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Coming Out Mechanism of Steel Shaft from Ceramic Sleeve
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Ceramic rollers can be used in the heating furnace conveniently because of its high temperature resis-
tance. The new roller consists of ceramic sleeve and steel shaft connected only under a small shrink fitting
ratio because of the brittleness. In the previous study, simulation of coming out of the shaft from the
sleeve was performed, but only small number of loading cycle can be considered because of large com-
putational time. To analyze the coming out problem more efficiently, in this paper, the two-dimensional
shrink fitted structures are considered. Then, the effects of the magnitude of load and shrink fitting ratio
are investigated under large number of loading cycle. Finally, the coming out mechanism is discussed for
larger number of cycles by focusing on the shear stress and displacement at the joint end. The coming
out occurs when the negative shear stress is unstable. On the other hand, the coming out does not occur
when the positive shear stress is stable with little fluctuation.
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1. Introduction

Steel conveying rollers are used in the heating furnace
for producing high-quality steel plates for automobiles.
The conventional roller material is steel with ceramic spray
coating on the outside of sleeve. To reduce the temperature,
inside of the roller is cooled by water. However the thermal
expansion mismatch may exceed the adhesion strength of
the ceramic layer and causes failure on the roller surface
such as crack, peeling, and wearing."” Therefore, the life
of the roller becomes short. A new ceramic roller consists
of steel shaft at both ends and ceramic sleeve having high
heat resistance, high corrosion resistance and high wear
resistance. Air circulation is applied on the inside roller. The
ceramic sleeve may prevent defects caused by coating,>”
and therefore, the roller life can be extended significantly.
Since both adhesive bonding and metal bonding have very
low strength under high temperature, only shrink fitting can
be applied for the ceramic sleeve and steel shaft connection.
Several previous studies suggested that the shrink fitting
may be the most suitable joining method for cylindrical
ceramic and the maintenance cost and replacement time
of the shaft can be reduced.*® However, since the thermal
expansion coefficient of steel is about four times larger than
the one of ceramic, only a small shrink fitting ratio can be
used to prevent fractures due to the shaft expansion.”'¥

Several studies are available for contact failure regard-
ing the shrink fitting assembly for a gear hub and shaft,'”
for rotating thermos elastoplastic.'® Previously, authors
have discussed the effects of the shrink fitting ratio and the
friction coefficient upon the coming out behavior of the
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shaft.'”'® In this study, the roller rotation is replaced by
shifting load in the circumferential direction on the fixed
roll. However, since the 3D simulation needs very large
computational time, it is actually impossible to calculate the
results when number of cycle N is larger than 10. Therefore,
to predict the coming out behavior is still being problematic.

In this paper, the two dimensional model subjected to
alternate loading will be considered instead of the three dimen-
sional model subjected to rotary bending so that the computa-
tional time can be greatly reduced. If the coming out behavior
of the shaft can be simulated numerically by using this effi-
cient modelling, the coming out may be predicted from stable
simulation results under large number of loading cycle. In
addition, the coming out mechanism will be discussed focus-
ing on contact shear stress and displacement at the joint end.

2. Analysis Condition

2.1. Analysis Model

Figure 1 shows the dimensions of the roller. In this
study, a simplified model will be considered to reduce
computational time so that the results can be obtained until
the large number of loading cycle N. Figure 2 shows 3D
model previously used where the load is shifting in the
circumferential direction.'”'® Figure 3 shows 3D model
subjected to alternate load, which is named 3D alternate
model where the sleeve is replaced by the rigid body and
alternate load is applied at the shaft end. Figure 4 shows
2D model subjected to alternate load, which is named 2D
alternate model. Figure 5 illustrates how to simplify the 3D
model to the 2D model. Here, the hollow shaft shrink-fitted
to sleeve is replaced by the solid 2D shaft sandwiched by
the outer rigid bodies. In the 2D model, hollow structures
as shown in Figs. 2 and 3 are not possible because they
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cannot sustain the compressive load due to shrink fitting.
Therefore, we consider 2D shaft as shown in Fig. 4 which
consists of bimaterial EY, and EZ. Here, E}, = 210 GPa is
Young’s modulus of steel, and EZ is Young’s modulus of
a composite, which is determined in the following equation

based on the rules of mixture.

