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The static tensile load bearing capability of adhesively-bonded tubular single lap joints calculated using
linear mechanical adhesive properties is usually far less than the experimentally-determined one because
the majority of the load transfer of adhesively-bonded joints is accomplished by the nonlinear behavior of
the rubber-toughened epoxy adhesive

In this paper, both the nonlinear mechanical properties and the residual thermal stresses in the
adhesive resulting from joint fabrication were included in the stress calculation of adhesively-bonded
joints. 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.

From the tensile tests and the stress analyses of adhesively-bonded joints, a failure model for adhesive-
ly-bonded tubular single lap joints under axial loads was proposed.

KEY WORDS: Adhesively bonded tubular single lap joint; nonlinear mechanical property; tensile load
bearing capability; linear approximation; nonlinear exponential approximation; residual thermal stress;
failure criterion.

INTRODUCTION

The design of joints for the assembly of the separated parts of structures has become
an important research area because the structural efficiency of a structure with joints
is established, with very few exceptions, by its joints and not by its basic structure.
There are two main types of joints: mechanical and adhesively-bonded. (There are,
of course, also welded joints). The mechanical joint is created by fastening the
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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.!** However, the adhesively-bonded joint requires careful
surface preparation of the adherends, is affected by service environments and diffi-
cult to disassemble for inspection and repair.

There are several types of tubular lap joints, such as the single lap joint, the double
lap joint, the stepped lap joint, and the scarf lap joint. From 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 a few researchers through analytical and finite element
methods.®~® Rubkin and Reissner® assumed that the adhesive thickness was much
smaller than the adherend thickness and that the adherend thickness was much
smaller 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* refined the solution of Volkersen and gave a closed-form sol-
ution for the shear stresses of the adhesively-bonded tubular single lap and partially-
tapered tubular scarf 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.® proposed a strength model which
could predict the fracture of the adhesively-bonded single lap joint under tensile loads.
Shi and Cheng® proposed an approximate closed form solution for the stress distribu-
tions in the adhesive and adherends when the adhesively bonded lap joints were under
tensile loads. Terekhova and Skoryi’ proposed the closed form solution for adhesive-
ly-bonded lap joints under tensile loads and internal pressure. They applied thin shell
theory to the joint analysis. Kukovyakin and Skoryi® proposed a closed form solution
for an adhesively-bonded bush-shaft type joint under tensile loads. They considered
that the bushes were thin-walled and deformed in accordance with the moment theory
of thin-walled shells. Harrison and Harrison® developed a simple method for calculat-
ing the stresses near the ends of a parallel-sided adhesive layer.

In the majority of the past works, 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 adhesive fracture and, consequently, the majority of the load transfer of
the adhesively-bonded joint is accomplished by the nonlinear plastic behavior region
of the adhesive.!° If the nonlinear properties of the adhesive are included, complicated
mathematics and long computational time are required for the analysis.!?

In this paper, the nonlinear mechanical properties of the adhesive were taken into
consideration in the stress analyses of adhesively-bonded tubular single lap joints
with steel-steel adherends. The nonlinear tensile stress-strain relationship of the
adhesive was modelled by a two-parameter exponential equation that was represen-
ted by the initial tensile modulus and ultimate tensile strength of the adhesive. The
initial tensile modulus and ultimate tensile strength of the adhesive can be obtained
by the tensile test.
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In this work, the tensile load-bearing capabilities of adhesive joints were experi-
mentally obtained. Then the stress distributions in the adhesive of adhesively-bon-
ded tubular single lap joints were obtained by applying the measured tensile
load-bearing capabilities. The stress distributions were calculated in four different
cases: (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 without residual thermal stresses of
the adhesive, (case 4) linear mechanical property without residual thermal stresses of
the adhesive.

From the experimental data, and the results obtained from the stress analyses, a
failure model for the adhesively-bonded tubular single lap joints with steel-steel
adherends under axial loads was proposed.

EXPERIMENTS

The closed form solution as well as the finite element calculation predicted that the
load-bearing capability of the adhesively-bonded joint increased as the adhesive
thickness increased, which is contrary to the experimental result. In reality, the
load-bearing capability of the adhesively-bonded joint decreases as the adhesive
thickness increases because the residual thermal stresses from fabrication, originat-
ing from the cure of the adhesive, lowers the fracture strength of the adhesive.

