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Abstract 

This thesis presents a systematic numerical study of stresses in the adhesive of a single-lap 

joint subjected to various loading scenarios (mechanical and thermal loading). The main 

objective of this work is to improve understanding of the main material and geometrical 

parameters determining performance of adhesive joint for the future analysis of failure 

initiation and development in these structures. 

The first part of the thesis deals with development of a 3D model as well as 2D model, 

optimized with respect to the computational efficiency by use of novel displacement coupling 

conditions able to correctly represent monoclinic materials (off-axis layers of composite 

laminates). The model takes into account the nonlinearity of materials (adherend and adhesive) 

with geometrical nonlinearity also accounted for. The parameters of geometry of the joint are 

normalized with respect to the dimensions of adhesive (e.g. thickness) thus making analysis of 

results more general and applicable to wide range of different joints. Optimal geometry of the 

single-lap joint is selected based on results of the parametric analysis by using peel and shear 

stress distributions in the adhesive layer as a criteria and it allows separation of edge and end 

effects. Three different types of single lap joint with similar and dissimilar (hybrid) materials 

are considered: a) metal-metal; b) composite-composite; c) composite-metal. In case of 

composite laminates, four lay-ups are evaluated: uni-directional ([08]T and [908]T) and quasi-

isotropic laminates ([0/45/90/-45]S and [90/45/0/-45]S). The influence of the above-mentioned 

parameters is carefully examined by analyzing peel and shear stress distributions in the 

adhesive layer. Discussion and conclusions with respect to the magnitude of the stress 

concentration at the ends of the joint overlap as well as overall level of stresses within overlap 

are presented. Recommendations concerning use of nonlinear material model are given. 

The rest of the work is related to the various methods of manufacturing of joint (curing) and 

application of thermo-mechanical loading suitable for these scenarios. The appropriate se-

quences of application of thermal and mechanical loads for the analysis of the residual thermal 

stresses developed due to manufacturing of joints at elevated temperature required to cure pol-

ymer (adhesive/composite) are proposed. It is shown that the most common approach used in 

many studies of simple superposition of thermal and mechanical stresses works well only for 

linear materials and produces wrong results if the material is non-linear. The model and simu-

lation technique presented in the current thesis rectifies this issue and accurate stress distribu-

tions are obtained. Based on the analysis of these stress distributions the following conclusions 

can be made: joint processing at elevated temperature causes high stresses inside the adhesive 
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layer; the residual thermal stresses will reduce the peel stress concentration at the ends of over-

lap joint and the shear stress within the overlap, moreover, this effect is more pronounced for 

the case of the one-step joint manufacturing in comparison with two-step processing technique. 

This study has generated a lot of results for better understand the behavior of adhesive joints 

and it will help in the design of stronger, more durable adhesive single-lap joints in the future.    
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1. Introduction 

Due to economic and environmental factors in recent years the transport industry has been 

concerned with reduction of the fuel consumption. For example, the forecast of pollution levels 

for the next 12 years predicts a critical development in comparison with current situation as 

shown in Figure 1 [1].  

 

 

Figure (1) A prediction of CO2 emission values for the next 12 years [1]. 

 

One of the routes to cut down the expenditure of fuel and pollution emissions is to reduce the 

vehicles weight by employing lightweight materials. For this reason, the use of polymer com-

posites has been progressively increased in several industries, including aerospace, maritime, 

military, automotive, etc. Composite materials can be defined as a combination of two or three 

types of single materials (these materials have distinct phases). This combination of different 

immiscible materials complement each other and generate a new material with physical prop-

erties that are better than those of the individual constituents working separately. The use of 

composites is increasing because of the significant advantages over metals: light weight, high 

strength, design flexibility, better fatigue life, wear resistance, corrosion resistance, etc. [2]. 

Composites also offer other advantage over metals for use in low-temperature systems and 

cryogenic environment [3,4]. Meanwhile, the composites have a few drawbacks which hinder 

their application: damage inspection, higher cost, complex damage mechanism, complicated 

fabrication, etc. [5]. The structural polymer composites have been used widely in several in-

dustries for a long time, especially in aerospace and aeronautics, energy (wind generators), as 

well as more recently in automotive industries. This study is focused on composites with pol-

ymer matrix and further in the text “polymer composites” are referred to as “composites”. Fig-
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ure 2 shows the percentage increase of using the composite materials in aircraft structures dur-

ing the last four decades [6]. It is obvious that the percentage of composites within the aircraft 

structures has increased very significantly and in some of the modern airplanes (e.g. Airbus 

A350) the content of composites by weight exceeds the 50 %. For example, material distribu-

tion in the Boeing 787 Dreamliner is shown in Figure 3 [7]. 

  

 

Figure (2) Increase in the composites percentage within the airplane structure during the last 

four decades [6]. 

 

 

Figure (3) Material distribution in the structure of Boeing 787 [7]. 

 

The ability to control the material properties to match the design requirements is one of the 

important reasons to increase use of composite materials in structures. The composite structure 

can be manufactured to be stiff in one direction and flexible in other directions, depending on 

the fiber orientation. This means that the following targets can be achieved by using composite 

structures: reduced the weight of structure, improved the aero elasticity and eventually reduced 

the fuel consumption and pollution emissions. 
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Although use of composites in structures has obvious advantages, the joining of composite 

parts or hybrid structures by traditional methods (such as bolt, welding, rivets and other 

mechanical connections) is rather difficult or even impossible. Moreover, five critical failure 

modes in mechanically fastened joints have been identified: net-tension, bearing, shear-out, 

cleavage, and pull-through (see Figure 4). Four of these failures are catastrophic and only 

bearing failure mode is acceptable since it is a safe progressive mechanism not leading to 

sudden failure [8].  

 

Figure (4) Failure modes in bolted composite joints [8]. 

To employ the fastening joint (bolt or rivets) requires drilling holes, in composite this will 

cause damage in the region around the hole [9] as shown in Figure 5. The dark region around 

the hole is a delaminated area and the lighter area outside the damaged border is undamaged 

region [10]. Thus, drilling operation will initiate damage in composite laminate even before 

applying any service load. Besides, in the traditional fastening method the stress concentration 

around the holes is very high (see Figure 6 [11]). Alternatively, the adhesive joint provided 

almost uniform stress distribution (see Figure 6) [11,12] and it does not initiate any damage in 

bonded materials (contrary to drilling and machining). In general, the following advantages of 

adhesive joints over traditional joining techniques can be listed: high strength to weight ratio; 

reduced stress concentrations due to uniform stress distribution within bounding area; load 

distribute over a much wider area; possibility to joint very thin adherends; sealing (adhesive 

fills gaps and voids); no contact corrosion; reduction of surface weight; increase fatigue 

resistance. Certainly there are also some disadvantages: limitation of service temperature and 

environment; changing properties during service; difficult disassembly of joined parts; requires 

careful adherend surface preparation (especially for metal adherends); durability and resistance 
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reliant on the processing conditions; weak peel resistant; necessity to fixture (hold together) 

the joined parts during curing; sensitivity to right joint design [2,13-15].  

 

 

                                  (a)                          (b)                           (c) 

Figure (5) The computational processing of a radiographic image: (a) original image; (b) 

image segmented by using a neuronal network; (c) identified delamination region [10]. 

 

 

Figure (6) Comparison between the stress distribution of traditional method assembly and 

adhesive bounded assembly [11]. 

To summarize the above-mentioned, it can be stated that the adhesive bonding is one of the 

best solutions for joining composites within structures since it provides these options: to bond 

complex structures with different material; no damage within composite material during the 

joint process is initiated; uniform stress distribution within the joint is ensured; basic vehicle 
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parameters like safety for the passengers and mechanical strength; and keep the production at 

low cost and weight [1].  

It should note that the joint members have two different names, “adherend” and “substrate”, 

depending on the context. The “adherend” refers to material after bonding while “substrate” 

means material before bonding [13]. The term “adherend” is used throughout the text of this 

thesis (including appended papers will). 

 

1.1 Adhesive joints 

Since use of the lightweight composite structures in various industrial applications has 

increased recently, the adhesive bonding as the method to join parts within the structure has 

also became much more often employed. In modern structures the metal-composite joining is 

necessary in order to increase the strength to weight ratio [16]. Adhesive joints are widely used 

to bond similar and dissimilar metal and non-metal materials, such as composites, with 

different dimensions, thicknesses as well as various shapes [13]. There are numerous kinds of 

adhesive joints and each type of joint has some advantages and disadvantages. A lot of works 

on adhesive bonding was done early between 1970 and 1980 in aerospace industry and 

reviewed by FL Matthews et al. [17], and a new study by MD Banea and LF da Silva [18] 

presented a comprehensive review about the adhesive joints with composite adherend.  

 

 

Figure (7) Cross sections of different type of adhesive joint [15]. 
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The stress distribution in the adhesive joint is dependent on the joint geometry and it should be 

selected carefully with respect to expected load case. A comprehensive overview of the 

engineering adhesive joints that are commonly used and nomenclature of various adherend 

shapes are shown in Figure 7 [15,19]. 

