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Elastoplastic Finite Element Analysis
and Strength Evaluation of Adhesive
Butt Joints of Similar and Dissimilar
Hollow Shafts Subjected to External
Bending Moments

TOSHIYUKI SAWA, MITSUHIRO AOKI and OSAMU NISHIKAWA

Department of Mechanical Engineering, Yamanashi University,
4-3-11, Takeda, Kofu, Yamanashi 400, Japan

(Received 30 January 1996; In final form 24 April 1996)

Stress distributions and deformation of adhesive butt joints are analyzed by an elastop-
lastic finite element method when the joints of similar and dissimilar shafts are subjec-
ted to external bending moments. The effects of the ratio of Young’s modulus for
the adherends to that for an adhesive and the effects of the adhesive thickness on the
interface stress distribution are investigated. Joint strength is predicted by using the
elastoplastic interface stress distributions. It is found that the singular stress at the edge
of the interfaces increases with an increase of the ratio of Young’s modulus. Measure-
ment of strains in joints and experiments on joint strength were conducted. The numeri-
cal results are in fairly good agreement with the experimental results. It is observed that
the joint strength for dissimilar shafts are smaller than those for similar shafts. A
fracture of dissimilar adhesive up-bonded shafts occurred from the interface of the
adherend with smaller Young’s modulus. It is seen that joint strength increases as the
adhesive thickness increases.

Keywords: Finite element analysis; elastoplasticity; adhesive butt joints; hollow shafts;
dissimilar adherends; bending moments; interface stress distribution; strength evaluation

1. INTRODUCTION

Recently, adhesive joints have been used in mechanical structures as
the performance of bonding materials has advanced. However, the
design of the joints results almost entirely from experience. It is

55



11:20 22 January 2011

Downl oaded At:

56 T. SAWA et al.

desirable to establish an optimal design method for adhesive joints. In
establishing the design method for adhesive joints, it is necessary to
know the stress distributions in joints more precisely. Many investiga-
tions have been carried out on lap, scarf, and butt adhesive joints
subjected to tensile, bending moment, cleavage, and torsional loads
[1-5]. But these investigations have treated two-dimensional con-
figuration joints and three-dimensional configuration joints subjected to
axisymmetric loads [6-9], and few have been carried out on the
mechanical behaviors of three-dimensional configuration joints consist-
ing of similar and dissimilar adherends subjected to axiasymmetric
loads such as bending moments. In practice, adhesive joints of hollow
shafts have been used in the automobile and other industries where the
joints are subjected to a bending moment as well as torsion. It is,
therefore, necessary to know the stress distribution of adhesive joints
consisting of similar and dissimilar hollow shafts subjected to bending
moments.

In this paper, stress distributions of adhesive butt joints consisted of
similar and dissimilar hollow shafts are analyzed by an elastoplastic
finite element method when the joints are subjected to external be-
nding moments. The effects of the ratio of Young’s modulus of the
adherends to that for an adhesive and the effects of the adhesive
thickness on the interface stress distributions are investigated.
Changes in yielded area at the interface are also shown with an in-
crease of bending moment. Using the interface stress distributions,
joint strength is estimated. For verification, measurement of strain in
joints was conducted. Four-point bending tests were carried out to
measure the joint strength. The analytical results are compared with
the experimental ones.

2. METHOD OF ANALYSIS

Figure 1 shows an adhesive butt joint, consisted of two dissimilar
finite hollow cylinders, subjected to an external bending moment. In
order to know the stress distribution in adhesive [II], an elastoplastic
finite element analysis is carried out. The adherends are denoted as
finite hollow cylinders [I] and [III], and the adhesive as a finite
hollow cylinder [II]. The inner diameter of cylinder [I] is designated
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FIGURE 1 Adhesive butt joint of dissimilar hollow shaft subjected to external
bending moment.

as 2a and the outer diameter as 2b, the height as h,, Young's modulus
as E; and Poisson’s ratio as v,. Those for cylinder [II] are designated
as 2a, 2b, h,, E, and v,, and those for cylinder [1II] as 2a, 2b, h,, E,
and v,, respectively. Figure 2 shows an example of the mesh (a half
section of the adhesive joint) used in the FEM analysis. Hexahedron
elements are employed. The number of finite elements and nodes em-
ployed are 2660 and 3432, respectively. When the inner diameter 2a is
zero, that is, the case of a solid shaft, pentahedron and hexahe-
dron elements are used. The numbers of elements and nodes are 2660
and 3042, respectively. The FEM code employed is KSWAD/
FEM - SOLVE (KUBOTA, Co., Ltd.).

