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The tensile load bearing capability of adhesively-bonded tubular single lap joints which
is calculated under the assumption of linear mechanical adhesive properties is usually
much Jess than the experimentally-determined because the majority of the load transfer
of adhesively-bonded joints is accomplished by the nonlinear behavior of rubber-
toughened epoxy adhesives. Also, as the adhesive thickness increases, the calculated
tensile load bearing capability with the linear mechanical adhesive properties increases,
while, on the contrary, the experimentally-determined tensile load bearing capability
decreases.

In this paper, the stress analysis of adhesively-bonded tubular single lap steel-steel
joints under tensile load was performed taking into account the nonlinear mechanical
properties and fabrication residual thermal stresses of the adhesive. The nonlinear tensile
properties of the adhesive were approximated by an exponential equation which was
represented by the initial tensile modulus and ultimate tensile strength of the adhesive.

Using the results of stress analysis, the failure criterion for the adhesively-bonded
tubular single lap steel-steel joints under tensile load was developed, which can be used
to predict the load-bearing capability of the joint. From the failure criterion, it was
found that the fracture of the adhesively-bonded joint was much influenced by the
fabrication residual thermal stresses.

Keywords: Adhesively bonded tubular single lap joint; nonlinear mechanical property;
tensile load bearing capability; nonlinear exponential approximation; fabrication resi-
dual thermal stress; failure criterion
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INTRODUCTION

The design of joints for the assembly of seperated parts has become an
important research area because the structural efficiency of a structure
with joints is established, with very few exceptions, by its joints, not by
its basic structures.

There are two kinds of joints, i.e. mechanical and adhesively-bon-
ded for composite structures. The mechanical joints is created by
fastening the substrates with bolts or rivets, but the adhesively-bonded
joint uses an adhesive interlayer between the adherends.

The adhesively-bonded joint can distribute load over a larger area
than the mechanical joint, requires no holes, adds very little weight to
the structure and has superior fatigue resistance [1,2]. However, the
adhesively-bonded joint requires careful surface preparation of the
adherends, is affected by service environments and is difficult to dis-
assemble for inspection and repair.

There are several types of tubular lap lap joints, such as the single
lap joint, the double lap joint, the stepped lap joint, and the scarf lap
joint. Of these, the tubular single lap joint is most popular, due to its
ease of manufacture and its relatively low cost.

Stress analyses of adhesively-bonded tubular single lap joints under
axial load have been conducted by several researchers through
analytical and finite element methods [3-97]. Lubkin and Reissner [3]
assumed that the adhesive thickness was much less than the adherend
thickness and that the adherend thickness was much less than the
radius of the tubular joint, from which they applied thin shell theory
to the joint analysis. They modelled the adhesive layer as an infinite
number of coil springs with the assumption that the adhesive was
much softer than the adherend. Adams and Peppiatt [4] refined the
solution of Volkersen and gave a closed-form solution for the shear
stresses of the adhesively-bonded tubular single lap and partially-
tapered tubular scraf lap joints. They also analyzed adhesively-bonded
tubular single lap joints which were subjected to axial and torsional
loads using the finite element method when the adhesive had a fillet.
Griffin et al. [5] proposed a strength model which could predict the
fracture of the adhesively-bonded single lap joint under tensile loads.
Shi and Cheng [6] proposed an approximate closed from solution
for the stress distributions in the adhesive and adherends when the



10:59 22 January 2011

Downl oaded At:

TUBULAR SINGLE LAP JOINTS 165

adhesively-bonded lap joints were under tensile loads. Terekhova and
Skoryi [7] proposed a closed form solution for adhesively-bonded lap
joints under tensile loads and internal pressure. They applied thin
shell theory to the joint analysis. Kukovyakin and Skoryi [8] pro-
posed a closed form solution for the adhesively-bonded bushing-shaft
type joint under tensile loads. They considered that the bushings were
thin-walled and deformed in accordance with the moment theory of
thin-walled shells. Harrison and Harrison [9] developed a simple
method for calculating the stresses near the ends of a parallel-sided
adhesive layer.