In this work, the adhesively-bonded tubular single lap joints with steel-steel ad-
herends under axial tensile load were measured to investigate the tensile load bearing
capabilities with respect to adhesive thickness.

Figure 1 shows the adhesively-bonded tubular single lap joint with steel-steel
adherends.

The 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

Precisely Grounded Surface

uter Adherend Teflon Inner Adherend

-—Bonding Length
FIGURE 1 Configuration of the adhesively-bonded joint specimen.
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and inner diameters 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 0.05 mm 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 bond-
ing. An arithmetic surface roughness of 2 pm was chosen for the adherend surface
roughness because this value had proven to be the optimum for the fatigue strength
of the adhesively-bonded tubular single lap joint.'?> The adhesively-bonded joints
were cured in an autoclave for 4 hours under a temperature of 80°C and a pressure
of 0.6 MPa.

Figure 2 shows the experimentally obtained tensile load-bearing capabilities with
the curve fitting line when the bonding length was 20 mm. As shown in Figure 2, the
tensile load-bearing capabilities of the adhesively-bonded joints decreased as the
adhesive thickness increased. This is a similar phenomenon to the torque-bearing
capabilities of the adhesively-bonded tubular joints with respect to the adhesive
thickness.!® Therefore, it is necessary to take into consideration of the residual
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FIGURE 2 Static load capability of the adhesively-bonded tubular single lap joint.
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thermal stresses in the adhesive resulting from joint fabrication for the better predic-
tion of the static tensile load-bearing capability of the adhesively-bonded tubular
single lap joint.

NONLINEAR BEHAVIOR OF THE RUBBER-TOUGHENED ADHESIVE

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

The nonlinear mechanical properties of the adhesive were modelled by the follow-
ing exponential form.

_E,
o= am(l —e n ) (1)

where o 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 3 shows the experimentally obtained tensile stress-strain relations of the
adhesive using (ASTM D 638-89) as well as Equation (1). The shear strength and
plastic characteristics of the epoxy adhesive were obtained by a bulk shear test. The
method used for the bulk shear test of the epoxy adhesive is shown in Figure 4.
Figure 5 shows the shear stress-strain relations of the adhesive obtained from the
bulk shear test of the adhesive and the multi-linear function calculated using the
two-parameter nonlinear exponential Equation (1) and Poisson’s ratio. Assuming
that the nonlinear tensile property 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 ratio. Using the shear modulus of the adhesive calculated in
the infinitesimal range, the shear stress-strain curve was obtained. Since the epoxy

TABLE ]
Properties of the epoxy adhesive and the steel adherend
Adhesive (IPCO 9923) Steel

Tensile modulus (GPa) 1.30 207.0
Poisson’s ratio 041 0.30
Tensile strength (M Pa) 45.0 not required
Shear strength (MPa) 29.5 not required
Shear strain limit 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 3 Tensile stress-strain relations of the epoxy adhésive {IPCO 9923).

adhesive used in this work was rubber-toughened, it revealed very large plastic
strain, especially in the shear mode, as shown in Figure 5.

STRESS ANALYSIS BY FINITE ELEMENT METHOD

Figure 6 shows the finite element mesh for stress analysis in which four-node
isoparametric elements were used. The number of nodes was 1025 and the number
of elements was 950. The tensile loads for the stress analysis of the adhesively-
bonded joints were applied through the polynomial functions which were obtained
by curve-fitting the experimental results.

Five elements were used uniformly along the adhesive layer thickness because the
variation of the stresses was not large through the adhesive thickness.

Fifty elements were used along the adhesive layer length and the density of
elements was increased towards to the edge of the adhesive taking into consider-
ation the stress concentrations.
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F

Epoxy Specimen

FIGURE 4 Bulk shear test of the epoxy adhesive.

In order to know the influences of the nonlinear mechanical property of the
adhesive and the residual thermal stresses on the adhesive joints, the stress distribu-
tions of adhesively-bonded tubular single lap joints were calculated in four different
cases of 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 without
residual thermal stresses of the adhesive, and {case 4) linear mechanical property
without residual thermal stresses of the adhesive.

The nonlinear mechanical property of the epoxy adhesive was modelled as Equa-
tion (1) and the linear property of the epoxy adhesive was modelled as 1.30 GPa in
Table I.