 

1.2 Single lap joint 

The single lap joint (SLJ) and double lap joint (DLJ) are the most commonly used in various 

industry applications. But SLJ is used more than DLJ due to simple geometry and high struc-

tural efficiency. However, there is one major problem related to the stress distribution in this 

type of joint: the eccentricity of the load causes high peel stress concentration at the ends of 

overlap due to bending of adherends [20]. Most of composites have relatively low out-of-plane 

strength, so the peel stress concentration at the overlap ends may cause some concern with 

respect to premature failure of the joint. For instance, if the adhesive has high strength the 

probability of failure of composite may be higher than that of adhesive, thus composite ad-

herend will fail before the adhesive. In adhesive joints there are six characteristic failure modes 

have been identified: adhesive failure, cohesive failure, thin-layer cohesive failure, fiber-tear 

failure, light-tear failure and stock-break failure [21]. Three of these failures occur in composite 

adherends (such as fiber-tear failure, light-tear failure and stock-break failure) and the rest oc-

cur in adhesive layer (adhesive failure, cohesive failure and thin-layer cohesive failure) (see 

Figure 8).  

 

Figure (8) Failure modes in adhesive composites joint [21]. 
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Therefore, some designers use higher safety margins in this type of structures and this results 

in overdesigning: much more than necessary materials are used and lightweight advantage of-

fered by use of composites vanishes. Consequently, comprehensive study of this type of joint 

is necessary to improve the joint strength. The peel stresses can be reduced in composite joints 

by changing the adherend shape as shown in Figure 9 [18]. Another study (2D numerical 

model) by Elena M. Moya-Sanz et al. [20] showed that a better load transfer through the adhe-

sive can be achieved if chamfering is used, it reduces the eccentricity of the load and the stress 

concentration at the ends of overlap. Other solution [22-24] to reduce the stress concentration 

is using bi-adhesive bonding (see Figure 10). The stress concentration at the ends of a bonded 

lap joint by using two types of adhesives with different stiffness was investigated experimen-

tally and numerically by I. Pires et al. [22]. This study demonstrated that when the joint is 

bonded by multiple adhesive materials and adhesive with low stiffness is placed at the ends of 

the overlap the strength of the joint increases compare to the conventional bonding method. 

Similarly study for double lap joint (3D numerical model) is presented by Halil Özer and Özkan 

Öz [23] with two types of adhesives in the overlap region. The ratio between flexible and stiff 

adhesive was varied (ratios of 0.2, 0.4, 0.7 and 1.3 were used) and results showed reduction of 

the peel and shear stress with use of optimum bond-length ratios. 

 

 
 

Figure (9) Decrease the peel stress in compo-

site SLJ by changing the adherend shape [18]. 

Figure (10) Bi-adhesive bonded joint [24]. 

 

Thus, stress concentrations within the joint can be minimized by geometric design. Numerous 

experimental and numerical investigations have been carried out to study the effect of geomet-

rical parameters on stress distributions [25-30]. For example, L.D.R. Grant et al. [25] presented 

paper (experimental and numerical investigations) on SLJ under tensile and flexural (four and 
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three-point bending) load. The influence of several parameters such as the overlap length, the 

adhesive layer thickness and the spew fillet was studies. The results show that under the tensile 

load, the 450 fillets will increase the joint strength, while increase of adhesive thickness will 

reduce it due to presence of larger bending moment. Another experimental study of SLJ under 

different loading conditions (tensile, bending, impact and fatigue) was presented by S.M.R. 

Khalili et al. [26]. In this case instead of neat resin as adhesive layer the reinforced epoxy was 

used (unidirectional and chopped glass fibers and micro-glass powder with different volume 

fractions). Addition of the reinforcement (glass fiber or powder) into adhesive increased joint 

strength, except if fibers in the adhesive were oriented perpendicularly to the loading direction. 

The influence of the adherends stiffness on the strength of the SLJ for similar and dissimilar 

adherends was presented by A. M. G. Pinto et al. [27] (experimental results and numerical 

simulations). The following adherend materials were used: polyethylene; polypropylene; car-

bon fiber reinforced polymer; and glass fiber reinforced polymer. A significant effect of the 

adherends stiffness on the magnitude of peel stresses in the adhesive layer was shown. More 

recent similar study is presented by Mariana D. Banea et al. [28], with experimental and nu-

merical investigations of the influence of properties of adherends on the mechanical behavior 

of adhesive SLJ. It was found that the adherend material properties have significant effect on 

joint strength only for larger overlaps while in case of relatively short overlaps the effect is not 

as important. Numerical analysis of the peel and shear stress along the interfaces in unidirec-

tional laminates under tension was performed by Y.H.Yang et al. [29], two adherends thick-

nesses were assumed. The simulation results show that the maximum peel and shear stresses 

are increased with increase of adherend thickness, meanwhile the test results are somewhat 

contradicting showing increase of the joint strength for thicker adherends. Another study show-

ing experimental results and numerical simulation on influence of adhesive thickness, adherend 

material, adherend thickness as well as moisture on behavior of SLJ was done by W R Brough-

ton and G Hinopoulos [30]. Obtained results showed significant dependence of peel and shear 

stress and strain distributions on adhesive and adherend thickness as well as material proper-

ties: maximum stresses are reduced by increasing the joint stiffness or increase of the adhesive 

thickness. 

There are number of papers [31-33] dedicated to the numerical and analytical studies of the 

effect of SLJ parameters on stress distributions. Gang Li et al. [31] presented analysis (a 2D 

model which accounts for geometrical nonlinearity) for composite-composite SLJ with two 

values of adhesive thickness (ta = 0.13, 0.26 mm). It is observed that when increase the elastic 

modulus or thickness of the adhesive layer the peak value of shear and peel stresses will be 
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increased. Another numerical simulation (3D model) which included non-linear material and 

geometrical non-linearity was presented by J.P.M. Gonçalves et al. [32]. The stresses were 

calculated at the middle of adhesive and adhesive-adherend interface and it is observed that the 

peak stresses at the interfaces are much higher than in the middle of the adhesive layer. 

Xiaocong He [33] also presented a reviewed paper about the finite element analysis of adhesive 

joints with simulation results of different joint designs. 

The literature overview presented here show that there are lot of numerical results for various 

joints however, all of these studies are done for a specific case only which is not necessarily 

representative for joints with different dimensions or/and materials. In reality the stress distri-

butions depend on the ratio between geometrical parameters rather than on actual size of joint 

members (e.g. adherends or adhesives etc.). Thus, using normalized dimensions can produce 

results for much wider selection of joints and these results will lead to more general conclu-

sions. Besides, some of the simulation results contradict experimental data or lead to contro-

versial statements/conclusions. For example, results reported in [30] are questionable: increas-

ing adhesive thickness cannot have the same effect as increasing adherend thickness. Further-

more, simulation results in [31] are contradicting with the results in [29] and the second part of 

conclusions in the paper [30] with respect to increase of adherend thickness. Thus, it is clear 

that despite fairly large number of publication on the subject of numerical modeling of perfor-

mance of single lap joint, more systematic approach with simulations using properly normal-

ized parameters is required. 

The performance of the joint will be influenced not only by the material properties or/and ge-

ometrical parameters but also by the method of how this joint has been manufactured. The 

manufacturing of the adhesive joints involves curing (polymerization) of the adhesive or com-

posites or both of them. 

 

1.3 Curing of adhesives and composites 

The curing process can be defined as a transition of a reactive adhesive layer from liquid state 

to solid state by means of chemical reaction under specified temperature and pressure. Some 

adhesives have to be heated up during the polymerization (curing) time while others can be 

polymerized at room temperature. For some materials the curing process can be accelerated by 

increasing temperature. Both, temperature and time, must be monitored and controlled during 

the curing process [11]. Figure 11 shows the temperature-time curve, the mechanical properties 

of the adhesive will depend on how it was cured (at what temperature and time). For example, 
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popular commercial adhesive ARALDITE 2011 A/B Epoxy has a wide range of curing tem-

perature and its mechanical (as well as physical) properties are dependent on the curing tem-

perature and time (see Table 1). 

 

Figure (11) Schematic typical curing cycle of the thermoset adhesive (temperature vs. curing 

time) [34]. 