In the majority of the past studies the linear elastic shear properties
of the adhesive have been used in the stress analysis of the adhesively-
bonded tubular single lap joint. However, the adhesive under load
usually experiences large plastic deformation before the onset of adhe-
sive fracture and, consequently, the majority of the load transfer of the
adhesively-bonded joint is accomplished by the region of nonlinear
plastic behavior of the adhesive [10]. Kim et al., proposed a failure
model for adhesively-bonded tubular single lap steel-steel joints with
nonlinear mechanical properties and fabrication residual thermal
stresses. The nonlinear tensile stress-strain relationship of the adhesive
was modelled by a two-parameter exponential equation that was rep-
resented by the initial tensile modulus and ultimate tensile strength of
the adhesive [11].

In this paper, the nonlinear mechanical properties modeled by the
two-parameter exponential equation and the fabrication residual ther-
mal stresses of the adhesive were taken into consideration in the stress
analyses of an adhesively-bonded tubular single lap joints with steel-
steel adherends. The initial tensile modulus and ultimate tensile
strength of the adhesive were obtained by a tensile test.

In this work, the tensile load on the adhesive joint was varied from
5 kN to 25kN and the stress distributions in the adhesive of adhes-
ively-bonded tubular single lap joints were obtained. The stress distri-
butions were calculated for four different adhesive properties: (case 1)
nonlinear mechanical property with residual thermal stresses of the
adhesive; {case 2) linear mechanical property with residual thermal
stresses of the adhesive; (case 3) nonlinear mechanical property with-
out residual thermal stresses of the adhesive; (case 4) linear mechanical
property without residual thermal stresses of the adhesive.
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From the results of the stress analyses, the fracture intensity index
which could predict the fracture of the joint was defined and calculated
using a failure model [12] for the adhesively-bonded tubular single lap
steel-steel joints under axial loads. Finally, the failure indices obtained
from the stress analyses were compared with those obtained from ex-
periments to assess the influence of the fabrication thermal stresses on
the adhesively-bonded tubular single lap steel-steel joints.

NONLINEAR MECHANICAL PROPERTIES
OF THE RUBBER-TOUGHENED ADHESIVE

The adhesive used in this work was IPCO 9923 rubber-toughened
epoxy manufactured by the Imperial Polychemicals Corporation
(Azusa, California, USA) which had high shear and peel strength.
Table I shows the material properties of the adhesive.

The nonlinear mechanical properties of the adhesive were modelled
by the following exponential form:

7= 0,1 — e E) (1)

where ¢ is the tensile stress in the adhesive, g, the ultimate tensile
strength of the adhesive, E, the initial Young’s modulus and ¢ the
tensile strain in the adhesive. Figure 1 shows the tensile stress-strain
relations of the adhesive determined by the test method of ASTM D
638-89 as well as by Eq. (1).

The shear strength and plastic characteristics of the epoxy adhesive
were obtained by the bulk shear test.

TABLE 1 Properties of the epoxy adhesive and the steel adherend

Adhesive (IPCO 9923) Steel
Tensile modulus (GPa) 1.30 207.0
Poisson’s ratio 0.41 0.30
Teusile strength (MPa) 45.0 not required
Shear strength (MPa) 29.5 not required
Shear strain imit 0.60 not required
C.T.E. (10" ®m/m°C) 72.0 11.7
Viscosity paste type not applicable
Cure temperature (°C) 80.0 not applicable

Cure time (hour) 4 not applicable
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FIGURE 1 Tensile Stress-Strain Relations of the Epoxy Adhesive (IPCO 9923).

Figure 2 shows the shear stress-strain relations of the adhesive ob-
tained from the bulk shear test of the adhesive and the multi-linear
function calculated using the two-parameter nonlinear exponential
Eq. (1) and Poisson’s ratio. Assuming that the nonlinear tensile prop-
erty of the adhesive in an infinitesimal shear strain range was linear,
the shear modulus of the adhesive was calculated using the elastic
modulus and Poisson’s ration. Using the shear modulus of the adhe-
sive calculated in the infinitesimal range, the shear stress-strain curve
was obtained. Since the epoxy adhesive used in this work was rubber-
toughened, it revealed very large plastic strain, especially in the shear
mode, as shown in Figure 2.

