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Calculated torque transmission capability of adhesively bonded tubular lap joints using 
linear elastic material properties is usually much less than the experimentally-determined 
one because the majority of the load transfer of the adhesively bonded joints is 
accomplished by the nonlinear behavior of rubber-toughened epoxy adhesives. 

Although the adhesively bonded tubular double lap joint has better torque 
transmission capability and reliability than the single lap joint, the nonlinear analytic 
or numerical analysis for the adhesively bonded tubular double lap joint has not been 
performed because of numerical complications. 

An iterative solution that includes the nonlinear shear behavior of the adhesive was 
derived using the analytic solution. Since the iterative solution can be obtained very 
quickly due to the simplicity of the algorithm, it is an attractive method of designing 
adhesively bonded tubular single and double lap joints. 

Keywords: Adhesively bonded tubular lap joint; nonlinear shear behavior of adhesive; 
torque transmission capability; iterative solution 

INTRODUCTION 

Epoxy adhesives that are toughened by rubber possess nonlinear 
material properties. The mechanical elements joined by adhesives with 
nonlinear properties also behave nonlinearly, therefore, the exact solu- 
tions are not easily obtained. Most exact solutions of adhesively bonded 

*Corresponding author. Tel.: + 82 42 869 3002, Fax: + 82 42 869-3210, -5210. 
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82 D. G. LEE AND J. H. OH 

joints were only obtained with several assumptions such as linear 
elastic behavior of the adhesive and the adherend. 

Adhesively bonded tubular lap joints are usually divided into two 
kinds, such as the single-lap joint and the double-lap joint. Numerous 
studies on adhesively bonded tubular single-lap joints were performed 
after Adams [ 11 obtained the elastic solution of the adhesively bonded 
tubular single-lap joint. The time-dependent viscoelastic behavior of 
the adhesive was investigated by Alwar and Nagaraja [2]. Hart-Smith 
performed analyses oE several types of adhesively bonded joints such 
as the single-lap, the double-lap, the scarf and the stepped-lap joint 
131. The behaviors of adhesively bonded joints whose adherends were 
made of orthotropic materials, such as composites, were investigated 
by several researchers [4-61. The effect of the adhesive thickness and 
the adherend roughness on the torsional fatigue strength of adhesively 
bonded tubular single lap joints was investigated by Lee et al. [7] .  They 
showed that the torsional fatigue strength of the joint increased as 
the adhesive thickness decreased and the optimal arithmetic surface 
roughness of the adherend was about 2 pm. Lee and Lee proposed an 
adhesive failure model of the adhesively bonded tubular single lap joint 
to predict the torque transmission capability accurately 181. A method 
for the optimal design of the adhesively bonded tubular single-lap joint 
was proposed based on the failure model of the adhesively bonded 
tubular single-lap joint by Lee and Lee [9]. Choi and Lee investigat- 
ed the static and dynamic torque transmission capabilities of adhesively 
bonded polygonal lap joints for carbon fiber epoxy composites 
[ 101. Experimentally, they found that the fatigue strength of circular 
adhesively bonded joints was dependent on the surface roughness of the 
adherends and that polygonal adhesively bonded joints had better 
fatigue strength characteristics than circular adhesively bonded joints. 
Lee and Lee derived an iterative solution of adhesively bonded tubular 
single-lap joints which included the nonlinear shear properties of the 
adhesive [ 1 11. 

Although the adhesively bonded tubular double-lap joint has 
generally better torque transmission capability and reliability than the 
single-lap joint, there have been only a few studies on adhesively bonded 
tubular double-lap joints in comparison with those on adhesively 
bonded tubular single-lap joints. The stresses and torque transmission 
capabilities of the adhesively bonded tubular single- and double-lap 
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BONDED TUBULAR LAP JOINTS 83 