56 (2016), No. 2

Here, E>=0 is Young’s modulus of the hollow part. Area A,
is the cross-sectional area of the shaft, while area A, is the
cross-section of the hollow part.

Table 1 shows the material properties of the models. For
3D model, the shaft material is steel. For 2D model, the
material of 2D shaft is the composite as described above,
and the outer plate is rigid.

A A
Ej =E)———+E, —
At+A A+A 2.2. Boundary Conditions and Analysis Method
A . . . .
—E, — 2 _51.55MPa In 3D model, the roller is subjected to dlstr1jbuted load
1+ A w=30 N/mm on the sleeve part due to the weight of the
conveying steel plate. The distributed load is replaced by a
3800 supporting reaction force P=18 kN at the end of shaft por-
3650 |2 tion. For 2D model, the point load in three-dimension model
_ : — | J? g is replaced by the distributed load as shown in Fig. 4. Here,
g e B ‘ 2D model has a unit thickness which corresponds to 120
% , T i mm width and the standard load 18 kN is represented by
3 \ 12300 2 150 N/mm considering the diameter of the shaft. In previous
\g i % 3D modelling, the roller rotation was simulated by the load
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The purpose of this study is to realize the coming out
for large number of cycle by the numerical simulation. In
this study, the coming out is considered under room tem-
perature because the coming out occurs more easily. If we
want to consider the roller in the heating furnace, equiva-
lent shrink fitting ratios may be applied by considering the
shaft expansion. The shrink fitting ratio of the 2D model is
equivalent to the one of the 3D model. The shrink fitting
ratio &/d is defined as height difference 6 divided by height
d=240 mm. The shrink fitting is considered in the range
&/d=0.01x10"2 -1.0x10>. The ratio 0.2x 10 * is used as
a reference value.

Since the load condition does not reach the plastic region
of the steel shaft in 3D model, eclastic analysis will be
applied to the simplified 2D model. Here, static structural
analysis is performed to the models by using MSC. Marc/
Mentat 2011 with full Newton-Raphson iterative spare
solver of multifrontal method. The total number of elements
is 15580. A half model is considered due to the symmetry.

Table 1. Material properties.
Model 3D-alt., 2D-alt. 3D-—rot.
Sleeve Shaft Sleeve Shaft
Rigid  Steel Composite Ceramics  Steel
part
Young’s modulus
[GPa] 0 210 55 300 210
Poisson’s ratio 1 0.3 0.3 0.28 0.3
Tensile strength
[MPa] ) 600 - 500 600
Mass density 0 7800 7800 3200 7800
[kg/m’]
After shrink fitting
Point C

fitting

we= G g F g, A <0

(a) Displacement (Model 3D-rot.)

Fig. 6.
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(a) Stress on the shaft (Model 3D-rot.)

Before shrink

3. Deformation and Displacement of the Shaft under
Different Shrink Fitting Ratios and Bending Loads

3.1. Deformation and Stress of the Shaft Due to Shrink
Fitting

Figure 6 shows deformation of the shaft due to shrink
fitting. In this analysis, the coming out will be discussed
by using the z-displacement at point C as shown in Fig.
6(a). Here, z-displacement u,c for 3-D model is defined by
it = sk +ulh +ulh +uln) /4 =uli <0 as shown in Fig.
6(a). For 2D model, the z-displacement is defined at the
center of inner plate at point C. This point C is used as a
reference point of the displacement.

Figures 6(a), 6(b) shows the displacement of the shaft
due to shrink fitting. Since the shaft is compressed in the
r-direction, point A of the shaft enters into the sleeve. For
3D model, the negative displacement occurs as S} = 3% <0,
and for 2D model, the negative displacement occurs as ue<
ui<0. Figure 7 shows stress o; along the contact surface
due to shrink fitting. Maximum stress ¢;=105 MPa appears
at the shaft end of 3D model. The maximum stress 6,=175
MPa appears at the outer plate end of 2D model. It is seen
that stress concentration is quite large for 2D model.

