o) () is irreversible

.ave.
as shown in Fig. 3.

Appendix B:. Effect of shrink-fitting ratio §/d on the interfacial slip

In this paper, the shrink-fitting ratio §/d = 0.5 x 107 is focused to clarify the effect of the elastic deformation on the interface
slippage. Usually, the shrink-fitting ratio in the range 5/d = 0.4 x 10"> ~ 1.0 x 107 is applied to sleeve rolls on the basis of long year
experience. This is because a smaller value 5/d < 0.4 x 10°> may cause interface slip easily and a larger value 5/d greater than 1.0 x 10"

% may increase the risk of sleeve fracture [6]. Fig. B.1 indicates the average displacement after one rotation ug(f‘,)e_
P(0)~
0.a

P27 by varying the
P27 decreases with increasing &/d. This is because with increasing §/d, the shrink-

fitted stress oy,,,, increases and the slip resistance also increases on the fitting surface. Even when 6/d — 0, ug_fv); P

shrink-fitting ratio 6/d. The displacement uj, .-

2 does not go

to infinity because of the contact of the sleeve and the shaft due to the load P causing the slip resistance at the contact portion. On the

~ P(2r)

other hand, when §/d — oo, the sleeve and the shaft are integrated together and ug(a(i,)e — 0. Care should be taken for the large

circumferential stress oy at the inner surface which may cause the fracture when the larger shrink-fitting ratio is applied.
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