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1. Introduction 

Structural adhesives are used in almost every field 

nowadays due to their many advantages [1-2]. Due to the 

increased prevalence of structural adhesives, the selection 

of adhesives according to the material to be used and the 

joint design come to the forefront. Moreover, this necessi-

tates the investigation of the strength of adhesively bonded 

joints. As choosing a suitable adhesive is required in the ad-

hesively bonded joint, a suitable joint design is also required 

because the joint type affects the joint strength [3-4]. Espe-

cially in cases when the aerodynamic structure is important, 

it is necessary to apply embedded joint types.  In relation to 

this case, scarf, stepped, and butt joint types come to the fore 

[5-9]. Adhesives are particularly resistant to shear, rather 

than tensile force [10]. Shear stresses in adhesively bonded 

lap joints concentrate in the end regions of the overlap 

length and cause peel stresses to occur in the same region 

due to the curvature of adherends and rotations of the joints 

[11]. In this case, it is necessary to reduce the stress intensity 

in the end region of the joint. To this end, the joint must be 

designed to reduce the stress intensity, especially in the end 

region of the overlap length [12-19]. In embedded joint 

types, it is possible to increase the surface area of the joint 

by changing the surface geometries. It is also possible to 

change the overlap width by changing the surface geometry 

of the joint model which has the same overlap length and 

width. In order to reduce the stress intensity at the ends of 

the joint, especially the overlap width must be increased. 

Since the geometric parameters of the joint made affect the 

surface area to which the adhesive is applied, they have an 

important effect on the joint strength [20-24].  

A proper analytical analysis is required to estimate 

the occurrence of failure in adhesively bonded joints accu-

rately. Failure analyses of the designs with adhesively 

bonded joints were initially made according to linear elastic 

assumptions. Since failure occurs in the elastic zone, this so-

lution model was a suitable model for brittle materials, but 

it was not a sufficient solution model for adhesively bonded 

joints since most of the adhesives exhibit nonlinear behav-

ior. Later on, elastic-plastic and plastic deformation theories 

were used in analyses.  In the first one of these solution mod-

els, the adhesive layer was divided into two zones to be elas-

tic and plastic. With plastic zones found in the end regions 

with tensile intensity, analyses were performed by consider-

ing elastic and plastic zones as separate. In the second solu-

tion model, the modulus of elasticity was included as a se-

cant modulus depending on the load. The secant modulus 

was analyzed by associating total strain with total stress. 

However, these two solution models could not be imple-

mented since they could not be fully verified. Another ap-

proach in the analysis of adhesively bonded joints is the 

modified von-Mises yield criterion. A system consisting of 

six non-linear differential equations was derived in this ap-

proach, and the analysis was performed iteratively using the 

finite difference method with variable steps [25]. However, 

CZM has recently been preferred as a widely used model for 

adhesives in CZM, which is based on energy principles, the 

damage situation is examined by utilizing the relationship 

between shear and normal stresses and displacements. In ad-

dition, in CZM, it is accepted that the sample exhibits elastic 

behavior until the peak of the stress-strain curve, and after 

reaching the maximum point of the curve, damage begins 

and fracture occurs. [26]. The geometry of lap joints has a 

pronounced influence on the distribution of peel stresses. 

Consequently, a considerable body of research has been de-

voted to scarf joints and other lap-joint configurations 

shaped by geometric considerations. In contrast, studies fo-

cusing on curved butt-lap joints remain markedly limited. 

Therefore, the systematic examination of curved butt-lap 

joints is of substantial significance. 

In this research, BCLJs were formed upon alumi-

num alloy plates with the same overlap length and width and 

subjected to tensile load. The effects of the created BCLJs 

on the strength as a result of changing the radius of curvature 

(RC) were examined. The CZMs based on energy principles 

were considered for the finite element analysis (FEA) of the 

lap joints created. Verification tests were performed to ver-

ify the finite element solutions. 

2. Material and Method 

2.1. Material characterization 

In this research, in order to create BCLJs, AL2024-

T3 plates, which are the most preferred in the field of space 

and aviation, were used [27]. Two-component DP810 was 

used as adhesive. To determine the material properties of the 

adhesive and AL2024-T3 plate, cast samples were prepared 

and mechanical data were obtained by pulling them at a 

speed of 1 mm/min on a tensile test device at room temper-

ature. Additionally, the TAST (Thick Adherend Shear Test) 

model was considered to obtain the shear displacement data 

of the adhesive [28]. Stress-strain curves in Fig. 1 were 

shown for the AL2024-T3 plate and adhesive, and their ma-

terial properties were seen in Table 1 and Table 2.  

2.2. Joint fabrication and testing 

In order to verify the solutions with finite elements 

of the butt curved lap joints subjected to tensile load, r = 20, 

40 and 60 -mm radii were considered for L1 = 20 mm over-

lap length upon aluminum plates, L = 100 mm in length, 

h = 10 mm in thickness, and w = 25 mm in width. In order 
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to obtain t = 0.2 mm adhesive thickness, curved surfaces 

with r1 = 19.9, 39.9 and 59.9 -mm radii were formed on 

plate 1, and curved surfaces with r2 =20.1, 40.1 and 60.1 -

mm radii were formed on plate 2 (Figs. 2, 3). In order to 

ensure good adhesion between the plate and adhesive in the 

formed specimens, the plate surfaces were cleaned, and the 

adhesive was applied on the aluminum plate. The test spec-

imens, to which the adhesive was applied, were obtained by 

being put in a mold and kept for one day at room tempera-

ture. Three specimens were tested for each RC (Fig. 3), the 

average experimental results are presented graphically in 

Fig. 9. 