 

Table (1) Effect of cure temperature and time on mechanical (physical) properties [35] 

Cure temperature Cure time Lap Shear Strength, psi (MPa) 

25ºC 
8 hours  710 (4.9) 

24 hours 2130 (14.7) 

70ºC 
1 hour 3130 (21.5) 

2 hours 3410 (23.5) 

150ºC 
5 minutes 4270 (29.4) 

20 minutes 4410 (30.4) 

 

Adhesive joint may contain multiple members made of dissimilar materials with different me-

chanical and thermal properties. If the temperature at which joint is used is different from the 

conditions at which it was manufactured, the residual thermal stresses within the adhesive layer 

[36] may develop due to mismatch of properties of materials within the joint. This is similar to 

the residual thermal stresses developing in the layers of the composite laminate due to mis-

match of properties of plies with different fiber orientation. It is crucial to account for the re-

sidual thermal stresses when designing structures, since they might be the reason for early ini-

tiation of damage and even premature failure. In the joint the residual thermal stresses arise 

because of mismatch of the elastic modulus, thermal expansion coefficients and thermal con-

ductivities between the adherends and adhesive. These residual stresses will be increased with 
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increase of the curing temperature. Moreover, the manufacturing of composite laminate is also 

usually performed at elevated temperature which causes residual thermal stresses within the 

laminate itself and may have a significant impact on joint strength. Sometimes these stresses 

are high enough to cause failure within the laminate layers even before any mechanical load is 

applied [37]. This means that the residual stresses are very important, and it should be taken in 

account through the numerical simulation to get correct failure prediction. In case of composite 

adherend in similar and dissimilar joint there are two possibilities to manufacturing the joint: 

1- first manufacturing the composite and then assemble the joint (polymer in composite and 

adhesive are cured separately); 2- manufacturing the composite and joint simultaneously (pol-

ymer matrix and adhesive are co-cured).  

Residual thermal stresses in joints developed during the curing process were studied in [38,39]. 

Study by Kum C. Shin, Jung J. Lee [38] focused on the effect of surface roughness of the steel 

adherend along with the stacking sequence of the composite adherend on the stress distribution 

as well as failure of co-cured SLJ and DLJ under static/fatigue loads including residual thermal 

stresses. This work reported interesting and somewhat unexpected findings: it seems that in 

SLJ the residual thermal stresses can delay failure by suppressing of opening of the crack at 

the interface due to reduction of peel stress. On the other hand, in the same paper it was also 

reported that the residual thermal stress increases the shear stress concentration. Numerical 

modeling to predict the curing residual stresses in CFRP/aluminum adhesively bonded SLJ and 

comparison with experimental data were carried out by Kaifu Zhang et al. [39].  Unsurpris-

ingly, higher curing temperature caused higher residual thermal stresses and these stresses in 

adherends (aluminum and CFRP) are higher than in the adhesive. The stresses are tensile in the 

adhesive layer and aluminum adherend but compressive in CFRP. 

 

1.4 Objectives of the current work 

The review of the current state-of-the-art shows that there are many studies of the performance 

of a single lap joint by means of numerical simulation. But the significance of geometrical and 

mechanical parameters of constituents in the joint on stress concentrations is still not well 

established and some reported trends are even contradicting. Furthermore, the stresses from the 

combined thermal and mechanical loads are obtained from simple superposition [38,40]. While 

it might work for linear elastic materials, it is likely to produce incorrect results for more 

complex cases (e.g. non-linear materials). Ultimate goal of numerical simulation is prediction 

of failure initiation and propagation in the joint (in the adhesive as well as within adherends). 
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This goal can be achieved only if correct stress distributions within the joint are analyzed which 

requires the accurate and realistic numerical model. The objectives of this thesis is to develop 

and verify such model by performing parametric study of single lap joint and analyzing various 

scenarios of thermo-mechanical loads this joint is subjected to. 

In order to accomplish the abovementioned objectives, the following tasks and research 

questions have been addressed:  

1. constructing finite element model with comprehensive boundary conditions which allow 

separating effect of stress concentrations of finite specimen width from phenomena acting 

on overlap ends; 

2. systematic numerical analysis of peel and shear stresses in the adhesive layer to find the 

best ratio between the geometrical joint parameters (e.g. overlap length, adhesive 

thickness, adherend thickness);  

3. study of dependence of peel and shear stress in the adhesive layer on the stiffness of 

members in joints with dissimilar and heterogeneous adherends (material type; stacking 

sequence of plies in composite adherend);  

4. evaluation of the effect of material model (linear vs non-linear) of adherend and/or 

adhesive on stress concentrations;  

5. formulating proper routines to apply mechanical and thermal loads in order to obtain 

correct resulting stresses; 

6. simulating different scenarios of manufacturing of joint with similar/dissimilar adherend 

with respect to the sequence of curing composite material and adhesive at elevated 

temperature. 

 

1.5 Summary of current work 

It should be noted that a 3D model (presented in this work) as well as computationally efficient 

2D model with novel coupling conditions representing the middle part of a wide specimen is 

used to establish the normalized width and overlap length which ensures that stress 

perturbations are not interacting and overlapping. To validate if more complex and time 

demanding 3D model has to be employed, the results of stress distribution within adhesive 

layer from 2D model with two different element behaviors (such as plane strain and generalized 

plane strain) were compared with stress distribution obtained from 3D model. It is obvious in 

Figure 12 that the 3D model with novel coupling will give exactly the same stress value at any 
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location with respect to the width of the sample. While the 2D model cannot predict accurate 

results like the 3D model rather it produces different results depending on the formulation used 

(plain strain vs generalized plane strain). Therefore, all calculations done for this study were 

carried out by using 3D model with special coupling conditions applied. All coupling 

conditions details are presented in paper A section 2.4. 

 

 

Figure (12) Comparison between stress distributions in width direction for 2D model with 

plane strain and generalized plane strain and 3D model at the edges and on the center line 

along the overlap length at the middle of adhesive for aluminum-aluminum joint with linear 

adhesive with coupling conditions applied. 

 

The current thesis present results of the tasks and research questions listed in the previous 

section. The thesis consists of two papers which are briefly summarized here.  

Tasks 1-4 are addressed in Paper A and Paper B focuses on tasks 5-6. The obtain results show 

that novel coupling conditions employed in the numerical model give a very good agreement 

with Classical Laminate Theory (CLT) and accurate results for all laminate types included 

monoclinic materials (off-axis layers of composite laminates (e.g. [+45]T)). The parametric 

analysis to optimize the joint geometry yielded, the best ratio between the dimensions of the 

members in the joint: adherend/adhesive thickness = 10, overlap length/adhesive thickness = 

200. Moreover, it was found that the stress concentrations are reduced with increase of the 

overlap length and increase of the adherend thickness.  Furthermore, the stiffness ratio between 

isotropic adherend and adhesive material has a significant effect on stress concentration and 

length of plateau region in the stress distribution in the adhesive layer along the overlap length. 

The reduce of adherend stiffness results in higher peel and shear stress concentration and longer 
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plateau region with same shear stress level. In case of quasi-isotropic composite material, the 

fiber orientation in plies adjacent to adhesive layer has a large effect on stress concentration 

and the length of plateau region. Exchange 0-layer with 90-layer in the quasi-isotropic laminate 

results in higher peel and lower shear stress concentration at the end of the overlap, as well as 

higher compressive stress peak in peel stress with longer plateau region for peel and shear 

stress.  

The simulation with residual thermal stresses included shows that the curing at elevated 

temperature will generate high stresses within the adhesive layer in both, length and width 

directions of the joint. Meanwhile, residual thermal stresses reduced the shear stress within the 

plateau region and the peel stress concentration at the ends of overlap joint.  

As for the influence of the manufacturing procedure of joint (co-curing vs separately cured 

adhesive and adherend), in case of composite-composite or composite-metal joints the curing 

in one step (co-cured) is more favorable than the curing in two steps. The peel stress 

concentration and shear plateau level is lower in co-cured joint than in separately cured 

adherend/adhesive. The stacking sequence of layers in composite adherend had also very 

pronounced effect on stresses in the adhesive. In quasi-isotropic composite laminate, the peel 

stress at the ends of the overlap is reduced by approximately 60-70% if 0-layer adjacent to 

adhesive is swapped with the 90-layer ([0/45/90/-45]S laminate vs [90/45/0/-45]S laminate).  
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Abstract 

This paper presents systematic numerical study of stresses in the adhesive of a single-lap joint 

with the objective to improve understanding of the main material and geometrical parameters 

determining performance of adhesive joint. For this purpose a 3D model as well as 2D model, 

optimized with respect to the computational efficiency by use of novel displacement coupling 

conditions able to correctly represent monoclinic materials (off-axis layers of composite 

laminates), are employed. The model accounts for nonlinearity of materials (adherend and 

adhesive) as well as geometrical nonlinearity. The parameters of geometry of the joint are 

normalized with respect to the dimensions of adhesive (e.g. thickness) thus making analysis of 

results more general and applicable to wide range of different joints. Optimal geometry of the 

single-lap joint allowing to separate edge effect from end effects is selected based on results of 

the parametric analysis by using peel and shear stress distributions in the adhesive layer as a 

criterion. Three different types of single lap joint with similar and dissimilar (hybrid) materials 

are considered in this study: a) metal-metal; b) composite-composite; c) composite-metal. In 

case of composite laminates, four lay-ups are evaluated:  uni-directional ([08]T and [908]T) and 

quasi-isotropic laminates ([0/45/90/-45]S and [90/45/0/-45]S).  

The influence of the abovementioned parameters on peel and shear stress distributions in the 

adhesive layer is examined carefully. Dependence of results on the used material model (linear 

vs non-linear) is demonstrated. 