An external bending moment, M, is assumed to be applied with
linear stress distribution ¢, as shown Figure 1. It is assumed that the
stress ¢, acts linearly in the radial direction and sinusoidally in the
circumferential direction on both ends of cylinders [1] and [HI] with-
in the region a < r < b as shown in Figures I and 2. The absolute value

74 M

1 =)

™
g zmax | / i \
Adherend Adhesive Adherend
1, 1 Ez2, v2 Ea, v3

FIGURE 2 Boundary conditions and an example of the mesh used in FEM analysis.
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at the position r=» and 6=3/2n is denoted as o,,, as shown in
Figures 1 and 2. A relationship between o, and M is expressed by Eq. (1)

n/2 f*b
M= 4J J. o, rdrd0 (1)
0 a

where

zmax

,
g,=0 cosﬂg (2)

In the numerical calculations, the dimensions of the adhesive joints
are chosen as 2a =20 [mm], 2b =30 [mm], &, =50 [mm] 4, =0.05
[mm] and %, =50 [mm]. The combinations of materials for ad-
herends are steel and steel, aluminum and aluminum, and steel and
aluminum, respectively. An epoxy adhesive which is solidified at room
temperature was used. These combinations of adherend materials are
denoted by St-St, Al-Al and St-Al. TableI shows the mechanical
properties of adherends and adhesive. The stress-strain diagram is
approximated as that of an elastic-linearly plastic body. The slope of
the stress-strain diagram after yeilding denoted by ¢ and the value 1s
shown in Table I. Figure 3 shows an example of the stress-strain dia-
gram for the epoxy resin adhesive. The dotted line indicates an ap-
proximation as an elastic-linearly plastic body. The yield stress and
the fracture stress of epoxy resin adhesive were obtained from experi-
ments as 21.2 MPa and 28.1 MPa respectively.

TABLEI Mechanical properties of adherends and adhesive

adherend adherend adhesive
(St) (Al) (epoxy)
Young’s modulus 205.8 715 3.63
E[GPa]
Poisson’s ratio v 0.30 0.33 0.37
Yield stress o 4253 261.7 21.2
Y{MPa]

¢[GPa] 19.8 9.00 0.0304
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FIGURE 3 Stress-strain diagram (epoxy adhesive).

3. EXPERIMENTAL METHOD

Experiments were conducted to measure the strain at the outer surface
of the adherend and the joint strength. Figure 4 shows the dimensions
of the hollow shaft specimens. Solid shafts were also manufactured.
The adherends were made of steel (S45C JIS) and aluminum (A5056
JIS). Figure 5 shows the positions of the strain gauges attached to the
outer surface of the adherends. The solid and hollow shafts were
bonded by an epoxide adhesive (SUMITOMO 3M, Co., Ltd, in
Japan, Scotch Weld® 1838).

Figure 6 shows an experimental apparatus for four-point bending
tests. When a force, W, is applied to the adhesive butt joints by a
material testing machine, a bending moment, M ( = W/2 x 50), occurs.

610 ¢10
slesll ™" K 3
ofof| P N
30
50 50 15)

FIGURE4 Geometry and dimensions (in mm) of solid and hollow shaft specimens
used in experiments.
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FIGURE 5 Attached positions of strain gauges.
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FIGURE 6 A schematic of the experimental apparatus.

The magnitude of the force, W, is measured with a load cell, and the
strain in circumferential direction by the strain gauges attached to the
shaft. The output signals are recorder by a X — Y recorded through
dynamic amplifiers.