Shear stress 7, is also shown in Figs. 7(a), and 7(b).
Although the shaft is extended in the axial direction by
the compressive stress o; due to shrink fitting, shear stress
T, is working to prevent the elongation as shown in Figs.
7(a), 7(b). Maximum shear stress 7,=+16 MPa appears at
the shaft end surface and 7,=%17 MPa appears at the plate
end surface.

3.2. Deformation and Displacement of the Shaft Due to
Alternate Loading
In this chapter we consider two points A and C as shown

After shrink fitting

Point C Before shrink
N / fitting

(b) Displacement (Model 2D-alt.)

Shermatic view of displacement of the shaft and the inside plate due to shrink fitting.

0/ lmax="175MPa

/Jmin=-10MPa

E— T4 teln=17MPa

- > e

Trzfmax=17MPa
(Radial stress o) (Shear stress T )

(b) Stress on the inside plate (Model 2D-alt.)

Fig. 7. Stress along the shaft and the inside plate due to shrink fitting when &/d = 0.2x10 >
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in Fig. 8 in order to discuss the coming out. Initial position
of the shaft before shrink fitting is defined by the coordinate
(r, z) as shown in Fig. 8. Then, relative displacement ua,
u,c from the initial position is considered. Figure 8 shows
the coming out of the plate due to the initial load. The com-
ing out of the plate at point A ™ occurs in the negative
direction due to shrink fitting as shown in Fig. 6. Then, the
coming out in the positive direction occurs due to the initial
load. Here uly™ and 4’ are defined as the initial values
N=0 considering the effect of the initial load.

Figure 9 shows the displacement of the point A in Fig.
8 under two different shrink fitting ratios &/d. Here, &/d=
0.2x107* is commonly used for real ceramic sleeve rolls
and &d=0.01x10"* is an example of small shrink fitting
ratio. In Fig. 9(a), the point a refers to displacement
due to shrink fitting. While point a’ in Fig. 9(a) refers to
displacement u " due to the initial load. In Fig. 9, the hori-
zontal axis is number of cycle N. Here, the initial load after
shrink fitting is corresponding to the number of cycle N=0,
while alternate load up and down once is corresponding to
N=1. Displacement at point A u.4 is indicated until N=40.

Under the standard ratio, §/d=0.2x10"7, displacement
at point A is up and down as shown in Fig. 9(a) depend-
ing on the alternate loading. After u.4 increases from N=0
to N=5, u.4 becomes constant and decreases slightly with

P=150N/mm

Point A

Initial state before

Fig. 8. Definition of the displacement of the plate due to shrink
fitting and bending load (Model 2D-alt.).
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Fig. 9. Displacement u., at point A vs. number of cycle N when
§d=0.2x1073,0.01x10 >,
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increasing N. On the other hand, under small shrink fitting
ratio &/d=0.01x10"3, u., increases monotonously with
increasing N as shown in Fig. 9(b).

Figure 10 shows relationship between u.c and number
of cycle N. Here, the center point C in Fig. 8 is focused
in order to discuss the coming out criteria. Under small
shrink fitting ratio, displacement u.c increases monoto-
nously as shown in Fig. 10(b) indicating that the coming
out occurs easily. However, for standard shrink fitting ratio
&/d=0.2x10"°, displacement increases with increasing N
when N is small as shown in Fig. 10(a). In particular, since
the coming out behavior is significantly different at N=5 or
less, the coming out should be judged after N=5 or more.

_Point C

P=150N/mm
7 T

-0.0069 T T T

-0.0070 &/d=0.2x10"

N Y T Y T Y S T Y I 1

-0.0075

20
Number of cycle N

(a) Fitting ratio for ¢/d =0.2x10

5

§/d=0.01x10"

U-c [mm]

0 10
Number of cycle N

(b) Fitting ratio for 6/d =0.01x10~

20 30

Fig. 10. Displacement u.c at point C vs. number of cycle N for
§d=0.01x10"3.
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4. Comparison of Coming Out Behavior Obtained
from 2D and 3D Model

Figures 11 and 12 show displacement u,c vs. N obtained
from the 3D rotation load model (3D-rot.), the 3D alternate
load model (3D-alt.), and the 2D alternate load model (2D-
alt.). These models are explained in detail in Figs. 2, 3, 4.