 

Keywords: Composites; Single-lap joint; Adhesive joints; Mechanical load; Similar and 

dissimilar adherends. 
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1. Introduction 

There are many reasons motivating development of lighter structures in various vehicles for 

transportation. Those factors are environmental and economic; both of them are related to 

reduction of fuel consumption.  Decrease of fuel consumption by lighter vehicles will translate 

in significant reduction of cost and pollution which is of major interest for transport industries, 

especially for aerospace, aeronautics and automotive [1]. One of the routes to achieve weight 

savings is to use new lighter materials in structures, such as fiber reinforced polymer 

composites. Due to excellent mechanical properties to weight ratio polymer composite 

materials are widely used in aerospace, automotive and marine industries. For example, the use 

of carbon fiber composites in the primary structure of an aircraft offers weight savings up to 

20%-30% compare to the structure made from metal. The newest commercial aircrafts, such 

as Airbus A380 and Boeing B787, are built using 25…50wt % composites in structures [2]. 

However, manufacturing of complex structures with dissimilar materials involves joining of 

various parts. Typically, within the metal structures mechanical joints are employed while for 

polymer composites adhesive joining is preferred [3]. Apart from being lighter [3,4], adhesive 

joints have also following advantages over mechanical joints: the mechanical joint cannot be 

used for adherends thinner than 8 mm [5]; the holes for bolts and rivets create stress 

concentrators which will weaken composite structure, while adhesive joining ensures more 

uniform stress distribution in the joint [4]. 

There are many different types of adhesive joints but the single-lap joint (SLJ) and double-lap 

joint (DLJ) are the most common. SLJ is used more often than the DLJ due to the high structural 

efficiency and simple geometry. However, the disadvantage of SLJ is the eccentricity of the 

load which during the loading (simple tensile load) causes bending in the adherends and results 

in a very high peel stresses in the adhesive layer. Thus, optimization of this type of joint is 

necessary to improve stress distribution in the adhesive layer to increase overall joint strength. 

There are number of studies [6-12] dedicated to the experimental as well as theoretical and 

numerical investigations of the relation between the parameters of SLJ (e.g. material properties, 

geometry, etc.) and stress distribution in it. Along with optimization of the joint parameters 

new, more comprehensive, modeling tools are also developed. A 2D model with geometrical 

nonlinearity for composite-composite SLJ with two values of adhesive thickness (ta = 0.13, 

0.26 mm) and different mesh sizes is presented in [6]. The study shows the effect of change of 

the adhesive thickness and finite element number/size (2 and 6-elements in thickness direction) 

in adhesive layer on stress and strain distributions in the joint. It is observed that the peak values 
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of shear and peel stresses increase with increase of elastic modulus and thickness of the 

adhesive layer. Experimental results and numerical simulations of SLJ under tensile as well as 

flexural (four and three-point bending) load were presented in [7]. Effect of various parameters, 

such as the overlap length, the bondline thickness (adhesive layer thickness) and the spew fillet 

was investigated. It was found that under tension the 45-degree fillet (instead of sharp ends of 

adhesive layer) increase the joint strength while it is reduced with thicker adhesive layer due 

to increase of the bending moment. In another study [8] the peel and shear stresses along the 

interfaces were analyzed numerically for unidirectional composite laminates under tension 

with two adherend thicknesses. The simulation results show that increase of adherend thickness 

causes increase of the maximum peel and shear stresses, meanwhile the test shows 

contradicting results the joint strength increases with increase of the adherend thickness. The 

influence of adhesive thickness, adherend material, adherend thickness as well as moisture on 

behavior of SLJ was studied experimentally and numerically in [9]. The results showed that 

the change of adhesive and adherend thickness as well as material properties have a significant 

effect on peel and shear stress and strain distributions. Authors conclude that “maximum 

stresses … are reduced by increasing the joint stiffness (i.e. increasing tensile modulus of the 

adherent or increasing the adherent thickness) or by increasing the adhesive thickness”. 

The effect of the chamfering of the adherends and adhesive on the mechanical strength of SLJ 

under uniaxial tensile load was studied in [10] by means of 2D numerical model. This 

investigation showed that chamfering reduces the eccentricity of the load and the stress 

concentration at the ends of overlap which results in a better load transfer through the adhesive. 

Four important joint design parameters (overlap length, adherend thickness, adherend width 

and scarf angle) were investigated experimentally for the carbon fiber reinforced polymer 

(CFRP) on single and double-lap adhesive joints [11]. The results showed that for all cases, 

except SLJ with thicker adherends, the load-displacement curves are linear. It was also 

observed that the DLJ had a highest ultimate failure load while scarf-lap had highest lap-shear 

strength. The peel and shear stresses in adhesively bonded aluminum with polymer composite 

were evaluated analytically and numerically by considering various joints (single-lap and 

single-strap) under tensile and flexural loads in [12]. It was found that the peak stresses value 

cannot be reduced simply by increasing the overlap length.  The performance of SLJ under 

different loading conditions (tensile, flexural, impact and fatigue) was studied experimentally 

in [13]. Instead of neat resin as adhesive layer the three components of reinforced epoxy are 

used with unidirectional and chopped glass fibers and micro-glass powder with different 

volume fractions. The use of reinforced epoxy (glass fiber or powder) as adhesive layer 
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increases joint strength, except when adhesive was reinforced by transversely oriented fibers. 

Studies on dissimilar adherends were carried out in [14,15]. In [14] the dissimilar single-lap 

adhesive joints (mild steel and CFRP) subjected to tensile test were investigated 

experimentally. The effect of three parameters (adhesive thickness, adherend thickness and 

overlap length) on the failure load and failure mode was studied. It was found that the overlap 

length had a significant effect on the joints strength but the adhesive thickness along with the 

stiffness ratio of adherends had only a small influence on the joints strength. The study 

presented in [15] dealt with the experimental and numerical evaluation of the influence of the 

adherends stiffness on the strength of the SLJ for similar and dissimilar adherends. As an 

adherend materials polyethylene, polypropylene, CFRP, and glass fiber reinforced polymer 

(GFRP) composites were used. It was found that the adherends stiffness has a significant effect 

on the magnitude of peel stresses in the adhesive layer. Similar study where the influence of 

properties of adherends on the mechanical behavior of adhesive SLJ was investigated 

experimentally and numerically is presented in [16]. The results showed that joint strength is 

significantly affected by the adherend material properties only for larger overlaps while in case 

of relatively short overlaps the effect is not as important. A 3D model of a SLJ including non-

linear material and geometry with specific element type (interface elements) was used in [17] 

to calculate the stresses at the adhesive-adherend interface. The obtained results showed that 

the peak stresses at the interfaces are much higher than in the middle of the adhesive layer. 

The brief review on adherend stiffness effect on peak stresses presented above illustrates that 

the stiffness effect varies: sometimes it is rather significant while in other cases it is almost 

negligible. Such evident “uncertainty” actually illustrates that it is not the elastic modulus itself 

which determines the shape of stress distributions but rather the ratio of elastic modulus for 

used constituents. 

The above studies render a lot of useful results for particular cases, but several of them are 

missing the point that the stress distributions do not depend on the size of adherends, adhesives 

etc. when linear and also nonlinear material models are used to calculate stress distributions at 

fixed average stress. The distributions depend on the ratio between geometrical parameters and, 

hence, one of the dimensions, for example, the adhesive thickness can be used as a parameter 

to introduce dimensionless thickness of adhered, overlap length, width of the specimen etc. 

Thus making observed trends more general and applicable to much wider range of joints. 

Understanding this feature, allows understanding that increasing the adhesive thickness has the 

same effect as decreasing the adherend thickness (assuming that the overlap length and the 

width of the specimen are much larger than the adhesive thickness and therefore stress 
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perturbations are not interacting). As a consequence the conclusion from [9], see above, 

becomes contradicting: increasing adherend thickness cannot have the same effect as 

increasing adhesive thickness (which effectively means decreasing the adherend thickness). 

Furthermore, simulations in [6] show increase of peak stresses with increasing adhesive 

thickness (which is equivalent to decreased adherend thickness), so this trend which is also 

confirmed in experiments [8,9] seems to be correct. However, it contradicts not only to the 

second part of conclusions in the same paper [9] but also to simulation results in [8] where the 

increase of adherend thickness leads to increasing peak stresses. These few examples show that 

in spite of very useful information available in literature, more systematic simulations using 

properly normalized parameters are required to reveal the role of different geometrical 

parameters on stress distributions. 

Additionally, to the commonly studied parameters mentioned above, the investigation 

presented in [18] addressed influence on stresses inside the adhesive of such parameters of 

composite adherends as ply thickness in composite laminate, stiffness and stacking sequence 

of plies in the laminate. The DLJ with non-linear adhesive material and laminate (adherend) 

with six different layer stacking sequences was studied by means of 3D finite element model. 

It was observed that the maximum stress can be reduced by changing the stiffness and 

orientation of fibers in plies of the laminate or by using hybrid composite (changing the fiber 

type in two layers which are next to the adhesive layer, e.g. using carbon instead of aramid 

fiber). 