The obtained test samples were exposed to a tensile 

load at a speed of 0.5 mm/min at normal room temperature 

in a tensile device with a capacity of 100 kN (Figs. 3, 4). In 

bonded joints adhesively, damages appear on the adhesive, 

cohesive failure as ASTM-D5573-99 (Figs. 4, 5) [29]. All 

specimens showed dominant cohesive failure within the ad-

hesive layer, with minor interfacial patterns near the overlap 

ends. 

 

 

a 

 

b 

 

c 

Fig. 1 Stress-strain curves: a – AL2024-T3 for normal 

stress, b – DP 810 for normal stress, c – DP810 for 

shear stress 

Table 1 

Material properties of aluminum alloy (2024-T3) 

Young’s modulus, E, MPa 71875 

Poisson’s ratio,  0.33 

Tensile yield strength, y, MPa 361.74 

Tensile failure strength, f, MPa 481.9 

Tensile failure strain, f, % 0.1587 

Table 2 

Material properties of DP 810 adhesive 

Young’s modulus, E, MPa 497.76±28.75 

Poisson’s ratio,  0.35 

Tensile yield strength, y, MPa 15.38±3.48 

Tensile failure strength, f, MPa 20.07±2.61 

Tensile failure strain, f, % 0.078±0.02 

Shear modulus, G, MPa 184.35±28.75 

Shear yield strength, y, MPa 15.28±4.8 

Shear failure strength, f, MPa 29.73±2.02 

Shear failure strain, f, % 0.12±0.008 

Toughness in tension, G 0
n, N/mm 0.7 

Toughness in shear, G0
s, N/mm 1.9 

 

Fig. 2 Geometric representation of BCLJ 

 

Fig. 3 Test specimens produced in the vertical machining 

center and their cross-sectional parameters 



 526 

 

Fig. 4 Cohesive failure in butt-curved lap joints 

 

Fig. 5 Conducting experiments in the Instron (5982) tensile 

device 

2.3. Numerical works 

For the FEA of the BCLJs, three-dimensional finite 

element models were created in the Ansys Workbench (Ver-

sion 15) program [30], and the analysis were presented by 

mesh detail, boundary conditions and applying load to the 

created models (Fig 6). The finite element model was mod-

eled as in the tensile test machine in accordance with the 

realistic conditions and was fixed in the x, y and z directions 

at point A of Adherend 1. At B point in the end region of 

Adherend 2 was fixed in the x and y directions, and a tensile 

load was applied in the z direction. In FEA, the joint is mod-

eled with SOLID186, a 20-node solid element with  

 

 

Fig. 6 Boundary conditions and finite element model 

displacement degrees of freedom in the x, y, and z direc-

tions. SOLID186 is a three-dimensional (3D), higher-order 

(quadratic) solid element designed for general-purpose 

structural analyses, providing high accuracy in problems in-

volving geometric and material nonlinearities. To accu-

rately obtain the stress distribution in the adhesive region, a 

mesh optimization study was conducted. It was observed 

that when the number of elements was reduced under the 

same loading conditions, damage did not occur. Therefore, 

the number of elements was increased until the onset of 

damage remained unchanged, and the mesh was optimized 

accordingly. The non-linear material properties of the study 

were defined by being obtained from Table 1 and Table 2. 

The CZM was used for FEA. In the CZM law, a 

material is considered to be in the elastic region under ten-

sile load up to the maximum point in the stress-strain curve 

(tensile, shear), and after the maximum point the plastic re-

gion begins. [31]. CZM is demonstrated in terms of stress 

and strain magnitudes that are considered equivalent to 

shear and tensile states at the material interface that exhibits 

linear elastic behavior. In the bilinear model of CZM, tn and 

ts are indicated as in the Eq. (1) below [32]. 
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Here Kn,s (Kn at tension, Ks at shear) denotes cohe-

sive stiffness, dn,s (dn at tension, ds at shear) denotes the fail-

ure parameters for the bilinear cohesive law (here dn,s = 0 

indicates that the material is in the elastic zone, dn,s = 1 in-

dicates that the material failed completely), 
0

n,s denotes the 

maximum cohesive displacement under tension, 
f

n,s de-

notes the displacement when the separation is completed, 

and n,s denotes the maximum displacement along the defor-

mation. In the exponential model of the CZM [33-34], tn and 

ts are expressed as in Eq. (3) and (4) 
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Here, max
 indicates the maximum stress at tension, while n 

and t are stated by Eq. (5) 

0

n,s

n,t
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



= . (5) 

In the mixed mode model, tn and ts are stated as in Eq. (6) 