joints were experimentally tested by Choi and Lee [12]. They also 
performed 3-dimensional finite element analyses taking into considera- 
tion the nonlinear properties of the adhesive in order to compare the 
experimental results with the calculated results. Lee and Lee developed a 
closed-form solution for the torque transmission capability and stress 
distribution of the adhesively bonded tubular double-lap joint assuming 
linear properties of the adhesive [13]. Since adhesively bonded joints 
generally behave nonlinearly, the simple linear elastic solution of the 
adhesively bonded tubular double-lap joint underestimates the torque 
transmission capabilities. If the simple linear elastic solution developed 
by Adams [ 11 is used for calculating the shear stress distribution of the 
adhesive, severe stress concentrations appear at the ends of the adhesive 
layer. Therefore, the shear stresses at the ends of the adhesive layer 
calculated by the linear elastic solution arrive at the failure shear 
strength even though the applied torque is far less than the maximum 
torque. However, in fact, the high stress concentrations calculated by the 
linear elastic analysis are relieved to a great extent because of the 
nonlinear behavior of the adhesive. Thus, in order to obtain the accurate 
torque transmission capability of the adhesively bonded tubular double- 
lap joint, the torque transmission capability of the joint should be 
calculated considering the nonlinear shear behavior of the adhesive. 
Since an iterative solution for adhesively bonded tubular single-lap 
joints with nonlinear shear properties of the adhesive developed by Lee 
et al. [ 1 11 could not be applied to adhesively bonded tubular double-lap 
joints, the nonlinear solution for adhesively bonded double-lap joints 
should be developed. 

In this paper, the iterative solution proposed by Lee et al. [l I] was 
modified and improved to develop the nonlinear solution for both 
adhesively bonded single- and double-lap joints. In order to verify the 
solution, the torque transmission capabilities of adhesively bonded 
tubular single- and double-lap joints were calculated and compared with 
the experimental results obtained from the work of one of the authors 
[8, 12,141. The torque transmission capability and stress distribution in 
the adhesive layer of adhesively bonded tubular double-lap joints were 
calculated and compared with those of adhesively bonded tubular 
single-lap joints. Also, the effect of the adherend thickness and adhesive 
bonding length of the joint on the torque transmission capability was 
investigated. 
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84 D. G .  LEE AND J. H. OH 

Since the iterative solution can be obtained very quickly due to its 
simple calculation algorithm, it could be used in the design of adhe- 
sively bonded tubular single- and double-lap joints. 

DERIVATION OF THE NONLINEAR SOLUTION 

The iterative solution for torque transmission capability of the 
adhesively bonded tubular double-lap joint with nonlinear shear 
properties was derived from the analytic solution with linear shear 
properties. Figure 1 shows the general geometric configuration of the 
adhesively bonded tubular double-lap joint. 

The first step was based on the formulation procedure of Lee et al. 
[13]. In this formulation, it is assumed that the adherends transfer only 
the stress component of r8= and the adhesive transfers only the stress 

(b) 

FIGURE 1 
of the double lap joint, (b) Cross section of the joint. 

Configuration of the adhesively bonded tubular double-lap joint. (a) Shape 
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BONDED TUBULAR LAP JOINTS 85  

component of rrO. When the adhesively bonded tubular double-lap 
joint is subjected to a torque, T, the torques T I ,  T2 and T3 are pro- 
duced in the adherends 1 , 2  and 3 at any given cross section. Then, from 
the global equilibrium condition, we have 

where r l o ,  rZi and r3, are the outer radius of the adherend 1 ,  the inner 
radius of the adherend 2 and the outer radius of the adherend 3 ,  re- 
spectively, and J1, J2 and J3 are the polar moments of inertia of the 
area of the adherends 1 ,  2 and 3, respectively. 

The torque increments of the adherends 1, 2 and 3 in the axial ( z )  
direction were calculated as follows: 

TI + AT1 - T I  = -ro(r~o)27rrfoAz - r i ( r 1 i ) 2 r r ; ~ A z  (2a) 

T3 + A T ,  - T3 = ri(r3,)2.irr:,Az (2c) 

where T,(r) and ri ( r )  are the shear stresses of the adhesive between the 
adherends 1 and 2,  and between the adherends 1 and 3, respectively. 

Since the torque is constant along the adhesive thickness direction 
(r;(r)27rr2 = ~ ; ( r , ~ ) 2 m : ~ ,  ro(r)27rr2 = ~ ~ ( r ~ ~ ) 2 m ~ , ) ,  the stress and strain 
in the adhesive are highest at the inner part of each adhesive layer 
along the adhesive thickness. In order to calculate the torque incre- 
ments in the adhesives at which the stresses are highest, the following 
equations were derived from Eqs. ( 2 )  by applying 6z ---f 0. 

dT3 2 - = 7-6 27rr3, 
dz 
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86 D. G. LEE AND J.  H. OH 

where r, and are the shear stresses in the adhesive at r = rlo and 
r = r30, respectively. 