Another route to optimize the performance of the adhesive joints was investigated in [19,20] 

by evaluating possibility to use bi-adhesive bonding. The experimental and numerical study of 

stress concentration at the ends of a joint bonded by two adhesives with different stiffness was 

carried out [19]. It has been shown that the strength of the joint bonded with multiple adhesive 

materials is increased compare to the conventionally bonded joint if adhesive with low modulus 

is used at the ends of the overlap. Similarly, 3D numerical model was used in [20] to simulate 

DLJ bonded with two types of adhesives in the overlap region. As a parameter the bond-length 

ratios (ratio between flexible and stiff adhesive zones) was varied (ratios of 0.2, 0.4, 0.7 and 

1.3 were used). It was shown that the peel and shear stress can be optimized by using 

appropriate bond-length ratios.  

Apart of studies of the parameters related to the geometry of joint, material properties of 

adhesive and adherends, there are number of publications dedicated to the development of more 

accurate numerical models. For example, effect of boundary conditions on the actual stress 

distributions in a single-lap adhesively bonded joint was studied in [21] by means of 3D finite 
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element method. The results showed that the boundary conditions used in the model have a 

strong effect on stress distribution in the joint. More references about the finite element analysis 

of adhesive joints with simulation results of different joint designs can be found in a review 

paper [22].  

The presented literature overview shows that despite the large amount of simulations 

performed studying the SLJ, the significance of geometrical and mechanical parameters of 

constituents in the joint on stress concentrations is still not established and some reported trends 

are even contradicting. The objective of this paper is to contribute to improved understanding 

of these trends performing more systematic numerical study of stresses in the adhesive with 

following goals and specifics: 

1) Using in analysis geometrical as well as stiffness parameters normalized with respect 

to adhesive parameters. 

2)  Separating effect on stress concentrations of finite specimen width from phenomena 

acting on overlap ends. 3D model as well as computationally efficient 2D model with 

novel coupling conditions representing the middle part of a wide specimen is used to 

establish the normalized width and overlap length which ensures that stress 

perturbations are not interacting and overlapping. The novelty of the coupling 

conditions is in their ability to treat monoclinic materials in joints (off-axis layers of 

laminates in global coordinates). 

3) This model is used to study the effect of the normalized joint overlap length and the 

adherend thickness on peel and shear stress distribution. Effect of adherend and 

adhesive stiffness ratio on stress concentrations is revealed. 

4) The model is employed to evaluate the effect of stiffness of members in joints with 

dissimilar and heterogeneous adherends (material type; stacking sequence of plies in 

composite adherend). 

5) Effect of linear as well as non-linear (bi-linear) behaviour of adherend and/or adhesive 

on stress concentrations. 

Obtained stress distributions are validated against other data presented in the literature. 

Although failure sequence analysis is not performed in this study, one of the most important 

achievements of this paper is development of model that produces accurate stress distributions 

which can be used further in the analysis of the damage initiation and failure of joints. 
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2. Numerical model (details) 

2.1 General considerations 

In this study the stress analysis for a SLJ subjected to tensile load was carried out by using a 

commercial FEM package ANSYS 16.0 (utilizing APDL codes). The 3D model used is based 

on the geometry and dimensions shown in Fig. 1, it should be noted that adherends of equal 

length are modeled. The dimensionless coordinate system is related to the geometry of the SLJ 

as follows: 1) X-axis is aligned with the length direction; 2) Y-axis corresponds to the thickness 

direction; 3) Z-axis is related to the width direction. In order to simulate tensile test of the SLJ 

(see Fig. 1), one of the ends of the model (at 𝑋 = − 𝐿𝑡 2𝑡𝑎⁄ ) is fully clamped (all displacements 

𝑈𝑖and rotations 𝑅𝑂𝑇𝑖 are zero: 𝑈𝑥 = 𝑈𝑦 = 𝑈𝑧 = 𝑅𝑂𝑇𝑥 = 𝑅𝑂𝑇𝑦 = 𝑅𝑂𝑇𝑧 = 0) while load in X-

direction (average stress 𝜎𝑥) is applied (at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ) with other displacements fixed (𝑈𝑦 =

𝑈𝑧 = 0). The other boundary conditions and loads are described in details further in Section 

2.4. The adhesive joint region is rather far from 𝑋 = ± 𝐿𝑡 2𝑡𝑎⁄  and therefore the stress 

distribution in the adhesive, which is the main subject for investigation is rather insensitive to 

some of the end loading conditions. 

All geometrical parameters are normalized with respect to the adhesive thickness 𝑡𝑎. 

 

  

Figure (1) Geometry and dimensions of single-lap joint. 

 

 

2.2 Materials 

The analysis was carried out using linear and non-linear material models. In order to represent 

non-linear materials, standard material model (bi-linear isotropic hardening) available in 
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ANSYS was employed. It should be noted that when non-linear material model is employed 

the convergence of solution with selected elements can be achieved only if the option of the 

geometrical non-linearity in ANSYS is switched on. In order to exclude influence of the 

presence/absence of this option when linear and non-linear material models are compared, all 

calculations in this paper are performed with activated geometrical non-linearity. 

Three different types of SLJ with similar and dissimilar materials are considered in this study: 

a) metal-metal (M-M); b) composite-composite (C-C) (uni-directional as well as multi- 

directional laminates); c) composite-metal (C-M). In case of composite laminates in SLJ four 

stacking sequences are considered:  1) uni-directional laminate (UD) ([08]T or [908]T), 0-

direction aligned with X-axis; 2) quasi-isotropic laminate (QI) with the lay-up [0/45/90/-45]S 

or [90/45/0/-45]S. Further in the text and graphs, the notation in Table 1 will be used. The 

material properties (Young’s modulus E, shear modulus G, Poisson’s ratio v, coefficient of 

thermal expansion ) used in simulations are listed in Table 2 (the material notations are given 

in brackets), the thickness of adherends (including ply thickness in composite laminate) and 

adhesive is given further in the text. Moreover, the stress - strain curves for non-linear 

aluminum and non-linear adhesive are shown in Fig. 2. 

 

Table (1) Notation used in this paper  

Material Stacking sequence notation 

CFRP [0/45/90/-45]S CF-QI-0 (0-layer next to the adhesive layer) 

CFRP [90/45/0/-45]S CF-QI-90 (90-layer next to the adhesive layer) 

CFRP [08]T CF-UD-0  

CFRP [908]T CF-UD-90  

GFRP  [0/45/90/-45]S GF-QI-0 (0-layer next to the adhesive layer) 

GFRP  [90/45/0/-45]S GF-QI-90 (90-layer next to the adhesive layer) 

GFRP [08]T GF-UD-0  

GFRP [908]T GF-UD-90  
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Table (2) CFRP, GFRP and aluminum adherends and adhesive mechanical properties 

CFRP unidirectional lamina (CF) [23] 

E1 = 130 GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4.5 GPa 

G13 = 4.5 GPa 

v12 = 0.28 

v13 = 0.28 

v23 = 0.49 

α1 = -0.9×10-6 1/K 

α2 = 27×10-6 1/K 

α3 = 27×10-6 1/K 

GFRP unidirectional lamina (GF) [24]  

E1 =  40  GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4 GPa 

G13 = 4 GPa 

v12 = 0.25 

v13 = 0.25 

v23 = 0.45 

α1 =   6×10-6 1/K 

α2 = 35×10-6 1/K 

α3 = 35×10-6 1/K 

Aluminum _ linear (Al) [25] 

𝐸𝐴𝑙 =  71 GPa  vAl  = 0.33 αAl  = 23.1×10-6 1/K 

Aluminum _ non-linear (AlN) [26] 

𝐸𝐴𝑙 =  71 GPa  vAl  = 0.33 αAl  = 23.1×10-6 1/K 

𝜎𝑌
𝐴𝑙=280 MPa 𝐸𝑇

𝐴𝑙= 500 MPa   

Adhesive _ linear (A) [25] 

𝐸𝑎𝑑= 2.7 GPa  vad  = 0.4 αad  = 63×10-6 1/K 

Adhesive _ non-linear (AN) [25] 

𝐸𝑎𝑑= 2.7 GPa  vad  = 0.4 αad  = 63×10-6 1/K 

𝜎𝑌
𝑎𝑑 =10.8 MPa 𝐸𝑇

𝑎𝑑= 465 MPa   

(1-fibres direction, 2-transverse to the fibers direction, 3-out-of-plane direction, T-tangential). 

(the material notations used further in the text are given in brackets). 