Under a larger shrink fitting ratio, §/d=0.2x10"° as
shown in Fig. 11, although the displacement is in the com-
ing out direction at the first few cycle, the behavior is not
simple. Since the number of cycle can be reached until
N=40 by using 2D model and u.c becomes nearly constant
for larger value of N, it can be judged that the coming out
does not occur.

It is seen that the coming out cannot be evaluated accu-

0.010 — T T T
0.005 1
| 3D-rot. :
11 1
p roller model 5y e 2D-alt. 1
in Fig.2 i
alternate alternate
—_ 0 r loading loading|
é e model model
A=F r in Fig.3 in Fig.47
O -
S L L
-0.005 -
-0.010 el 14— |
0 10 20 30 40
Number of cycle N
Fig. 11. Displacement u.c vs. number of cycle N for 3D real roller
model, 3D alternate loading model and 2D alternate load-
ing model under &d=0.2x10"3. (Online version in
color.)
18 T T T T ¥ I .
1.6
14
12
Lo |~
0.8
’g‘ 0.6
s 0.4 I
3 s o 2D-alt.
02 model
7 3Dl in Fig.4
model
0 in Fig.3 7
02 i T L
0 10 20 30 40
Number of cycle N
Fig. 12. Displacement u.c vs. number of cycle N for 3D real roller

model, 3D alternate loading model and 2D alternate load-
ing model under &=0.01x10"3. (Online version in
color.)
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rately when N=5 or less. Moreover, as shown in Fig. 12,
under smaller shrink fitting ratio, the 3D alternate load
model indicates uncertain behavior under small N, and
therefore, the coming out is difficult to be identified. Fig-
ures 11 and 12 shows that the 2D alternate loading model
is useful. In the following discussion, in order to predict the
coming out correctly, the 2D alternate load model will be
used to obtain the results for larger N.

5. Identification of the Coming Out by Using 2D Model

In the previous chapter, it is seen that alternate load model
(2D alt.) may predict the coming out behavior accurately.
In this chapter, effects of the magnitude of the load and the
shrink fitting ratio on the coming out will be investigated.
5.1. Effect of the Magnitude of the Load on the Coming
Out Behavior

The standard force 18 kN in the 3D model is equiva-
lent to the distributed load P=150 N/mm in 2D model
because 2D model has the width 120 mm and the load is
150 N/mmx 120 mm=18 kN. The coming out behavior can
be examined by changing the magnitude of the load. Here,
P=300 N/mm and P=600 N/mm are also considered in
order to determine the threshold condition of the coming
out.

Figure 13 shows the effect of the magnitude of the
load on the coming out under the shrink fitting ratio
&/d=0.2x10">. From the graph, the large load P causes the
large z-displacement u,c. Displacement u,c tends to increase
at N=0-4 independent of the magnitude P. Then, after
N=4, it is seen that under P>650 N/mm, displacement u,c
increases significantly indicating that the coming out occurs.
After N=4, it is seen that for P<640 N/mm, u,c becomes
constant or decreases indicating that the coming out does not
occur. It can be regarded that P=640 N/mm is the threshold
value of the coming out.

0.010 e ——
0.008 | ]
0.006 | i
0.004 | t
[ P=700N/mm o il
0.002 - q
i > ]
— L g 3
E [ - ]
£ 0000 | -l ]
R ,.4"""”6/40N/mm ]
S _poo2 [
600N/mm ]
-0.004 ]
-0.006 ]
- 150N/mm '.|
-0.008 L 1 s L L I L
0 10 20 30 40
Number of cycle N

Fig. 13. Displacement u.c vs. number of cycle N for different load
P when §d=0.2x10 3. (Online version in color.)
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5.2. Effect of the Shrink Fitting Ratio