EXPERIMENTS

The finite element calculation with the assumption of the linear elastic
properties of the adhesive predicted that the load-bearing capability
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FIGURE 2 Shear Stress-Strain Relations of the Epoxy Adhesive (IPCO 9923).

of the adhesively-bonded joint increased as the adhesive thickness
increased [4], which was contrary to the experimental result. In real-
ity, the load-bearing capability of the adhesively-bonded joint de-
creases as the adhesive thickness increases because the fabrication
residual thermal stresses originating from the cure of the adhesive
lower the fracture strength of the adhesive [11].

Figure 3 shows the adhesively-bonded tubular single lap joint with
steel-steel adherends which was tested in this work. The bonding
length was 20 mm and the adhesive thickness of the joint was adjusted
by changing the outer diameter of the inner adherend while the inner
diameter of the outer adherend was fixed. The outer and inner dia-
meters of the outer adherend were 21 mm and 17 mm, respectively.
The tensile load bearing capabilities of the joints were measured when
the adhesive thickness varied from 0.05mm to 1.0 mm.

Both the inner and outer adherends have precisely ground surfaces
which were mounted on a precise V-block during the cure of the
adhesive for concentric bonding. An arithmetic surface roughness of
2um was chosen for the adherend surface roughness because this
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FIGURE 3 Configuration of the adhesively-bonded joint specimen.

value was proved to be the optimum for the fatigue strength of the
adhesively-bonded tubular single lap joint [12]. The adhesively-bonded
joints were cured in an autoclave for 4 hours under a temperature 80°C
and a pressure 0.6 Mpa.

STRESS ANALYSIS BY FINITE ELEMENT METHOD

Carpenter [13] compared the stresses obtained from the finite element
analysis of lap joints with the results from the consistent lap joint
theory. He modeled the adherend with beam elements and the adhe-
sive with four-node isoparametric elements. He concluded that the
one layer of four-node isoparametric elements for the adhesive gave
results close to the consistent lap joint theories. To compare the re-
sults obtained by Carpenter, the adhesive layer was modeled with
one-,two- and three-layer four-node isoparametric elements, respec-
tively, and found that they gave almost the same results.
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Figure 4 shows the finite element mesh for the adhesive and the
steel adherends in which the four-node isoparametric elements were
used. The number of nodes and elements were 1025 and 950, respec-
tively. The tensile load range for the stress analysis of the adhesively-
bonded joints was from SkN to 25kN.

Five uniformly-spaced elements were used along the adhesive thick-
ness because the variation of the stresses was not large through the
adhesive thickness. Fifty elements were used along the adhesive length
and the size of elements was decreased toward the ends of the adhesive
taking into consideration the stress concentration. However, the stresses
at the interface of the adhesive were artifical because the stresses were
calculated at the Gauss points rather than at the interface.

The residual thermal stresses of the adhesive due to temperature
difference were calculated by taking into consideration the coefficients
of thermal expaunsion of the adherends and adhesive. The temperature
difference, AT, between curing and testing was 60°C in (case 1) and
{case 3), and was 0°C in (case 2) and (case 4) for the analysis of residual
thermal stresses.

The coefficients of thermal expansion of the adherends and the
epoxy adhesive between the curing and testing temperature were
assumed to be linear with respect to the temperature difference.

Also, to know the effect of the initial residual thermal stresses on
the adhesively-bonded joints, the initial residual thermal stresses

inner Adherend uter Adherend (mm)
15
10
Adhesive 5
__.J_,JJJ; L L _JJJ_‘.J_- LUl —— 0
0 10 20 30 40 (mm)
l l | I |

FIGURE 4 Finite element mesh for stress analysis.
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originating from the temperature difference during the cure of adhe-
sive were calculated. The curing temperature of the adhesive joint was
80°C and the test temperature was 20°C.

FAILURE MODEL OF THE ADHESIVE
WITH RESPECT TO LOADS

It was assumed that the bonding strength between the adhesive and
the adherend was not larger than the adhesive bulk shear strength
because the residual tensile thermal stresses were produced due to
the temperature difference during the curing of the adhesive. There-
fore, the failure index in this analysis was applied at the adhesive
elements which were in contact with the elements of the inner
adherend.