Since the adhesive behaves nonlinearly along the adhesive thickness 
direction, the compatibility conditions for the adhesives and the adher- 
ends in an element of the joint of length dz are as follows. 

/':' Ti ( r ) lZ+dz  dr -- 13"' Ti (r)lz dr = (y30 - yli) dz (4b) 

where ro(r) and yj(r) are the shear strains of the adhesive between the 
adherends 1 and 2, and between the adherends 1 and 3, respectively, 
and yli, ylo, yZi and ~3~ are the shear strains in the adherends 1 ,2  and 
3, respectively. 

The integral forms of Eqs. (4) were simplified by introducing non- 
dimensional weighting factors, w, and wb, as follows. 
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BONDED TUBULAR LAP JOINTS 87 

where Y~ and Y b  are the shear strains in the adhesive at r = r l o  and 
r = r3,, respectively, and 77, and q b  are the adhesive thicknesses of each 
layer defined as follows: 

Substituting Eqs. ( 5 )  into Eqs. (4), the following equations were 
obtained. 

Since the adhesive in general behaves nonlinearly due to rubber 
toughening, while the adherend used in joining operations behaves 
linearly, in this paper the adherends are assumed to behave linear 
elastically. Also, it is assumed that mechanical strains due to the 
applied torque are large compared with the creep strains at the normal 
loading rate, and all nonlinear time and temperature dependent effects 
are negligible. Under such assumptions, the shear stress in the adhesive 
was represented by a function of the shear strain in the adhesive. 

r a  =f (Ya) @a) 

rb =f ( Y b )  (8b) 

Since the torque is constant along the adhesive thickness direction, 
the weighting factors, w, and w h ,  were calculated by using Eqs. (8). 
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88 D. G. LEE AND J. H. OH 

From Eqs. (8), the shear stress increments of the adhesive with re- 
spect to the shear strain increment were expressed as follows: 

Differentiating Eqs. (3) with respect to z and using Eqs. (7) and (lo), 
the following equations were derived. 

Differentiating T2 and T3 in Eq. (1) twice with respect to z and using 
the results of Eqs. (11) with elastic relationships of the adherends 
(?lo = (7lo/GJ,  yzi = (72i/G2) and 7 3 0  = (73o/G3)),  the following equa- 
tions were derived. 

From Eq. (l), r10 and rli  were expressed as follows. 
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BONDED TUBULAR LAP JOINTS 89 

Substituting Eqs. (13) into Eqs. (12), the second order differential 
equations with nonlinear properties of the adhesive were derived as 
folIows: 
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90 D. G. LEE AND J. H. OH 

The boundary conditions at the joint edges were, 

Eqs. (15) can be rewritten in the iterative form as shown below. 

The parameters a!", j = 1-6 in Eqs. (17) represent the functions of 
strains of the adhesive during the i-th iteration. To obtain the values 
of parameters of the current step, the strains of the adhesive of the 
previous step were used. To solve the boundary value problem, it was 
converted into an equivalent initial value problem. The fourth-order 
Runge-Kutta method and the shooting method were used to solve the 
system of the initial value problems. 

After the shear stress distributions at the inner surface of the 
adherend 2 and at the outer surface of the adherend 3 were obtained 
from Eq. (18), the shear stress distributions at the inner surface and the 
outer surface of the adherend 1 were calculated using Eqs. (13). Also, 
the shear stress distributions of the adhesive were computed as follows: 

(19a) 
52 d72i 7, =-- 

27rr:,r2i dz 
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BONDED TUBULAR LAP JOINTS 91 

Equations (18) become the iterative equation for the adhesively 
bonded tubular single-lap joint developed by Lee et al. [ 111 in the case 
of T~~ = a4 = as = a6 = 0. Therefore, the nonlinear solutions for both 
the single- and double-lap joints can be obtained using Eq. (18). 