4. RESULTS OF ANALYSIS AND COMPARISION WITH
EXPERIMENT

4.1. Results of Analysis

Figure 7 shows the effect of the ratio of Young’s modulus for the
adherends to that for the adhesive, E,/E,, on the stress distributions
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the case of hollow shaft(h/a=15)

FIGURE 7 Effects of the ratio of Young’s moduli, E, /E,, on the maximum principal
stress distrtbution at the interface

(hz/b =0003, E,/E;=1, §=3/2n )
Ry = by = 50[mm], h, =0.05[mm],

at the interface (6 = 3/2x), where the values E,/E, are chosen as 1, 20
and 57 and the adhesive butt joint consists of similar material
(E, = E;). The ordinate is the normalized maximum principal stress,
01/0, . Where o, 1is shown in the model of Figurel and the
abscissa is the ratio of the distance from the center to the inner radius
of the finite hollow cylinder. The stress distributions at the interface
are shown at the angle 6 = 3/2zn. This Figure shows the stress distribu-
tion at the interface where the stress of the element exceeds the yield
stress and reaches the fracture stress of the adhesive near the point
r=>b and 0 = 3/2n. Furthermore, the nodes of the elements for which
the stress reaches the fracture stress are released in the analysis. At
this moment, the magnitude of the external bending moment and
yielded area are indicated in this Figure, where the solid black color
indicates the yielded regions. It is seen that the maximum principal
stress distribution of ¢, near the outer diameter, r/b = 1.5, increases as
the value E,/E, approaches 1.

Figure 8 shows the stress distribution at the interface (6 = 3/2n),
when the ratio of Young’s modulus of the adherends is held constant
at E,/E; =29 (St-Al) and E,/E, = 57. In addition, the stress distribu-
tion is indicated when the adherends are similar (E,/E; =1). The
symbol I indicates the interface of the adherend with the larger
Young’s modulus and the symbol III indicates the opposite side inter-
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the case of hollow shaft(b/a=1.5)

FIGURE 8 Effects of the ratio of Young’s moduli, E, /E,, on the maximum principal
stress distribution at the interface

(hz/b =0.003, E,/E, =57, 8= 3/27:)
hy = hy = 50[mm], h, =0.05[mm]/

face. It is found that the normalized maximum principal stress be-
comes larger at the interface of the adherend with the smaller Young’s
modulus. It is also seen that the normalized maximum principal stress
at the position of r/a= 1.5 and 0 = 3/2x increases with an increase of
the value E,/E,. In the case of dissimilar shafts, it is predicted that the
joint fracture occurs at the interface of the adherend with the smaller
Young’s modulus because the principal stress is larger than that at the
interface of the adherend with the larger Young’s modulus. This result
is different from the strength of a joint subjected to a tensile load [10].
In addition, it is predicted that the joint strength of dissimilar hollow
shafts is smaller than that of similar hollow shalfts.

Figure 9 shows the effect of the adhesive thickness on the stress
distribution at the interface. The normalized maximum principal
stress distribution near the edge of the outer diameter (r/a = 1.5) in-
creases with a decrease of h,/b. The results are the reverse of the
characteristics of joints subjected to external tensile loads. In order to
investigate the effects of tensile loads on the interface stress distribu-
tions, FEM analysis was performed. Figure 10 shows an example of
mesh in the FEM analysis of the adhesive joint subjected to tensile
loads. The joint geometry is similar to that subjected to bending
moments. Figure 11 shows the effect of the ratio of Young’s modulus
for the adherends to that for the adhesive, E,/E,, on the maximum
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the case of hollow shaft(b/a=1.5)

FIGUREY9 Effects of the adhesive thickness on the maximum principal stress distribu-

tion at the interface
< E /E,=57, E\/E;=1, 8= 3/27:)
hy = hy = 50[mm] ’

] L

¥4

L el
Ozmax|, . / T \

Adherend Adhesive Adherend
E1i1, v Ez2, v2 Ei, v1

FIGURE 10 Boundary conditions and an example of the mesh used in FEM analysis
when a tensile load is applied to an adhesive butt joint.