In order to predict the failure condition of the adhesively-bonded
joint, the nondimensional failure index, k, was defined by the follow-
ing equation [14].

= JE@) @) () (@) + () +(E)) e

S : bulk tensile strength of the adhesive
S : bulk shear strength of the adhesive

o, : radial stress in the adhesive
G, : hoop stress in the adhesive
o, : axial stress in the adhesive

7,. . shear stress in the adhesive
7, : shear stress in the adhesive

T,, : shear stress in the adhesive

From Eq. (2), the initial failure index, k;, due to temperature differ-
ence only was calculated as follows:

"’:J«?;) +(§;) +(§;) *(@)) @
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where,

ol radial residual thermal stress in the adhesive
oz - hoop residual thermal stress in the adhesive
ol axial residual thermal stress in the adhesive

tf . shear residual thermal stress in the adhesive

rz

In reference [11], the fracture intensity index when the joint failed
was proposed as follows:

kp=./1—-k? (4)

In this work, the failure index in the adhesive elements which were
in contact with the inner adherend was calculated.

Figure 5 shows the initial failure index, k,, with respect to the adhe-
sive thickness calculated using Eq. (3). In Figure 4, the initial failure
index, k;, increased as the adhesive thickness increased because the

0.8

0.7 4

0.6 .

0.5 |

Initial Failure Index
o
IS
i

0.3 4
0.2 1

0.1

0 T T T T 1 T T

Q 01 02 03 04 05 06 07 08 09 1
Adhesive Thickness {mm)

FIGURE 5 [Initial failure index, k;, of the adhesively-bonded joint due to the fabrica-
tion residual thermal stresses caused by the temperature difference of 60°C between
curing the testing, with respect to the adhesive thickness.
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thermal stress components increased as the adhesive thickness in-
creased.

Figure 6 shows the load-bearing capability of the adhesively-
bonded tubular single lap steel-steel joint obtained from the experi-
ment and the curve fitting of Figure 5 for the stress analyses.

Figure 7 shows the fracture intensity index, kj obtained from
map Calculated from Eq. (2)
using the curve-fitted load-bearing capability obtained from the ex-
periment, with respect to the adhesive thickness.

In Figure 6, the fracture intensity index, kg decreased as the
adhesive thickness increased. The decrease of the fracture intensity
index, k,, was caused by the increase of all the fabrication residual
thermal stress components. The value of k; was almost the same as
that of the maximum failure index, k_,,, calculated with the nonlinear
mechanical properties and fabrication residual thermal stresses of the
adhesive.

35

30

25 | / Fitted Line

20 |

15

10 |

Experiments

Load Bearing Capability (kN)

T T T T T T T T 1
¢ 01 02 03 04 05 06 07 08 09 1
Adhesive Thickness (mm)

FIGURE 6 Measured static load-bearing capability of the adhesively-bonded tubular
single lap joint.
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FIGURE 7 Fracture intensity index, k;, and maximum failure index, k,,,, obtained
from the load-bearing capability and the stress analyses for the adhesively-bonded joint,
with respect to the adhesive thickness.

Therefore, it was proposed that the failure of the adhesively-bonded
joint occurred when the maximum failure index, k,, , calculated with
nonlinear mechanical properties and fabrication residual thermal
stresses of the adhesive, was larger than the fracture intensity index, k.

Figure 8 shows k__  and kg, calculated using Egs. (3) and (4) with
respect to the adhesive thickness with linear mechanical properties
and without residual thermal stresses of the adhesive, when the tensile
load varied from 5kN to 25kN.

Figure 9 shows k_, and k,, calculated using Eqgs. (3) and (4) with
respect to the adhesive thickness with linear mechanical properties
and residual thermal stresses of the adhesive, when the tensile load
varied from SkN to 25kN.