 

     

Figure (2) Stress-strain curve for a) non-linear adhesive material (AN) and b) non-linear 

aluminum (AlN). 
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2.3 FE mesh 

A standard ANSYS 3D solid element (SOLID185) [26] was used for meshing. This element 

contains eight nodes and each node has three degrees of freedom. In order to optimize mesh 

with respect to the computation time and accuracy, the model was divided in three regions with 

different elements sizes: 1) coarse mesh with large elements close to the surface of adherends, 

away from the bond line in regions where 0.5 ∙ 𝑡𝑠 𝑡𝑎⁄ + 0.5 < 𝑌 < 𝑡𝑠 𝑡𝑎⁄ + 0.5 and − 𝑡𝑠 𝑡𝑎⁄ −

0.5 < 𝑌 < −0.5 ∙ 𝑡𝑠 𝑡𝑎⁄ − 0.5; 2) medium mesh in the middle of adherends, closer to the bond 

line in regions where 0.125 ∙ 𝑡𝑠 𝑡𝑎⁄ + 0.5 < 𝑌 < 0.5 ∙ 𝑡𝑠 𝑡𝑎⁄ + 0.5 and −0.5 ∙ 𝑡𝑠 𝑡𝑎⁄ − 0.5 <

𝑌 < −0.125 ∙ 𝑡𝑠 𝑡𝑎⁄ − 0.5; 3) fine mesh in the adhesive layer and in the adjacent layer of 

adherend in regions where 0 < 𝑌 < 0.125 ∙ 𝑡𝑠 𝑡𝑎⁄ + 0.5 and −0.125 ∙ 𝑡𝑠 𝑡𝑎⁄ − 0.5 < 𝑌 < 0. 

The length of a large element is 1/300 of total length (𝐿𝑡), while length ratio of large element 

to medium and small elements is 4:1 and 20:1 respectively. The full model and parts of the 

model with different element sizes are shown in Fig. 3.   

To simulate eight layers of composite laminate, eight volumes through the thickness of the 

adherend were created. XZ-plane coordinates of each volume are adjusted with respect to the 

fiber orientation for particular layer. Each volume (layer) is divided in multiple elements 

through the thickness. The number of elements through the thickness of each ply varies along 

the Y-coordinate of the laminate, depending on how close the ply in the laminate is to the 

adhesive layer. There are five elements through the thickness of the ply adjacent to the 

adhesive, while next three plies have two elements through the thickness and the next four 

layers are represented only by one element. 

In order to obtain the convergence of results, influence of the mesh size on the stress values 

was studied. The critical region near to the end of the overlap where high stress level is expected 

was selected to check peel stress values.  Results fully converge as element number reaches 

176000 while already at approximately 50000 elements the error is within 0.1% (see Fig. 4). 

From practical considerations, in order to reduce the computational time (by approximately 

factor of 10) the model with the mesh of 50000 elements was selected for further calculations. 
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Figure (3) a) Schematics of the overall SLJ model, b) coarse mesh at the ends of the joint, c) 

mesh in the transition region between adherend and adhesive, d) adhesive layer and adjacent 

adherend layers with fine mesh. 

 

 

 

Figure (4) Mesh convergence for (Al-Al and A) with 𝑡𝑎 = 0.2 𝑚𝑚; 𝑡𝑠 𝑡𝑎⁄ = 10; 𝐿𝑜 𝑡𝑎⁄ =

200 and 𝑊 𝑡𝑎⁄ = 5. Dotted line corresponds to converging value. 
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For validation purposes, the results of the developed model were compared against data from 

the literature. The first case used for comparison was single-lap joint consisting of GF/EP (glass 

fiber/epoxy laminate) with the layup of [0/90]3 as adherends. The adhesive was epoxy resin 

mixed with particles obtained from grinding of carbon fiber-reinforced composite. The 

simulation was performed for the C-C joint with 𝑡𝑎 = 0.4 𝑚𝑚; 𝑡𝑠 = 1.25 𝑚𝑚; 𝑊 = 30 𝑚𝑚; 

𝐿𝑡 = 280 𝑚𝑚 and 𝐿𝑜 = 20 𝑚𝑚. Good agreement between numerical simulations (current 

paper and reference [27]) is obtained, as can be seen from the comparison of global load-

displacement curves shown in Fig. 5. It should be noted that simulation results do not fit very 

well with the initial part of the experimental curve obtained in [27] but this is not the objective 

of the current paper to predict these experiments or to explain experimental problems, since 

not all details of the experimental setup are known. 

Another comparison is done with the simulations for M-M joint of Al and AV119 Epoxy (non-

linear adhesive) with the following joint dimensions: 𝑡𝑎 = 0.25 𝑚𝑚; 𝑡𝑠 = 1.6 𝑚𝑚; 𝑊 =

25 𝑚𝑚 𝐿𝑡 = 112.5 𝑚𝑚 and 𝐿𝑜 = 12.5 𝑚𝑚 [9]. In this case also good agreement is obtained 

for the global response (load-displacement curve in Fig. 6). Moreover, local stress and strain 

distributions in the adhesive layer along the overlap also agree well with the numerical 

simulation from [9] as shown in Fig. 7 (the strain distributions are not presented here due to 

the limited space). These comparisons verify that the current model does not have any critical 

errors in the definition of the numerical model. 

 

    

Figure (5) Comparison of simulated global 

load-displacement curves (current and ref. 

[27]), C-C joint: 𝑡𝑎 = 0.4 𝑚𝑚; 𝑡𝑠 =

1.25 𝑚𝑚; 𝑊 = 30 𝑚𝑚 and 𝐿𝑜 = 20 𝑚𝑚. 

Figure (6) Comparison of simulated global 

load-displacement curves (current and ref. 

[9]), Al-Al joint: 𝑡𝑎 = 0.25 𝑚𝑚; 𝑡𝑠 =

1.6 𝑚𝑚; 𝑊 = 25 𝑚𝑚 and 𝐿𝑜 = 12.5 𝑚𝑚. 
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Figure (7) Comparison of the peel stress (a) and shear stress (b) distributions in adhesive with 

reference [9], Al-Al joint: 𝑡𝑎 = 0.25 𝑚𝑚; 𝑡𝑠 = 1.6 𝑚𝑚; 𝑊 = 25 𝑚𝑚 and 𝐿𝑜 = 12.5 𝑚𝑚. 

 

2.4 Coupling type 

In order to perform parametric analysis of the SLJ, the end effects (at 𝑋 = ± 𝐿𝑜 2𝑡𝑎⁄ ) have to 

be separated from the edge effects at (𝑍 = ± 𝑊 2𝑡𝑎⁄ ) due to final width of the joint, leaving 

the width effects to separate study. Therefore, the initial model used in this investigation 

represents the stress state in the middle of an infinitely wide structure (adherends and adhesive 

layers are infinitely wide plates). To achieve this representation a special type of boundary 

conditions has to be employed - coupling applied on displacements. These boundary conditions 

also allow significant improvement of the accuracy of calculations, since in absence of edge 

effects very narrow model with very few elements in width direction and a large number of 

elements of small size in other directions can be used. The computational time is significantly 

reduced because the overall number of elements is smaller. The computational time may be cut 

down by the factor of 50-100 (e.g. instead of getting solution in ten hours it can be obtained 

within minutes). It has to be pointed out that simple (or standard) coupling is commonly used 

with good results for isotropic materials or composites with longitudinal or/and transverse fiber 

orientations. However, when layers with off-axis fiber orientations are present (e.g. [+45]T) 

simple displacement coupling leads to edge effects and more elaborate boundary conditions 

have to be used. The comprehensive coupling conditions employed in the current model are 

described in this section. 

The following boundary conditions (coupling) are applied:  

1- The first set of coupling is applied on the edges of the adherends and adhesive layer on both 

edges separately (𝑍 = − 𝑊 2𝑡𝑎⁄  and 𝑍 = 𝑊 2𝑡𝑎⁄ , see Fig. 1). The coupling of displacement 
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𝑈𝑧 is enforced on vertical lines along each edge on which all belonging nodes are selected 

and coupled together (𝑈𝑧
𝑘(𝑋𝑘, 𝑌,  −𝑊 2𝑡𝑎⁄ ) = 𝑈𝑧−𝑐𝑜𝑢𝑝𝑙𝑒𝑑

𝑘 ) and (𝑈𝑧
𝑘(𝑋𝑘, 𝑌,  𝑊 2𝑡𝑎⁄ ) =

−𝑈𝑧−𝑐𝑜𝑢𝑝𝑙𝑒𝑑
𝑘 ) as shown in Fig. 8. Note, that here and further in the text displacement with 

index “coupled ” is not known a priori but is a result of the FE calculation. This means that 

all nodes on one of the lines indicated in Fig. 8 will have the same displacement 𝑈𝑧. This 

coupling is applied along the length of the joint on every set of nodes with the same X-

coordinate (on both edges separately).  

 

Figure (8) Front view for coupling of displacement 𝑈𝑧 applied on the nodes with the 

same X-coordinate belonging to the vertical lines on the edge. 