Here, several shrink fitting ratios are considered. Figure
14 shows the effect of the shrink fitting ratio upon
z-displacement u,c. It is found that the large shrink fitting
ratio causes negative u,c at N=0 due to the compressive
stress. For N=0-40, u,c increases significantly with increas-
ing N under the small shrink fitting ratios, &/d =0.01x10*
and &d=0.03x10"7, therefore, the coming out of the
shaft occurs easily. On the other hand, displacement u,c
becomes constant or decreases under shrink fitting ratios,
8/d=0.1x1073, §/d=0.2x10"3 and &d=0.4x10"3, there-
fore, the coming out of the shaft does not occur. It may
be concluded that the threshold value exists between

0.06 T T T T T T

0.05 1

0.03 | o4d=0.01x103 e i

£ o o E
%) 7
s 001 .
0 E o
001 r 0.2x10° ]
0.4X10°
-0.02 :
0 10 20 30 40
Number of cycle N

Fig. 14. Displacement u.c vs. number of cycle N for different
shrink fitting ratio & when P=150 N/mm. (Online ver-
sion in color.)
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=17MPa

&d=0.03x10"3 and &/d=0.1x10"".

6. Discussion of the Coming Out Mechanism

Effects of the magnitude of the load and the shrink fitting
ratio were successfully discussed in the previous chapter. In
this chapter, the coming out mechanism will be considered
by focusing on the stress at point A changed due to the
cyclic loading.

6.1. Shear Stress at the End of Shrink Fitted Plate
under Different Load

Under the large shrink fitting ratio, §/d=0.2x10"" as
shown in Fig. 15(a), shear stresses are compared when N=0
and N=40. It can be seen that 7, does not change very much
at point A. In other words, the effect of bending load does
not change very much at point A. Figure 15(b) shows shear
stress 7, distribution at the contact surface when N=0 and
N=40 under §/d=0.01x10"". Under this small shrink fit-
ting ratio, the shear stress at the fitting area is almost zero
when N=0, except at the outer plate end. However, the
shear stress distributions greatly change when N=40. It
should be noted that the shear stress direction is reversed to
the negative value at point A, the lower end of inside plate.

As aresult, under §/d=0.2x10 3 7, does not change very
much between N=0 and N=40, which means that the com-
ing out does not occur. In contrast, under §/d=0.01x10"?
shear stress 7, changes very much when N=40 compared
to the stress when N=0. It indicates that the coming out of
the inner plate occurs.

Figure 16(a) shows the relation between shear stress 7., at
point A and the number of cycle under different load P when
&/d=0.2x10">. Here, point A can be regarded as the point
where most likely to slip. Figures 16(b), 16(c) shows the

> > > €« <«

> < <
T er\ —30MPa

(a) 1. for 0/d =0.2x10°

(at N=40)
J\ 7| =39MPa
) rz'max

> <
= ¢ | =-17MPa
Case of
comingout  ~ -SRI - |$ ................................ t Load
-~ — A | =0.9MPa
rrz|maX: 17MPa

(at N=0, shrink fitted)

Fig. 15.
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Shear stress distribution 7. for (a) &/=0.2x10 * and (b) &d=0.01x10 . (Online version in color.)
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Fig. 16. Shear stress 7. at point A vs. number of cycle N when
&d=0.2x10"3. (Online version in color.)

relative shear stress 7,./7,, normalized by the average stress
defined as 7,, = %(rrz lv=3 +++++ 7z ly=10 ). Under P=600 N/

mm and P=640 N/mm, the coming out does not occur when
the positive shear stress, 7., becomes nearly constant after
N=2. On the other hand, under P=650 N/mm—700 N/mm,
the coming out occurs after N=1 when the negative shear
stress, 7, moves up and down unstably. From Fig. 16, the
coming out of the inner plate can be judged easily after N=1
from the shear stress direction at point A.

When the coming out does not occur, the effect of the
loads on point A may be very small. Although a small strain
may occur at point A, the contact state does not change very
much because the inner and the outer plate are attached
tightly. Therefore, the shear stress at point A becomes a
constant value. On the other hand, when the coming out
occurs under larger loads, the loads affect the stress at point
A quite largely, and therefore, the contact status between the
inner and outer plate is changed. The alternate load causes
stick-slip around this area and the shear stress at point A is
fluctuated.