The residual thermal stresses of the adhesive due to the temperature difference
were calculated by using the coefficients of thermal expansion of the adherends and
adhesive. The temperature difference between curing and testing A7, 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 curing and testing were assumed to be linear.
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Also, to know the effect of the initial residual thermal stresses on the adhesively-
bonded joints, the initial residual thermal stresses originating from the temperature
difference during the cure of the adhesive were calculated. The curing temperature of
the adhesive joint was 80°C and the test temperature was 20°C.

FAILURE MODEL OF ADHESIVE

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 thermal
stresses were produced due to the temperature difference during the cure of adhesive.
In the tensile experiments, the joint failures were found at the interface between the
adhesive and the inner adherends. Therefore, 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 non-
dimensional failure index, k, was defined by the following equation.!3

_ O-rr 2 _0_.(2(2 ? Uzz 2 ‘Erz 2 Tro 2 Tz(? 2
"/((s‘) (@) (&) )G ) e
where,

St bulk tensile strength of the adhesive
Ss 1 bulk shear strength of the adhesive

o,,. radial stress in adhesive

Gge: hoop stress in the adhesive
o,,: axial stress in the adhesive
1,, . shear stress in the adhesive
7, . shear stress in the adhesive
T, shear stress in the adhesive

It was postulated that interfacial failure of the joint occurred when the failure index
k was equal to 1. Figure 7(a) shows the failure index of the adhesively-bonded joint
when the adhesive thickness was 0.05 mm. In Figure 7, the failure indices are shown
in four different case: (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 without residual
thermal stresses of the adhesive, and (case 4) linear mechanical property without
residual thermal stresses of the adhesive.

Figure 7(b), 7(c) and 7(d) show the failure indices of the adhesive joints when the
adhesive thicknesses were 0.1 mm, 0.5 mm, respectively. When the adhesive thick-
nesses were 0.05 mm and 0.1 mm, by comparing cases (1) and (3), it was found that
the residual thermal stresses of fabrication affected the failure index little, while by
comparing the cases (3) and (4) it was found that the linear and nonlinear mechanical



11: 27 22 January 2011

Downl oaded At:

134

Y.G. KIM et al.

.8

Failure Index k

0.4 |

0.2 4

nonlinear+thermal
linear+thermal
nonlinear

linear

(7a)

T T T T T T T T T
2 4 8 8 10 12 14 16 18

Bonding Length (mm)

20

1.8

1.6 |

1.4

Failure Index k

0.4 |

02 |

nonlinear+thermal
linear+thermal
nonlinear

linear

(7b)

T T T T T T T T T
2 4 6 8 10 12 14 16 18

Bonding Length (mm)

20



11: 27 22 January 2011

Downl oaded At:

1.8

1.6

1.4

1.2

0.8

Failure Index k

0.6

0.4

0.2

(79

1.8
1.6

1.4

1.2

Failure Index k

(7d)

- —————— nonlinear+thermal

E —-—-— nonlinear

STRENGTH ANALYSIS OF JOINTS

_______ linear+thermatl

——--—— linear

B —————— nonlinear+thermal

. —-—-— nonlinear

0 2 4 [ 8 10 12 14 18 18 20

Bonding Length (mm)

_______ linear+thermal

—e--—— linear

L T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Bonding Length (mm)

135

FIGURE 7 Failure index, k, of the adhesively-bonded joint (a) 0.05 mm adhesive thickness (b) 0.1 mm
adhesive thickness (c) 0.5 mm adhesive thickness (d) 1.0 mm adhesive thickness.
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FIGURE 8 Maximum failure index, k__, of the adhesively-bonded joint with respect to adhesive thick-
ness.

properties affected the failure index much more. However, when the adhesive thick-
nesses were 0.5 mm and 1.0 mm, it was found that the residual thermal stresses of
fabrication, rather than the linear and nonlinear mechanical properties, were more
influential.

