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Abstract. This paper presents an investigation relating to stress distribution in single lap joints. Two-dimensional
experimental analyses are conducted via Digital Image Correlation-DIC method. This method is an optical-numerical
experimental approach developed for full-field and non-contact measurements of surface displacement and
deformation. Experimental results are compared with mechanics model for adhesively bonded lap joints, considering
only linear elastic analyses. In this process, classical theoretical predications proposed by Goland & Reissner and
Hart & Smith are used. In order to validate the experimental and analytical results, a commercially available finite
element code is also used. The principal main is to use experimental approach to improve the mechanical performance
and a better understanding of the mechanics of adhesive joints.
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1. INTRODUCTION

The use of adhesive joints have recently been increasing due to their improved mechanical performance and
provides a better understanding of mechanical behaviour of structure commonly found in aerospace, marine and
automotive industries. Because of this, a lot of works has been done on stress analysis and modeling of adhesively
bonded single-lap joint under tension (Neves et al., 2009, Silva ef al., 2009).

The first model, proposed by Volkersen in 1938 (Dillard and Pocius, 2002), is one of the most fundamental concepts
in the transfer of load between two members joined by an adhesive. In 1944, Goland and Reissner developed a model
considering the effects of the adherend bending and the peel stress, as well as the shear stress, in the adhesive layer in a
single lap joint. This paper has been widely employed in the adhesive stress analysis and it is considered as a classical
model which all recent works take it as reference. In 1973 Hart-Smith improved the Goland and Reissner adding the
plasticity effects and Tsai et al. (1998) propose an alternative form. Recently, Luo and Tong (2009) developed a novel
closed-form and accurate nonlinear solutions for single lap adhesive bonded joints. Practically, all works present
theoretical and numerical analyses, but rarely one experimental analysis (Cognard et al. 2008, Tsai and Morton , 1995,
Wang et al., 2008).

The aim of this work is to use an experimental method, know as Digital Image Correlation (DIC), to analyze the
displacement, strain and stress at the single lap joint. The DIC is a non-contact optical technique that allows the full-
field estimation of strains on a surface under an applied strength. Two works developed by Nunes ef al. (2007 and
2008), takes into account the DIC method to analyze single lap joints. The experimental results are to compared and
validate with analytical models.

2. LINEAR ANALYTICAL MODEL AVAILABLE IN THE LITERATURE

The first analysis proposed by Volkersen, was based on a simple shear lag model for load transfer from one
adherend to another by a simple shearing mechanism alone. This model does not reflect the effect of the adherend
bending and shear deformations. Goland and Reissner (1944) considered that the eccentric load path of single lap joint
causes a bending moment besides a transverse force. Later, Hart-Smith (1973) presented an alternative formulation to
treat single lap joints. The typical geometrical schema and material parameters for balanced single lap joints are
illustrated in Fig 1.
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Figure 1. Typical geometrical schema of single-lap joint.

In Figure 1 the length of the overlap is 2c. The thickness of the outer and inner adherends is equal to ¢. £ and v are
the Young’s modulus and Poisson’s ratio for the adherends, and E,, v, and ¢, are the corresponding adhesive Young’s
modulus, Poisson’s ratio and thickness respectively. P is the applied force. The joint width is b.

2.1. Goland and Reissner’s analysis

According of formulation presented by Goland and Reissner the distributions of the shearing at stress are expressed
by the following equation
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The distributions of the normal stress is given by
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2.2. Hart-Smith’s analysis

Taking the purely-elastic analysis developed by Hart-Smith which is a considerable improvement over the classical
solution by Goland and Reissner, the distributions of the shear stress can be expressed by

T=A, cosh(2)»’x) +C, 3)
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The distributions of the normal stress is given by

o=A cosh( Xx) cos( Xx) +B sinh( Xx) sin( Xx) 4)
where X4 = E, with D = E—t3
201, 12(1-v2)
E _M]|si - E _M]|si
and the constants is A = - — [sm(;;c) COS(XC)] and B=—" [sm()zcc) i COS(XC)]
t,Dx” exp(xc) t,Dy” exp(xc)

3. DIGITAL IMAGE CORRELATION (DIC) METHOD

Digital Image Correlation (DIC) is an optical-numerical full-field surface displacement measurement method (Dally
and Riley, 2005). It is based on a comparison between two images of a specimen coated by a random speckled pattern
in the undeformed and in the deformed states. Its special merits encompass non-contact measurements, simple optic
setups, no special preparation of specimens and no special illumination.

The basic principle of the DIC method is to search for the maximum correlation between small zones (subsets) of
the specimen in the undeformed and deformed states, as illustrated in Fig. 2. From a given image-matching rule, the
displacement field at different positions in the analysis region can be computed. The simplest image-matching
procedure is the cross-correlation, which provides the in-plane displacement fields u(x,y) and v(x,y) by matching
different zones of the two images.
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Figure 2. Schematic of the principle of digital image correlation

A commonly used correlation coefficient is defined as follows
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where f (x ,y) is the pixel gray level value (ranging from 0 to 255) at the coordinates (x ,y), for the undeformed or
original image; g(x /,y’), is the pixel gray level value at the coordinates (x /,y/) for the deformed or target image; ]_C

and g are the average gray values for images and, finally, u and v are, respectively, the displacement components for
the subset centers in the x and y directions.