 

2- The second set of coupling is applied on nodes running through the width (from 𝑍 =

− 𝑊 2𝑡𝑎⁄  to 𝑍 = 𝑊 2𝑡𝑎⁄ , at fixed 𝑋𝑘 and 𝑌𝑛 see Fig. 1) of the adherends and the adhesive 

layer. These lines belong to ZX-planes which can be drawn through the above and bottom 

faces of elements. Coupling of displacements 𝑈𝑥 and 𝑈𝑦 is enforced on all nodes belonging 

to the horizontal line (𝑈𝑥
𝑘(𝑋𝑘, 𝑌𝑛, 𝑍) = 𝑈𝑥−𝑐𝑜𝑢𝑝𝑙𝑒𝑑

𝑘𝑛 ) and (𝑈𝑦
𝑘(𝑋𝑘, 𝑌𝑛, 𝑍) = 𝑈𝑦−𝑐𝑜𝑢𝑝𝑙𝑒𝑑

𝑘𝑛 ) as 

shown in Fig. 9. 

 

Figure (9) Coupling of 𝑈𝑥 and 𝑈𝑦 on nodes belonging to lines through the width of the joint. 
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2.5 Selection of the model for parametric analysis 

One of the targets in the optimization of joint design is to minimize stress concentrations and 

achieve as homogeneous (uniform) as possible stress distribution in the adhesive layer. The 

current paper focuses on reaching this goal by using the developed numerical model to perform 

parametric analysis of SLJ. The condition for optimal stress distribution is based on analysis 

of peel and shear stresses in the adhesive layer: plateau in stress distribution and the depth and 

heights of stress perturbation will be considered as parameters characterizing the distribution. 

The parametric analysis is performed in two stages; the first step is dedicated to establish an 

optimal ratio between dimensions of the joint members. Once these ratios are obtained, certain 

parameters are fixed while one is varied within wide interval to see the effect of this parameter 

on the stress distributions in the adhesive layer. In this analysis the load is induced by applying 

macroscopic stress 𝜎𝑥 equal to 60 MPa at the right end of the SLJ (at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ) (see Fig. 1). 

The adhesive thickness will be equal to 𝑡𝑎 = 0.2 𝑚𝑚. Such choice is made based on the 

experimental and numerical data often reported in literature [10,15,16,18] and it is also 

comparable with the typical thickness of single ply in composite laminate (0.12 − 0.3 𝑚𝑚). 

The rest of geometric parameters will be presented as a ratio with respect to the adhesive 

thickness. The effects of the following geometrical parameters are evaluated and these ratios 

with respect to adhesive thickness will be used: a) adherend/adhesive thickness ratio 𝑡𝑠 𝑡𝑎⁄ =

10, 20, 30, 40, 50; b) overlap length/adhesive thickness ratio 𝐿𝑜 𝑡𝑎⁄ =

30, 50, 100, 150, 200, 250, 300. The total length/adhesive thickness ratio of the SLJ is kept 

constant at 𝐿𝑡 𝑡𝑎⁄ = 1500. Further in the text the adherend/adhesive thickness ratio is denoted 

as adherend thickness, the overlap length/adhesive thickness ratio is denoted as overlap length 

and the total length/adhesive thickness ratio is denoted as total length. The parameters to be 

studied and the intervals within which they are varied are chosen based on the literature review 

presented in Section 1.  Calculations (except section 3.5) are performed by using linear elastic 

material model. This case can be considered as the worst-case scenario since stress 

concentration is not limited by the yield of the material.  

 

3 Results and discussion 

As was mentioned earlier the analysis is focused on peel and shear stresses in the adhesive 

layer of the SLJ. If no other description is provided, then the stress distributions presented in 

graphs are along the overlap length from 𝑋 = − 𝐿𝑜 2𝑡𝑎⁄  to 𝑋 = 𝐿𝑜 2𝑡𝑎⁄  in the middle of the 
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adhesive layer on 𝑌 = 0 at the center line of the joint (𝑍 = 0). In this section, when the stress 

distribution has symmetry with respect to the line at 𝑋 = 0 only half of the distribution will be 

presented. The simulation in sections 3.1-3.4 will be done by using linear material model. 

 

3.1 Coupling effect 

In order to validate and demonstrate coupling boundary conditions the simulation of SLJ with 

quasi-isotropic carbon fiber laminate (CF-QI-0) adherends and linear elastic adhesive (A) was 

selected. The details of the model, including the material properties, are described in sections 

2.1-2.4. Average stress 𝜎𝑥 equal to 60 MPa is applied on the free end of the SLJ (𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ) 

by using the following joint dimensions: 𝑡𝑠 𝑡𝑎⁄ = 10, 𝑡𝑎 = 0.2 𝑚𝑚, 𝐿𝑜 𝑡𝑎⁄ = 200 and 𝐿𝑡 𝑡𝑎⁄ =

1500. The peel and shear stress distributions obtained from the model with and without 

coupling were analyzed for joints of different width (𝑊 𝑡𝑎⁄ = 5, 50, 150). The stress 

distributions along the length of the joint overlap (X-axis) at different locations within the joint 

were mapped (on the edges and on the center line of the joint: at 𝑍 = 𝑊 2𝑡𝑎⁄ , 0, − 𝑊 2𝑡𝑎⁄ . 

The results for the model with and without coupling boundary conditions are presented in Fig. 

10 and Fig. 11 respectively. The effect of coupling is very clear: there is no difference between 

stress distributions on the edges and in the center of the joint for any width if coupling is applied 

(Fig. 10). The model without coupling (Fig. 11) produces different stress distributions on the 

edge at 𝑍 = 𝑊 2𝑡𝑎⁄  and at 𝑍 = 0 as well as there is a dependence on the width.  

 

   

Figure (10) Peel (a) and shear (b) stress distributions at the edges (𝑍 = 𝑊 2𝑡𝑎⁄  and 𝑍 =

− 𝑊 2𝑡𝑎⁄ ) and on the center line (𝑍 = 0)  along the X-coordinate within the adhesive at 𝑌 =

0 for (CF-QI-0)-(CF-QI-0)joint with A adhesive for three different widths (𝑊 𝑡𝑎⁄ =

5, 50, 150) with coupling conditions applied. 
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Figure (11) Peel (a) and shear (b) stress distributions at the edge (𝑍 = 𝑊 2𝑡𝑎⁄ ) and on the 

center line (𝑍 = 0)  along the X-coordinate within the adhesive at 𝑌 = 0 for (CF-QI-0)-(CF-

QI-0) joint with A adhesive for three different widths (𝑊 𝑡𝑎⁄ = 5, 50, 150), without coupling 

conditions. 

 

 

   

Figure (12) Comparison of the peel (a) and shear (b) stress distributions for (CF-QI-0)-(CF-

QI-0) joint A adhesive along the width (from 𝑍 = 𝑊 2𝑡𝑎⁄  to 𝑍 = − 𝑊 2𝑡𝑎⁄ ) in the middle of 

the adhesive (at 𝑋 = 0) obtained from model with (w/c) and without (wo/c) coupling. 

 

To make these differences more clear the stress distributions along 𝑍 (across the width) in the 

middle of the model (at 𝑋 = 0 and 𝑌 = 0) are shown in Fig. 12. It is obvious that for the model 

without coupling there is strong dependence of the stress level in the middle of the joint on the 

joint width. While in the case when coupling is used, stress level does not change if wider joint 

is modeled at the same applied stress. Moreover, as width increases for the model without 

coupling, stress level in the middle of the joint approaches value obtained for the case when 
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coupling is applied (case of an infinitely wide plate). These results prove that the applied 

coupling eliminates edge effect and thus, unless otherwise stated, further in the calculations 

coupling is applied and the joint with width of (𝑊 𝑡𝑎⁄ =5) is used for parametric analysis. 

 

3.2 Optimization of joint dimensions for the numerical model  

This section contains results of simulations to optimize SLJ dimensions for further analysis. 

The optimization is performed with respect to the plateau in stress distribution – long and stable 

plateau should be obtained to separating stress distributions at both ends. As well as the 

acceptable depth of stress perturbation is identified. Each subsection contains information 

about particular parameter which is varied and only specific information about the model is 

given. However, other details about the model, including the material properties (CF-QI-0 with 

adhesive (A)) are listed in Table 2. 

 

3.2.1 Effect of the overlap length 

To study the effect of the overlap length the peel and shear stress distributions in the overlap 

area will be analyzed. For such analysis, the adherend and adhesive thickness ratio is fixed 

while seven different overlap lengths are used (𝐿𝑜 𝑡𝑎⁄ = 30, 50, 100, 150, 200, 250, 300). The 

thickness of the adhesive layer is assigned equal to 𝑡𝑎 = 0.2 𝑚𝑚. The adherend in SLJ for this 

simulation is CF-QI-0 with eight layers ([0/45/90/-45]S), with the ply thickness of 0.25 mm and 

the total thickness of the adherend equal to 𝑡𝑠 𝑡𝑎⁄ = 10.  