Figure 8 shows the variations of the maximum failure indices of the adhesive with
respect to the adhesive thickness. The maximum indices occur along the bonding
length of the joint. In Figure 8, the maximum failure index decreased rapidly up to
0.4 mm adhesive thickness, but was almost constant beyond that thickness. In Fig-
ure 8 the maximum failure index calculated with the linear mechanical property of
the adhesive was larger than that calculated with the nonlinear property. Also, the
index calculated with the residual thermal stress of fabrication in the adhesive was
larger than that calcualted with no residual thermal stress of fabrication. Since the
behavior of the adhesive was represented more precisely with the nonlinear mechan-
ical property of the adhesive, it might be concluded that the maximum failure index
with the nonlinear adhesive property was more reliable than that with the linear
adhesive property.
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Since it was found from the stress analysis of the joints that the maximum failure
index with the residual thermal stresses of fabrication was larger than that without
those stresses, the initial residual thermal stresses were calculated in order to investi-
gate the influence of the thermal stresses of fabrication on the adhesively-bonded
Joints. From the calculated data of the initial residual thermal stresses, the initial
failure index, k,, was calculated as follows:

O'T" 2 O-TBB 2 O_Tz2 2 7/.Trz 2
kf*/((sr) +<‘s7> *(@7) +<s—s>> )
where,

S; : bulk tensile strength of the adhesive

Sg : bulk shear strength of the adhesive

oT - radial residual thermal stress in the adhesive

rr

045 hoop residual thermal stress in the adhesive

o : axial residual thermal stress in the adhesive
17 : shear resudial thermal stress in the adhesive

rz

Figure 9 shows the initial failure index, k,, with respect to the adhesive thickness
calculated using Equation (3). In Figure 9, the initial failure index, k,, increased as

0.9 4

0.8 |

0.7 |

0.6

0.5 4

0.4 |

Initial Failure Index kTt
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02 |

0.1 |

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

FIGUREY Initial failure index, k;, of the adhesively-bonded joint by residual thermal stresses of
fabrication with respect to adhesive thickness.
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the adhesive thickness increased. The increase of k, was caused by increases of all
the stress components, especially of the peel component of stress in Equation (3).

However, the slope of k; was decreased as the adhesive thickness was increased.
Since the maximum failure index, k_, , and the initial failure index, k,, have opposite
slopes, in this work, it was found that they could be related as follows.

K + KT~ )
where k_, represents the maximum failure index calculated taking into account the
nonlinear mechanical property of the adhesive with residual thermal stresses.

From the relationship of Equation (4), the practical fracture index, k, was defined

as follows:
kp=./1—k3 (5)

Figure 10 shows the maximum failure index, k_,,, and the practical fracture index,
kg, calculated when the maximum tensile load bearing capabilities of the adhesively-
bonded joints obtained from the static tensile tests were applied to the joints. From
Figure 10, it was found that the value of the practical fracture index, k,, was almost
the same as the maximum failure index, k_, , calculated taking into account the
nonlinear property of the adhesive with the residual thermal stresses of fabrication.
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FIGURE 10 Maximum failure index, k .. and practical fracture index, kg, of the adhesively-bonded
joint with respect to adhesive thickness.
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Therefore, it was postulated that the fracture of the adhesively-bonded joints occur-
red when k_, was equal to k.

From these results, it was found that the finite element analysis with the nonlinear
mechanical property of the adhesive with the fabrication residual thermal stresses
must be used in order to calculate the stress distribution of the adhesively-bonded
tubular single lap joint more accurately. Also, it was found that to predict accurately
the static tensile strength of the joint, the practical fracture index, kp, which takes
into consideration the reduction of the fracture strength of the adhesive due to the
residual thermal stresses of fabrication must be calculated.

CONCLUSIONS

In this work, the tensile load-bearing capabilities of the adhesively-bonded tubular
single lap joints with steel-steel adherends were tested with respect to the adhesive
thickness. From the tests, it was found that the tensile load-bearing capabilities were
decreased as the adhesive thickness was increased.

The stress distributions of the adhesively-bonded joints were calculated when the
tensile load-bearing capabilities of the joint obtained from the static tensile tests
were applied.

Then the practical fracture index was calculated, taking into account the non-
linear mechanical properties of the adhesive and the residual thermal stresses of
fabrication.

From the calculated data, the failure model for the adhesively-bonded tubular
single lap joints was proposed: since the practical fracture index, k,, was almost the
same as the maximum failure index, k_,,, calculated with the nonlinear property of
the adhesive and residual thermal stresses of fabrication, it was postulated that the
fracture of the adhesively-bonded joints occurred when k_, was equal to k.
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