Figure 10 shows k_,, and k, calculated using Egs. (3) and (4) with
respect to the adhesive thickness with nonlinear mechanical properties
and without residual thermal stresses of the adhesive, when the tensile
load varied from SkN to 25kN.
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FIGURE 8 Fracture intensity index, ky, and the maximum failure index, k., of the
adhesively-bonded joint with linear mechanical properties without fabrication thermal
stresses of the adhesive, with respect to the adhesive thickness and load variations.

Indices

0.8

0.6

0.4

G.2

Fracture [ntensity Index
- — —— Maximum Failure [ndex
(o) load Bearing Capability

T T T T T T T T
0.1 02 03 04 05 06 07 08
Adhesive Thickness (mm)

—_
0.9 i

FIGURES Fracture intensity index, &, and the maximum failure index, &,,,,, of the
adhesively-bonded joint with linear mechanical properties and fabrication thermal
stresses of the adhesive, with respect to the adhesive thickness and load variations.
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FIGURE 10 Fracture intensity index, k;, and the maximum failure index, k,,, of the
adhesively-bonded joint with nonlinear mechanical properties without fabrication
thermal stresses of the adhesive, with respect to the adhesive thickness and load
variations.

Figure 11 shows k. and ky calculated using Egs. (3) and (4) with
respect to the adhesive thickness with nonlinear mechanical properties
and residual thermal stresses of the adhesive, when the tensile load
varied from SkN 25kN.

Comparing Figures 6 and 11, the proposed failure model for the
adhesively-bonded joint which predicts joint failure when the maxi-
mum failure index is larger than the fracture intensity index, is in good
agreement with the experimental results of Figure 6. The calculated
load-bearing capabilities were smaller than the experimentally-deter-
mined ones when the adhesive thicknesses were smaller than 0.1 mm,
but the calculated load-bearing capabilitics were almost the same as
the experimentally-determined ones when the adhesive thicknesses
were larger than 0.1 mm.

From the results of the stress analyses, the failure indices with the
linear mechanical property of the adhesive were larger than those with



10:59 22 January 2011

Downl oaded At:

TUBULAR SINGLE LAP JOINTS 177

0.8

0.8 T

0.4 |

Indices

Fracture Intensity Index

——-—= Maximum Failure Index

0.z o Load Bearing Capability

T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1
Adhesive Thickness (mm)

FIGURE 11 Fracture intensity index, kr, and the maximum failure index, k,,,,, of
the adhesively-bonded joint- with nonlinear mechanical properties and fabrication
thermal stresses of the adhesive, with respect to the adhesive thickness and load
variations.

the nonlinear mechanical property of the adhesive. Also, the failure
indices with the fabrication residual thermal stresses were larger than
the failure indices without the fabrication residual thermal stresses.

As the load was decreased and the adhesive thickness was increased,
the failure index calculated with the fabrication thermal stresses was
increased. Therefore, in the extreme case of very large adhesive thick-
ness, the failure of the adhesively-bonded tubular single lap steel-steel
joint may be caused by the fabrication residual thermal stress only.
This fact implies that the fabrication residual thermal stresses caused
by the temperature difference between the adhesive curing and room
temperatures should be considered in the stress analysis of the adhe-
sively-bonded tubular single lap steel-steel joint.

Figure 12 shows the variations of the radial, hoop, axial and shear
stresses due to a temperature difference of only 60°C with respect to
adhesive thickness. From the stress analysis, it was found that the
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FIGURE 12 Variations of the fabrication residual thermal stresses due to a temperature
difference of 60°C with respect to the adhesive thickness (t: adhesive thickness). (a) Fabri-
cation residual thermal radial stress, (b) Fabrication residual thermal hoop stress, (c)
Fabrication residual thermal axial stress, (d) Fabrication residual thermat shear stress.
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radial, hoop and axial fabrication residual thermal stresses in the
adhesive were greatly influenced, but the shear fabrication residual
thermal stress was little influenced. Also, as the adhesive thickness
increased, the influence of fabrication residual thermal stresses in the
adhesive, except for the shear stress, was increased.

Figure 13(a) shows the variation of the initial failure index, k|,
which was produced by a temperature difference of only 60°C and the
failure index, k, which was calculated from Eq. (3) with the nonlinear
mechanical property and fabrication residual thermal stresses of the
adhesive, with respect to the adhesive thickness. The adhesive thick-
ness were 0.05 mm, 0.2 mm, 0.5 mm and 1.0 mm when the tensile axial
load was 25kN.