principal stress at the interface (@ = 3/2xn). Figure 12 shows the effect
of the adhesive thickness on the maximum principal stress at the
interface. In the case where the joints are subjected to tensile loads, a
uniform stress distribution of ¢, ., which is the maximum value in
the case of bending moments, acts on the ends of the joints. From the
comparisons between the cases of tensile loads and bending moments,
it is seen that the results in the case where external bending moments
are applied are opposite to those in the case where tensile loads are
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FIGURE {1 Effects of the ratio of Young’s moduli, E,/E,, on the maximum principal
stresses in both cases where bending moments and tensile loads are applied
(hz/b =0.003, E,/E;=1, 0=3/2n )
h, = hy = 50[mm], h,=0.05[mm]/
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FIGURE 12 Effects of the adhesive thickness on the maximum principal stresses in
both cases where bending moments and tensile loads are applied

( E,/E,=57, E,JE; =1, 9:3/2n>
h, = hy = 50[mm] '

applied. It is found that the maximum principal stress, o,_,,, increases
when the value E,/E, approaches 1 and the value h,/b decreases
when joints are subjected to bending moments.

Figure 13 shows the changes in the normalized maximum principal
stress at the interface of adherend III with smaller Young’s modulus
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FIGURE 13 Changes in stress distribution at the interface with an increase of bending
moment

(hz/b =0.003, E,/E;=57, E,/E;=29, 0= 3/2n>
h, = hy = 50[mm], h, = 0.05[mm] '

(8 = 3/2m) when bending moments are increased. When the maximum
principal stress reaches the fracture stress of the adhesive, the nodes
were released in this analysis. The interface stress distributions within
the elastic regions are also indicated, that is, M =49.3 KN -mm in the
case of Figure 13 (a) and M =50.3 KN -mm in the case of Figure 13 (b).
From a comparison of the interface stress distribution between solid
shaft and hollow shaft for the same outer diameter, the difference in
the maximum principal stress is small but the difference in the slope of
stress distributions is very different. Figure 14 shows changes in the
yielded region at the interface of the adherend with the smaller
Young's modulus with an increase of bending moment. In this paper,
joint fracture is defined as being when the stress at the half part of the
interface reaches the fracture stress. The difference in bending moment
between when yield of the adhesives starts and when joint fracture
occurs was very small. Thus, almost all nodes in the yielded area were
released. The region of the yielded part progresses toward the center
from the edge of the interface with an increase of the bending moment.

In the analysis, the stress-strain relationship is approximated as a
linear-plastic body as shown in Figure 3. In order to obtain more rea-
listic behavior of the joints, it is necessary to approximate the stress-
strain relationship more precisely.
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FIGURE 14  Changes in yield region at the interface with an increase of bending
moment

(hz/b =0003, E,/E, =57, E,/E,= 2.9>
hy = hy=50[mm], k, =005[mm] /)

4.2. Comparisons between Analytical and Experimental
Results Concerning Strain

Figure 15 shows the comparison between the measured and the nu-
merical results concerning strain in the adherends. The ordinate repre-
sents the strain, ¢z, and the abscissa is the position, 6, of the attached
strain gauge. Taking into consideration the joint symmetry, the range
of angle is taken as 0 <0< 90. From Figure 15, a fairly good agree-
ment between the numerical and the experimental result is found.