NONLINEAR SHEAR STRESS-SHEAR 
STRAIN RELATIONS 

In order to calculate the torque transmission capability of the joint 
using the iterative solution, the nonlinear shear behavior of the 
adhesive should be investigated first. Sancaktar [ 181 reviewed the 
characteristics of structural adhesives such as constitutive relations 
and common testing procedures. The deformation theory, its modifica- 
tion, linear viscoelasticity, time-temperature superposition, nonlinear 
viscoelasticity, overstress theory, and empirical description of creep 
behavior were reviewed systematically. Simple power function type 
relations may be utilized in an empirical fashion to describe the non- 
linear behavior of structural adhesives in tensile and shear modes when 
their mechanical behavior is relatively rate insensitive. When the stress- 
strain curve has a well-defined initial elastic region, a bi-modal relation 
can be utilized. Jozavi et al. [19] investigated an analytical method 
of defining and calculating the stress-whitening stress and strain. The 
analytical relation consisted of a modified bi-linear form of the 
Ramberg-Osgood equation used in conjunction with bulk tensile data. 
The effect of stress whitening on the moisture diffusion rate and con- 
centration in a polymer adhesive containing a secondary phase were 
investigated by Sancaktar et al. [20]. They also used a modified bi-linear 
form of the Ramberg-Osgood equation to model the stress-whiten- 
ing phenomenon. The torque transmission capability and shear stress 
distribution of the tubular single lap joint using the nonlinear shear 
properties of the adhesive were investigated by the first author of this 
paper [ 141. The nonlinear shear properties were represented by the 
three different mathematical models such as two-parameter exponential, 
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92 D. G. LEE AND J. H. OH 

elastic perfectly-plastic and multilinear strain-softening approxima- 
tions. They showed that all of the three nonlinear approximations accu- 
rately predicted the torque transmission capabilities with an error of 
less than 5 % ,  from which the two-parameter exponential approximation 
gave the best prediction. They also showed that the shear stress-strain 
curves represented by the two-parameter exponential approximation 
agreed well with the experimentally-determined stress-strain curves for 
the IPCO 9923 and FM-300 film adhesive. The two-parameter stress- 
strain curve can be determined when the two material properties such 
as the initial shear modulus and the ultimate shear strength are known. 
The equation does not require the determination of the elastic limit of 
the shear strain. Since the two-parameter exponential approximation 
method not only gives better prediction but also has the simpler form to 
be used in the numerical calculation, it has been used in several re- 
searches [ l l ,  14- 171. 

As shown in Eqs. (8) and (15), only the shear stress-shear strain 
relation of the adhesive is required to obtain the solution. In this work, 
it is assumed that mechanical strains due to the applied torque are 
large compared with the creep strains at the normal loading rate, and 
all nonlinear time and temperature dependent effects are negligible. 
Considering the accuracy of the result and the simplicity of the con- 
stitutive equation, the two-parameter exponential approximation [ 141 
was used as the nonlinear shear properties of the adhesive. 

where rfand G ,  are the shear strength and initial shear modulus of 
the adhesive, respectively. 

The adhesive used in this example was IPCO 9923, a rubber- 
toughened epoxy adhesive manufactured by Imperial Polychemicals 
Corporation (Azusa, California, USA). The shear strength and initial 
shear modulus of the adhesive were 30MPa and 0.46GPa, respec- 
tively, and the failure shear strain of the adhesive was 0.4. 
The experimental shear stress-shear strain curve and Eq. (20) used in 
the iterative solution are shown in Figure 2 .  As shown in Figure 2,  the 
exponential model agreed well with the experimental data. 
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FIGURE 2 Shear stress-shear strain relation of the typical rubber-toughened adhesive. 

VERIFICATION OF THE ITERATIVE SOLUTION 

In order to verify validity of the iterative solution, the torque trans- 
mission capabilities of adhesively bonded tubular single- and double- 
lap joints calculated with nonlinear properties were compared with the 
experimental results obtained from the previous works of the first 
author [8,12,14]. The maximum shear strain criterion was used for 
the adhesive failure and the adherends were assumed not to be failed. 
Table I shows the geometric configuration of the joints and mechanical 
properties used for verification. 