Figures 13(b) shows the variation of the fracture intensity index, ky,
calculated from Eq.{4) using the initial failure index, k,, and failure
index, k, with the nonlinear mechanical property and fabrication

1.2
Failure Index
- — — — Initial Failure Index
1 —
t=1.0mm
8 t=0.5mm
0. . t=0.2mm
t=0.05mm
7] ST - e -
8 T T T e e t=1.0mm |
508 1 S~o - \
5 I ~ . :
_______ t=0.
I/\ 0.5mm \
i~ '
0.4 |} U, \
- - t=0.2mm \
N
y S e e o e e el \
t=0.05mm i
0.2 1
0 T T T T T T T T L
0 2 4 6 8 10 12 14 16 18 20
(a) Bonding Range (mm)

FIGURE 13 Variations of the initial failure index, k., fracture intensity index, kp, and
failure index, k, with respect to the adbesive thickness when the tensile axial load was
25 kN (t: adhesive thickness). (a) Initial failure index, k,, and failure index, &, (b} Frac-
ture intensity index, k, and failure index, k.
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FIGURE 13 (Continued).

residual thermal stresses of the adhesive. The adhesive thickness were
0.05 mm, 0.2 mm, 0.5 mm and 1.0 mm when the tensile axial load was
25 kN.

Figures 14 and 15 show the variation of k,, k. and & with respect to
the adhesive thickness when the tensile axial loads were 20 kN and
15 kN, respectively.

From the results of Figure 14 and 15, it was found that k; increased
as the adhesive thickness increased. Since &k decreased as k; increased,
it was concluded that large values of k, lowered the load-bearing
capability of the adhesively-bonded tubular single lap steel-steel joint
under tensile axial load.

In Figures 13 ~ 15, as the adhesive thickness was increased and the
load was decreased, the difference between k; and k was negligible.
Therefore, when the adhesive thickness is large, it may be concluded
that the failure of the adhesively-bonded single lap joint is caused
largely by the fabrication residual thermal stresses of the adhesive.
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FIGURE 14 Variations of the initial failure index, k,, fracture intensity index, k., and
failure index, k, with respect to the adhesive thickness when the tensile axial load was
20 kN (r: adhesive thickness). (a) Tnitial failure index, k;, and failure index, &, (b) Frac-
ture intensity index, k,, and failure index, k.
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FIGURE 15 Variations of the initial failurg index, k;, fracture intensity index, ks, and
failure index, k, with respect to the adhesiv@ihickness when the tensile axial load was
15 kN (t:adhesive thickness). (a) Initial failure index, k,, and failure index, k, (b) Frac-
ture intensity index, k, and failure index, k.
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CONCLUSIONS

In this work, both the nonlinear mechanical properties and fabrication
residual thermal stresses of adhesive were included in the stress analysis
of adhesively-bonded tubular single lap steel-steel joints under axial
tensile load. The nonlinear tensile properties of adhesive were approxi-
mated by an exponential equation which was represented by the initial
tensile modulus and ultimate tensile strength of the adhesive.

From the stress analyses and tests of the adhesively-bonded tubular
single lap steel-steel joints, the following conclusions were obtained.

(1) The fracture intensity index, k,, was almost the same as the maxi-
mum failure index, k., calculated with the nonlinear properties of
adhesive and residual thermal stresses of fabrication.

(2) The failure of the adhesively-bonded joint occurred when the maxi-
mum failure index, k,,,, was larger than the fracture intensity index, k.

(3) The load-bearing capability of the adhesively-bonded joint was
greatly influenced by the fabrication residual thermal stresses.

(4) As the adhesive thickness was increased and the load was de-
creased, the initial failure index, k,, was increased and approached
the failure index, k.

(5) Since the fracture intensity index, ky, was decreased as the initial
failure index, k;, was increased, it was concluded that the load-
bearing capability of the adhesively-bonded tubular single lap
steel-steel joint under tensile axial load was decreased as the ad-
hesive thickness was increased.
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