( )1n,s n,s n,s mt K d= − , (6) 
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Here, for m  0, dm = 0. For m > 1, dm is in the range of 

0  dm  1. Furthermore, m and X are stated as follows: 

2 2

m n t  = + , (8) 

f
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f
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X

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 
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FEM were analyzed considering to the CZM laws. In the 

analyses performed with the CZM, tn and curves were gen-

erated by considering Fig. 1 and Table 2 into consideration 

and were introduced to the ANSYS Workbench program as 

mixed mode, exponential and bilinear (Fig. 7). 

 
a 

 

b 

Fig. 7 CZM laws for DP810: a – tensile, (tn), b – shear (ts) 

3. Results and Discussion 

3.1. Numerical and Experimental results 

The bilinear, exponential and mixed mode solu-

tions of numerical failure loads considering the CZM laws 

were presented in Fig 7, a, b and c. 

When Fig 7, a, b, care examined, the bilinear anal-

yses are observed to give higher, and the exponential solu-

tions are observed to give lower values. Since the experi-

mental results and the bilinear numerical solutions were 

more compatible, the comparison of the bilinear solutions of 

the three models were made in Fig 8, d and Fig 7, d demon-

strates that the failure loads carried by the specimens in-

crease when the RC decreases. When curved  

 

 
a 

 

b 

 

c 

 
d 

Fig. 8 Numerical failure loads considering the CZM laws:  

a – r = 20 mm, b – r = 40 mm, c – r = 60 mm,  

d – comparison of failure loads (bilinear) 
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Fig. 9 Experimental failure load results 

surfaces are created on the plates of the same dimensions, 

the failure loads they carry are observed to be affected to a 

great extent. When numerical results are compared with ex-

perimental results (Fig. 9), bilinear solutions are observed to 

be more compatible. 

When the region to which the adhesive is applied 

on the plates of the same width (w = 25 mm) and length 

(L = 100 mm) is examined, the models with the radii of 

r1 = 19.90, 39.90, 59.90 mm are observed to have the same 

overlap length (L1 = 20 mm). However, when the radii of 

r1 = 19.90, 39.90, 59.90 mm are formed on the plates having 

the same width, the arc lengths (w1, w2, w3) are observed to 

vary considerably. This is due to the change in the RC. 

When the radii of curvature and the arc lengths are associ-

ated, it is obtained that w1 = 32.105 mm for r = 20 mm, 

w2 = 30.53 mm for r = 40 mm, w3 = 30.28 mm for 

r = 60 mm (Fig. 10). This case causes the surface area on 

which the adhesive is applied to increase as the arc length 

increases. 

Changing the surface area on which the adhesive is 

applied significantly affects the stress concentration in the 

overlapping area and the damage loads they carry. Likewise, 

as the arc length increases, the stress intensity decreases es-

pecially in the end parts of the overlap region where the fai-

lure starts. 

 

Fig. 10 Arc lengths and surface areas of the BCLJ (w1, w2, 

w3) 

4. Conclusions 

BCLJS subjected to tensile load were investigated 

experimentally and numerically. For this purpose, BCLJS 

with the same overlap dimensional were formed, and the ef-

fect of the RC on strength was investigated. Experimental 

and numerical results showed that ±10% variations in cohe-

sive strength lead to approximately ±7-12% changes in the 

predicted failure load, whereas variations in stiffness affect 

only the initial slope and do not significantly influence the 

failure load. According to the obtained results, a significant 

increase in the failure load carried by the adhesively bonded 

joint was observed as the RC decreased. The arc lengths (w1, 

w2, w3) were observed to increase as the RC of the adhe-

sively bonded joints with the same width decreased. This 

situation caused the end regions, where the failure started, 

to be severely affected, and thus caused the peel stresses to 

increase and the failure load carried by the specimens to de-

crease. Furthermore, the surface area, to which the adhesive 

was applied, decreased as the RC decreased, thus causing 

the stress intensity of the adhesively bonded joint to in-

crease. While bilinear CZM produced the closest agreement 

for the tested adhesive and loading state, this may vary for 

different adhesives or mixed-mode conditions. 
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THE EFFECT OF THE RADIUS OF CURVATURE ON 

THE JOINT STRENGTH IN BUTT-CURVED LAP 

JOINTS 

S u m m a r y 

In this research, butt curved lap joints (BCLJs) 

were considered for the aluminum alloy plates exposed to 

tensile load, and the effect of the radius of curvature (RC) 

on the joint strength was investigated. For this purpose, butt-

curved v joints were formed upon aluminum plates 

(AL2024-T3), and they were connected using an adhesive 

(DP810). Finite element analysis joint models were created 

three-dimensionally, and Cohesive Zone Materials Models 

(CHZMs) based on energy principles were used to estimate 

the strength of the adhesively bonded joint. In order to ob-

tain numerical solutions, the parameters of the materials 

used in the joint model were determined experimentally. 

Furthermore, verification tests were performed to verify the 

numerical solutions. From the results obtained, it was un-

derstood that the radius of curvature has an important effect 

on the failure load and stress distributions in butt curved lap 

joints.  

Keywords: adhesives, butt curved lap joint, finite elements, 

stress analysis 
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