6.2. Displacement at the End of Shrink Fitted Plate
under Different Load

Figure 17 shows relative displacement Au,a=uU,a|shai—
Uzalsieeve at point A until N=10. When the coming out does
not occur under P=640 N/mm and P=600 N/mm, relative
displacement Au,s becomes smaller and nearly constant for
N>3. On the other hand, when the coming out occurs under
P=700 N/mm and P=650 N/mm, the relative displacement
is fluctuated.

Figure 18 shows the relationship between relative dis-
placement Au,s and shear stress 7, at point A. The number
of cycle, N=3-10 is considered because the shrink fitting
effect becomes smaller after N=3. Under P=700 N/mm and
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Fig. 17. Relative displacement increment Au., vs. number of cycle
N =1-10 for 2D alternate loading model. (Online version
in color.)
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Fig. 18. Sheer stess 7. vs. relative displacement increment Au., at
number of cycle N=3-10 for 2D alternate loading model.
(Online version in color.)

P=650 N/mm, the coming out can be identified because
Au,a-7;, relationship is randomly distributed due to the
stick-slip phenomenon. Therefore, the shear stress is greatly
fluctuated in a wave form. On the other hand, for P=600 N/
mm and P=640 N/mm, the coming out does not occur when
Au,, is close to zero, and T, has a large positive value. In
other words, the coming out does not occur if there is no
large fluctuation at point A.

6.3. Shear Stress at the End of Shrink Fitted Plate
under Different Shrink-fitting Ratio
Figure 19 shows the effect of the shrink fitting ratio
on the coming out focusing on shear stress 7, at point
A. The coming out does not occur when &/d=0.4x10"3,
8/d=0.2x10"3 and §/d=0.1x10 3. Here, the shear stress at
point A is stable for each cycle and the value is positive. On
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Fig. 19. Shear stress 7. at point A vs. number of cycle N when

P=150 N/mm. (Online version in color.)

the other hand, the coming out occurs when §/d=0.03x10"*
and /d=0.01x10 3. The shear stress at point A is unstable
and the value is negative. This coming out behavior is simi-
lar to the result shown in Fig. 17.

Based on the investigation above, the coming out behav-
ior can be summarized in terms of the shear stress and dis-
placement at point A due to alternate load and shrink fitting
ratio. (1) When the coming out occurs, the shear stress value
at point A is negative and unstable. Moreover, the relative
displacement varies unstably with increasing number of
cycle N because the micro stick-slip occurs. (2) When the
coming out does not occur, the positive shear stress at point
A is stable and the displacement at point A takes very small
value close to zero.

7. Conclusions

Steel conveying rollers are used in the heating furnace
for producing high-quality steel plates for automobiles.
The new roller consists of ceramic sleeve and steel shaft
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connected only under a small shrink fitting ratio because
of the brittleness. To analyze the coming out problem more
efficiently, in this paper, the two-dimensional shrink fitted
structures were considered. The conclusions can be sum-
marized as follows.

(1) The coming out behavior is realized in the simula-
tion by using 2D model until larger number of loading cycle
N. By focusing on the shear stress and displacement at the
inner plate end, the coming out behavior can be identified.

(2) The effect of the magnitude of the alternate loads
was discussed. If the load is larger than the threshold value,
the coming out happens.

(3) The effect of the shrink fitting ratio was discussed.
If the shrink fitting ratio is smaller than the threshold value,
the coming out happens.

(4) The coming out mechanism was discussed focus-
ing on the contact shear stress at the inner plate end. When
the coming out occurs, the shear stress is unstable and the
value is changed from positive to negative. On the other
hand, when the coming out does not occur, the shear stress
is stable and the value is always positive.

(5) By focusing on the relative displacement at the inner
plate end, the coming out occurs when the displacement
is fluctuated in a similar way of the shear stress. In other
words, the coming out occurs when a stick-slip phenomenon
appears. The coming out does not occur when the displace-
ment is stable and nearly zero.
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