In the previous experimental works [8,12,14], the adhesive bonding 
thickness of 0.1 mm was chosen and the overlap layers of adherends were 
abraded by abrasive papers to obtain the arithmetic surface roughness 
of 2 pm, because these values were suggested for the optimum fatigue 
strength of the same specimen. Both the inner and outer adherends have 
accurately ground surfaces, and the concentricity between the outer and 
inner adherends was secured by mounting the ground surfaces on an 
accurate V-block during the cure of the adhesive. The specimens were 
cured in an autoclave under a temperature of 80°C and pressure of 
0.6 MPa for 3 hours. 
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94 D. G. LEE AND J. H. OH 

TABLE I 
tested in Refs. [8, 12,141 

Configurations of the adhesively bonded tubular single- and double-lap joints 

Single-lap joint Single-lap joint Double-lap joint 
(Ref. [81) ( R ~ J :  ~ 4 1 )  (Ref. [121) 

Inner layer Outer layer 

rii (mm) 0 0 8.5 
ri0 (mm) 8.4 8.4 10.5 
r2i (mm) 8.5 8.5 10.6 
i-2" (mm) 10.5 10.5 12.1 
r3i (mm) 0 
13, (mm) 
11 (mm) 0.1 0.1 0.1 0. I 
e (mm) 15.0 10.0 10.0 10.0 
GI, G2, G3 (GPa) 80.8 80.8 80.8 
Tf (MPa) 30.0 30.0 30.0 
G, ( G W  0.46 0.46 0.46 

~ ~ 

~ 8.4 

TABLE I1 
method and measured by the static torsion test (Refs. [8,12,14]) 

Comparison of the torque transmission capability calculated by the present 

Measured data Present method Error (%) 
~ 

Single-lap joint 190 Nm 191 Nm 0 53 
(Ref. [gl) 
Single-lap joint 128 Nm 130 Nm 1 56 
(Ref. [14]) 
Double-lap joint 302 Nm 304 Nm 0 66 
(Ref. [12]) 

Table I1 shows the maximum torque transmission capabilities both 
experimentally measured and calculated using the iterative solution. 
From Table 11, it was found that the iterative solution accurately 
predicted the torque transmission capabilities of the adhesively bond- 
ed tubular lap joints with an error of less than 2%. 

NUMERICAL APPLICATIONS OF THE ITERATIVE 
SOLUTION 

Table 111 shows the selected geometric configuration of the joints that 
were used to investigate the effects of the nonlinear shear properties of 
the adhesive and the adherend thickness on the torque transmission 
capabilities and the shear stress distributions. It was assumed that the 
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BONDED TUBULAR LAP JOINTS 95 

TABLE 111 
lap joints 

Simulation conditions of the adhesively bonded tubular single- and double- 

Single-lap joint Double-lap joint 
Inner layer Outer layer 

15.0 
18.0 

- 

11.9 
14.9 
0.1 

20.0 
80.8 

30.0 

0.4 

15.0 
18.0 
18.1 
21.1 
11.9 
14.9 

0.1 0.1 
20.0 20.0 

80.8 

30.0 

0.4 

adherends were not failed and the maximum shear strain criterion was 
applied to the adhesive, in order to investigate the effect of nonlinear 
shear properties on the shear stress and strain distributions in the 
adhesive layer. The configuration of the single-lap joint was selected to 
be the same as that of the double-lap joint except that the outer adher- 
end 2 was removed from the double-lap joint as shown in Figure 3. 

In general, more than ten minutes were required with an IBM 
personal computer to obtain the solution by a two-dimensional finite 
element method with 8-node, axisymmetric-isoparametric elements 
even though relatively coarse meshes were employed in the axial 
direction [8,11]. However, it was found that, through the numerical 
calculation with the iterative method, both the torque transmission 
capabilities and the shear stress and strain distributions of the 
adhesively bonded tubular single- and double-lap joint were calculated 
within a few to ten seconds due to its simple calculation algorithm. 

Figure 4 shows the weighting factors (w, and wb) that depend on the 
joint size and the shear stress at the inner surface of each adhesive 
layer. The weighting factors decreased rapidly as the shear stress in 
the adhesive approached the shear strength, and also decreased as the 
adhesive thickness increased. From Figure 4, it was found that as 
the shear stress in the adhesive and the adhesive thickness increased, 
the nonlinear behavior in the adhesive thickness direction increased. 
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(b) 

FIGURE 3 
of the single lap joint, (b) Cross section of the joint. 