4. RESULTS AND DISCUSSION

4.1. Numerical results

In this section, it will be presented numerical results obtained using a commercially available finite element code.
The numerical results are also compared with those predicted by Goland and Reissner and Hart-Smith models according
with Egs. (1) and (3), respectively. In Figure 3, the adhesive shear stress distribution for aluminum alloy adherends and
epoxy adhesive is presented. In this analysis, it was taken into accounting for adherends and adhesive the following
geometry and mechanical parameters: length of the overlap, 2c = 28 mm; the thickness of the outer and inner adherends,
t = 1.6 mm; the Young’s modulus £ = 69 GPa and Poisson’s ratio v = 0.33 for the adherends and E, =2.4 GPa, v, =0.35
and #, =0.3 mm are the corresponding adhesive Young’s modulus, Poisson’s ratio and thickness respectively. The
applied force P = 1.5 kN.

— Goland-Reissner
— Hart-Smith
- FEM

Shear stress (MPa)

overlap (mm)

Figure 3. The adhesive shear stress distribution

Figure 3 shows good agreement between Goland and Reissner, Hart-Smith modes and FE method. This analysis was
made to make sure the results.

4.2. Experimental results

The experimental arrangement involves an apparatus developed to apply strain in a single lap joint, a CCD camera
set perpendicularly to the specimen and a computer to capture and process the images, as shown in Fig. 4. The single
lap joint, fixed in the strain apparatus in agreement with the geometrical model as shown in Fig. 1, was covered with
painted speckles (random black and white pattern). Two images of this single lap joint were recorded using the CCD
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camera, before and after load, with a resolution of 1392x1040 pixels. In this experimental configuration one pixel of the
CCD camera corresponds to an area of about 4.63%4.63 pm on the object.

BB
\ oo

Figure 4. Experimental arrangement with strain apparatus of bonded joint details.

In order to obtain the experimental results, the geometry model for the single lap joint, schematically illustrated in
Fig. 1, was considered with the following data: (a) Applied force, P = 1.5 kN; (b) length of restraint against transversal
motion, d = 25.4 mm; segment of length, / = 49.6 mm; joint length, 2¢ = 28 mm; adherend and adhesive thickness, ¢ =
1.6 mm and ¢, = 0.3 mm, respectively. The upper and lower adherends have the same characteristics and the material
proprieties of adherends and adhesive are shown in Tab.1.

Tablel. Material Proprieties of adherend and adhesive.

Material Young’s Modulus, E (GPa) Poisson’s ratio, v
Adherend Aluminum alloy 69 0.33
Adhesive Epoxy adhesive 2.4 0.35

In this analysis, it is take into account only a half of overlap because of symmetry presented in Fig 3. The two
images of the single lap joint cover with painted speckles are taken in the same region, as illustrated in Figure 5,
considering two different loads of 0 and 1.5k N. These images were used to determinate full-field displacement by
means of computer software based on correlation theory, presented in item 3.

Undeformed

Figure 5. Pattern of coating specimen underformed and deformed.

The results of the full-field displacement u(x,y) and v(x,y), associated with x and y directions respectively, are shown
in Fig. 6. These results are obtained inputting the underformed and the deformed images for different loads of 0 and 1.5
kN into DIC program.
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Figure 6. Experimental results: u(x,y) is the horizontal full-field displacement and v(x,y) is the vertical full-field

displacement.

Taking the results of full-field displacements u(x,y) and v(x,y), it can be obtained some important information like
the normal strain in both directions, i.e., ¢, and ¢, and the shear strain¢, . These results are illustrated in Fig. 7.

Here the principal objective is to analyze the shear stress. For this, let us consider the particular case of the shear
strain €, . It may be seen in Fig 7 that the distortion of outer and inner adherends is the approximately constant.

However, the distribution of shear strain at adhesive varies as a function of x, increasing at end of overlap.
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Figure 7. Full-field distribution around the half overlap: normal and shear strain; rotation
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Figure 8. The adhesive shear stress distribution versus half length of overlap. Comparison between Goland-Reissner
formulation and experimental results.
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In order to validate the experimental results, the distribution of shear stress at middle of overlap, i.e., y = 0, is taken
and it is compared with Goland and Reissner formulation previously presented in Eq (1). It is important note that to
obtain the shear stress is necessary to multiply the shear strain by the adhesive shear modulus, because it is assumed an
elastic behaviour.

Figure 8 shows a good agreement between the distribution of shear stress obtained experimentally and the classical
formulation developed by Goland and Reissner. It can be observed that the maximum value of shear stress occurs at
overlap end, approximately equal to 8.4 MPa.

5. CONCLUTIONS

This work aimed at using experimental information obtained from Digital Image Correlation method to
analyze single lap joint. DIC method was used to obtain the displacement field of specific regions. The results
indicate good agreement between experimental results and classical model.

The main contribution of this work is to provide an experimental method of estimating the full field displacement
and shear stress in a single lap joint.
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