4.3. Comparisons between Analytical and Experimental
Results on Joint Strength

The bending moment when joint fracture occurs is predicted by the
procedure mentioned above, namely, the joint fracture is defined such
that a half part of the interface reaches the fracture stress of the
adhesive. Table Il shows bending moments obtained by elastoplastic
analysis (E-P), elastic analysis (E) and experimental results when frac-
ture occurs. The experimental results indicate the average values of 20



11:20 22 January 2011

Downl oaded At:

BONDED HOLLOW SHAFTS

x10 6 —————
800

~N

@ 400

0

67

FIGURE 15 Comparisons between the numerical and the experimental results con-

cerning strain of adherend (M = 98 KN -mm)

<¢ 2a=20[mm], ¢ 2b=230[mm]
h, =hy = 50[mm], h, =0.05[mm] >

TABLE I Comparisons between the numerical and the experimen-

tal results concerning joint strength (bending moment: M)
(a) Case of hollow shaft [KN-mm]

St-St Al-Al St-Al
Exp 156 143 125
Num (E-P) 154.2 139.9 121.2
Num (E) 139.1 110.9 106.0
(a) Case of solid shaft [KN-mm]

St-St Al-Al St-Al
Exp 175 162 143
Num (E-P) 174.3 1589 1399
Num (E) 171.6 140.2 130.8

four-point bending tests. The standard deviation of the experimental
results is between 1.40 and 1.96 KN-mm. In the elastic finite element
analysis, the joint fracture is defined such that the maximum principal
stress at the edge of interface reaches the fracture stress obtained from
cylinder specimen tests [11] and the bending moment is defined as the
fracture strength of the joint. The fracture stress of cylinder specimens
for St-St, Al-Al and St-Al were measured as 47.4MPa, 43.9MPa and
41.2MPa, respectively [11]. The adhesive joint strength of St-St is
greater than that of the Al-Al adhesive joint in similar shafts. This
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result agrees with the predicted values shown in Figure 7. It is found
that the strength of similar shafts is greater than that of dissimilar
shafts. This result agrees with the predicted values in Figure 8. From
comparisons between the case of hollow shafts and the case of the
solid shaft, for which the outer diameter is the same as for the hollow
shafts, it is found that the joint strength of solid shafts is greater than
that of hollow shafts. The predicted value of the bending moment for
joint fracture obtained by elastoplastic finite element analysis (E-P) is
in fairly good agreement with the experimental one.

With respect to elastic finite element analysis (E), the value of the
bending moment is smaller than that from elastoplastic analysis. It
was found experimentally that the joint fracture occurred (visually) at
the interface. In the case of dissimilar shafts, the joint fracture occur-
red (visually) at the interface of the aluminum adherend. These results
agree with those from elastoplastic analysis.

5. CONCLUSIONS

This paper dealt with the interfacial stress distributions and the
strength evaluation of adhesively bonded butt joints of similar and
dissimilar hollow shafts subjected to external bending moments. The
following results were obtained.

(1) The interfacial stress distributions of adhesive butt joints consist-
ing of dissimilar hollow shafts subjected to external bending mo-
ments were analyzed by an elastoplastic finite element method,
and increases of the yielded area at the interface with increases in
bending moment were indicated. It was, found that the maximum
principal stress at the interface of the adherend with smaller
Young’s modulus is larger than that at the interface of the ad-
herend with larger Young’s modulus. In addition, it was seen that
the maximum principal stress increases with a decrease of the ratio
of Young’s modulus for the adherend to that for the adhesive,
E,/E,, and with a decrease of the adhesive thickness.

(2) Adhesive butt joints of similar and dissimilar hollow shafts subjec-
ted to tensile loads were also analyzed. It was found that the
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characteristics of joints subjected to tensile loads are opposite of
those of joints subjected to bending moments.

Using the interfacial stress distributions, joint strength was es-
timated. It was found that the strength of joints of dissimilar hol-
low shafts is smaller than that of similar hollow shafts. The joint
strength of solid shafts for which the outer diameter is the same as
that of the hollow shafts was estimated. It was found that the
strength of joints of solid shafts was larger than that for hollow
shafts. In addition, it was found that the strength of joints with
shafts of similar materials increases with an increase of the ratio of
Young’s modulus for the adherend to that for the adhesive, E,/E,.
Concerning strain of the adherends, the numerical results were in
fairly good agreement with the experimental results. In addition,
fairly good agreement was observed between the numerical and
the experimental results for joint strength. It was found experimen-
tally that the strength of joints of dissimilar hollow shafts is small-
er than that of joints of similar hollow shafts.
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