Configuration of the adhesively bonded tubular single-lap joint. (a) Shape 

1 

0.9 g 
3 0.8 

0.4 

4 0.5mrn, outer layer 1 .Omrn, outer layer 
x 0.5rnm, inner layer 1 .Ornm, inner layer 

FIGURE 4 Weighting factors of the inner layer and the outer layer w.r.t. the shear stress 
in the adhesive at r ,<)  and rx0 when the adhesive thickness is 0.1 mm, 0.5 mm, and 1 .Omm. 
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BONDED TUBULAR LAP JOINTS 97 

The torque transmission capabilities of the adhesively bonded 
tubular single- and double-lap joints with respect to the maximum 
shear strain of the adhesive are shown in Figure 5. The torque trans- 
mission capabilities showed nonlinear behavior similar to the shear 
stress-shear strain curve in Figure 2. As shown in Figure 5, the torque 
transmission capabilities of the adhesively bonded single-lap joint were 
almost the same as those calculated by Lee et al. [ll]. The maximum 
torque transmission capabilities of the joint with the dimensions in 
Table I11 are presented in Table IV. The torque transmission capa- 
bility of the double-lap joint was improved 86%, compared with that of 
the single-lap joint. 

Since the adhesive thickness is usually small, it has been assumed 
by many researchers [I ,  5,13,14] that the shear stress and strain are 
constant through the thickness of adhesive, consequently, the effect 
of adhesive thickness is neglected. The same result is obtained if the 
weighting factors are unity. However, as shown in Figure 5, the torque 
transmission capabilities were almost same regardless of variation of 

900 
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- 600 
E 
5 500 

$ 400 

I- 300 

a, 

0 

200 

100 

0 
0 0.1 0.2 0.3 0.4 0.5 

Maximum shear strain in the adhesive 

FIGURE 5 Torque transmission capabilities of the adhesively bonded tubular lap joint 
w.r.t. the maximum shear strain of the adhesive: (a) Tubular single-lap joint, (b) Tubular 
double-lap joint. 
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FIGURE 5 (Continued) 

TABLE IV Calculated torque transmission capabilities of the adhesively bonded 
tubular single- and double-lap joints 

Sinxle-lap joint Double-lap join I Note 

Torque transmission 771 Nm I434 Nm 86% improved 
caoabihtv 

the weighting factors when the maximum shear strain of the adhesive 
was lower than 0.2, while the torque transmission capabilities with 
the varying weighting factor were lower than those with the constant 
weighting factor of unity when the maximum shear strain of the ad- 
hesive was greater than 0.2. The reason is that as the value of shear 
strain increases, which requires the use of a varying weighting factor, 
the nonlinearity of the adhesive along the thickness direction increases. 
Therefore, the variation of the weighting factors due to the shear stress 
and strain of the adhesive should be considered to obtain accurate 
torque transmission capabilities. 

Since the outer adhesive layer had the larger maximum shear strain 
than the inner adhesive layer under the same torque, the outer 
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BONDED TUBULAR LAP JOINTS 99 

adhesive layer was expected to fail before the inner adhesive layer. If 
failure of the outer adhesive layer has occurred, the applied torque is 
now supported by the inner adhesive layer only; this has the same 
configuration as the adhesively bonded single-lap joint. Therefore, it 
was expected that the failures of the inner and outer adhesive layer 
occurred simultaneously, because the torque transmission capability of 
the adhesively bonded tubular single-lap joint was lower than that of 
the adhesively bonded tubular double-lap joint. 

Figure 6 shows the shear stress distributions in the adhesive of the 
adhesively bonded tubular single- and double-lap joints with respect to 
applied torque. Both edges of the joints had the highest shear stress 
and the stress relaxation due to the nonlinear behavior of the adhesive 
was observed at the ends of the adhesive layers when the shear stresses 
of the adhesives were high. 

The torque transmission capabilities with respect to the thicknesses 
of the adherend 2 and the adherend 3 are shown in Figure 7, when 
the thicknesses of the adherend 1 were 2, 3 and 4mm. The material 

FIGURE 6 Shear stress distributions in the adhesive w.r.t. the applied torque: (a) 
Tubular single-lap joint, (b) Outer layer of the tubular double-lap joint, (c) Inner layer of 
the tubular double-lap joint. 
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FIGURE 6 (Continued). 
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FIGURE 7 Distributions of the torque transmission capabilities w.r.t. the thickness 
of the adherends 2 and 3 when the thickness of the adherend 1 is (a) 2 mm (b) 3 mrn and 
(c)4mrn. 
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Thickness of the adherend 3 (mrn) 

(c) 

FIGURE 7 (Continued) 

TABLE V Configuration of the adhesively bonded tubular double-lap joint for the 
maximum torque transmission capability 

~ 

Thickness of the adherend 1 (mm) 2.00 
Thickness of the adherend 2 (mm) 0.88 
Thickness of the adherend 3 (mm) 1.35 
J ,  ( 1 0 - ~ m ~ )  5.17 
1 2  m4) 2.98 
J ,  (lo-' m4) 2.45 
Torque (Nm) 1551 

__ 
3 00 4 00 
1 2 6  I .60 
2 23 3 38 
8 54 12 52 
5 20 7 94 
3 69 4 97 

1867 2086 

properties in Table I11 were used to calculate the torque transmission 
capabilities. The configuration of the adhesively bonded tubular double- 
lap joint which gave the maximum torque transmission capability is 
shown in Table V. From Figure 7, it was found that the maximum torque 
transmission capability was obtained irrespective of the adherend thick- 
ness when the relationship of the adherend polar moments of inertia 
J 1  = J2 + J3 was satisfied approximately. 
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BONDED TUBULAR LAP JOINTS 103 

Figure 8 shows the shear stress distribution in the adhesive of the 
adhesively bonded tubular double-lap joint for the maximum torque 
transmission capability with respect to the applied torque when the 
thickness of adherend 1 is 3mm. As shown in Figure 8, the distribut- 
ions of shear stresses were symmetric and the magnitudes of shear 
stresses in the inner and outer adhesive layers were almost the same. 
From Figure 8, it was found that an efficiently designed adhesively 
bonded tubular double-lap joint should have the symmetric distribu- 
tion of the shear stress, and the magnitudes of shear stresses in the 
inner and outer adhesive layers should be the same, which could be 
accomplished by adjusting the thickness of the inner and outer female 
adherends. 

The torque transmission capabilities of the two different adhesively 
tubular double-lap joints with respect to the bonding length are shown 
in Figure 9, in which the first joint had the same adherend thicknesses 
of Table V, while the second joint had the same adherend thickness of 

0 5 10 15 20 
Axial distance (mm) 

FIGURE 8 Shear stress distributions in the adhesive w.r.t. the applied torque when the 
joint has the configuration with the maximum torque transmission capability and the 
thickness of the adherend 1 is 3mm: (a) Outer layer of the tubular double-lap joint, (b): 
Inner layer of the tubular double-lap joint. 
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FIGURE 9 Torque transmission capabilities of the adhesively bonded tubular double- 
lap joint w.r.t. bonding length. 
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BONDED TUBULAR LAP JOINTS 105 

3 mm for the three adherends. Through the range of bonding length, 
the torque transmission capability of the joint with the configuration 
in Table V was greater than that of the joint whose adherend thick- 
nesses were equally 3 mm. As the bonding length increased up to 30 mm, 
the torque transmission capability increased, then saturated beyond 
the 30 mm bonding length. 

CONCLUSIONS 

The iterative solution for the torque transmission capability of the 
adhesively bonded tubular single- and the double-lap joints with non- 
linear shear properties of the adhesive was derived using both the 
iterative solution for the adhesively bonded single-lap joint and the 
closed form solution of the adhesively bonded tubular double-lap joint 
with linear shear properties of the adhesive. The nonlinear behavior in 
the adhesive thickness direction was also taken into account in the 
derivation. 

From the numerical applications of the iterative solution, it was 
found that the torque transmission capability of the adhesively bonded 
tubular double-lap joint had a higher value than that of the adhesively 
bonded tubular single-lap joint, and the torque transmission capability 
approached a constant with increasing bond length. Also, it was found 
that the weighting factors, which consider the nonlinearity in the 
thickness direction, should be used to obtained the accurate torque 
transmission capability. 

The simplicity of the algorithm enables the torque transmission 
capability and the shear stress distribution to be calculated in less than 
ten seconds using an IBM personal computer. This algorithm is a 
relatively simple and useful tool for the design of adhesively bonded 
tubular single- and double-lap joints. 
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