As can be seen from the peel and shear stress distributions presented in Fig. 13, there is no 

plateau region for short overlap length of 𝐿𝑜 𝑡𝑎⁄ = 30, 50 and it starts to appear at 𝐿𝑜 𝑡𝑎⁄ =

100 (but for rather small distance, less than the half of the overlap length). As expected and 

has been shown in other studies [12] a longer plateau region in stress distribution curves 

develops with increase of overlap length while the stress concentration at the overlap ends is 

reduced. After the certain length of the overlap (𝐿𝑜 𝑡𝑎⁄ = 200) almost distinct plateau region 

is achieved. The dependence of perturbation depth on the length of the overlap is presented in 

Fig. 14. In this case the perturbation depth is defined as distance at which stress level recovers 

to 97% of plateau value (at 𝑋 = 0). As seen from Fig. 14 the absolute value of the perturbation 

depth does not change with overlap length equal or longer than 𝐿𝑜 𝑡𝑎⁄ = 150. Thus, for this 

particular material and thicknesses of adherends the optimal overlap length in SLJ which 
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ensures distinct plateau region is 𝐿𝑜 𝑡𝑎⁄ = 200 and it will be used in further simulations 

presented in this study unless otherwise is stated.  

    

Figure (13) Peel (a) and shear (b) stress distributions for different overlap length in (CF-QI-

0)-(CF-QI-0) joint (A adhesive), with 𝑡𝑎 = 0.2 𝑚𝑚 and 𝑡𝑠 𝑡𝑎⁄ = 10. 

 

 

Figure (14) Depth of stress perturbation vs total overlap length, for ((CF-QI-0)-(CF-QI-0) and 

A adhesive), with 𝑡𝑎 = 0.2 𝑚𝑚 and 𝑡𝑠 𝑡𝑎⁄ = 10. 

 

3.2.2 Adherend thickness effect 

The parametric analysis presented here is performed using fixed length of overlap 𝐿𝑜 𝑡𝑎⁄ =

200 and the adherend thickness is varied: 𝑡𝑠 𝑡𝑎⁄ = 10, 20, 30, 40, 50. The loading case here is 

realized via application of stress 𝜎𝑥. In the SLJ specimen the applied force in X-direction is 

equal to the tangential force acting along the midplane of the adhesive layer. From this force 
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balance a simple expression can be derived for the dependence of the average shear stress in 

the adhesive 𝜎𝑥𝑦(𝑎𝑣)
𝑎  on the applied macroscopic stress 𝜎𝑥. 

𝜎𝑥𝑦(𝑎𝑣)
𝑎 =

𝑡𝑠𝜎𝑥

𝐿0
          (1) 

According to (1) increasing the adherend/adhesive thickness ratio 𝑡𝑠 𝑡𝑎⁄ , while keeping the 

same applied stress and dimensionless overlap length 𝐿0 𝑡𝑎⁄ , would lead to increasing average 

shear stress and tangential force. This would artificially skew the conclusions regarding stress 

peaks in stress perturbation zones.  To avoid such situation calculation results for all adherend 

thickness values have been reduced to the same applied force of 120 N. 

The results presented in the Fig. 15 show that stress perturbation depth increases due to increase 

of adherend thickness. The plateau region in stress distribution completely disappears at 

𝑡𝑠 𝑡𝑎⁄ = 40 which means that stress concentrations from both ends overlap. Consequently, the 

overlap length when stress perturbations become non-interactive depends not only on the 

adhesive thickness: it increases with increasing adhesive thickness. On the other hand, the value 

of stress concentrations at the end of the overlap decreases with increasing adherend thickness 

(see Fig. 15). This result contradicts conclusion in [8] and agrees with conclusion in [6] and 

[9].  However, if in simulations the applied stress would be kept constant then the applied load 

and resulting average shear stress in the adhesive would increase proportionally to the adherend 

thickness. Not only the average shear stress but also the peak value would increase as stated in 

[8]. 

Thus in simulations where the average shear stress in the overlap is kept constant an increase 

of adherend thickness results in larger stress transfer distance with lowered peel and shear 

stresses in this zone. Therefore, the effect of the adherend thickness on the plateau value of 

shear stresses may be rather weak which is confirmed by results in Fig. 15. 

 A zone with compressive peel stresses can be noticed close to the overlap end. For thinner 

adherends the magnitudes of the compressive stress peak increases and moves towards the end 

of the overlap. This feature may be of importance when it comes to the delay of the initiation 

of damage or its propagation. Since lower normalized adherend thickness corresponds to 

smaller stress perturbation region, the adherend thickness of 𝑡𝑠 𝑡𝑎⁄ = 10 is the most suitable 

among the inspected values for studying stress concentrations in non-interactive regime and 

thus this ratio will be used for the rest of this study. 
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Figure (15) Peel (a) and shear (b) stress distributions for different adherend thickness. For 

((CF-QI-0)-(CF-QI-0) and A), with 𝑡𝑎 = 0.2 𝑚𝑚 and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

3.2.4 Summary of the parametric analysis 

The results presented in the section 3.2 are for the SLJ of C-C (CF) but for the verification 

purposes simulations were also performed on Al-Al joint, (GF) C-C joint and on hybrid C-Al 

joints (CF-Al and GF-Al). The results showed similar trends for all of those joints but due to 

the limited space these data are not presented here. In all cases the adherend thickness and 

overlap length had significant effect on stress distributions in SLJ: 1) the perturbation zone 

(depth) is stabilizing when the overlap length is 𝐿𝑜 𝑡𝑎⁄ = 150; 2) the stress concentration is 

decreasing with increasing overlap; 3) the increase of adherend thickness results in larger 

perturbation zones but with lower stress concentrations. 

In general, it may be stated that the results and trends found in this parametric study are 

applicable for the SLJ with any of the materials used here. The only noteworthy difference is 

found for the shape of stress distributions for hybrid composite-Al joints. In particular, the 

distributions are not symmetric anymore with respect to the center of the overlap (X=0). 

Based on this parametric analysis we select final dimensions of SLJ used further in the paper 

for studies of the effect of material properties: adhesive layer thickness 𝑡𝑎 = 0.2 𝑚𝑚, adherend 

thickness 𝑡𝑠 𝑡𝑎⁄ = 10, overlap length 𝐿𝑜 𝑡𝑎⁄ = 200, total length of the joint 𝐿𝑡 𝑡𝑎⁄ = 1500. 

 

3.3 Adherend stiffness effect  

In this section the results of the study of the effect of adherend stiffness on the stress distribution 

in the adhesive layer are presented. Three different joint types are considered: M-M, C-C as 
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well as C-M. In case of C-M, CF and GF composite adherends with three different stacking 

sequences are considered. The stress distributions for these cases are presented and discussed.  

 

3.3.1 Isotropic adherends 

In order to evaluate the effect of the stiffness on the stress distribution in the adhesive layer all 

of the parameters of the joint are fixed and only stiffness of the adherends is varied. It is 

assumed that it is M-M joint (isotropic material) with the stiffness values of E = 140, 70 and 

35 GPa (the Poisson’s ratio of the aluminum in Table 2 is used, and shear modulus is 

calculated). As seen from Fig.16 the stress concentration is reduced (this is in agreement with 

results presented in [9]), and the stress perturbation depth is increased (but the compressive 

peak stress value does not change) with increase of the adherend stiffness.  

 

    

Figure (16) The effect of stiffness variation on distributions of peel (a) and shear (b) stress in 

adhesive for M-M SLJ with linear adherend and adhesive material (𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ =

10  and 𝐿𝑜 𝑡𝑎⁄ = 200). 

 

3.3.2 Different adherend material types  

This section evaluates the effect of different types of adherend materials (Al, CF and GF, 

including different lay-up in case of composites) used with the same adhesive (A) on stress 

distribution in the overlap region of the SLJ. The simulations are performed with similar and 

dissimilar adherends, with the following lay-ups for composite laminates: UD ([08]T and 

[908]T), QI ([0/45/90/-45]S).  
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The comparison of stress distributions in adhesive for SLJ with both adherends of the same 

material (Al, CF-QI-0 or GF-QI-0) is shown in Fig. 17. The shape of distribution and level of 

stresses are fairly similar for all joints with lowest compressive peak stress value for aluminum 

closer to the overlap ends. Also, longer plateau region and shorter stress perturbation depth are 

obtained for Al. Meanwhile, the results show also that GF-QI-0 give the maximum stress 

concentration at the end of overlap. It should be noted that Al has higher in-plane stiffness than 

both of the quasi-isotropic composite laminates. Moreover, the Al is modeled as isotropic 

material and SLJ with this material bends more than the composite joint when subjected to 

tension. The results are in agreement with conclusions from the previous section when CF-QI-

0 and GF-QI-0 are compared but do not follow the same trend if comparison is made between 

Al and composites. This is possibly because all materials analyzed in previous section were 

isotropic. 

 

    

Figure (17) The distributions of peel (a) and shear (b) stress in adhesive for SLJ with different 

materials used in adherends (both adherends within the joint are of the same material), 𝑡𝑎 =

0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

The results of simulation for SLJ with dissimilar adherends (CF-Al) are presented in Fig. 18. 

The shape and level of stress distribution are very similar for joints with composites CF-UD-0 

and CF-QI-0 while more differences are observed for CF-UD-90. The most significant 

difference is for the stress values at each end of the overlap. These differences are attributed to 

the mismatch of bending stiffness of adherends and can be summarized as:  

- For C(CF-QI-0)-Al, the peel stress is by 15% lower and the shear stress is by 20% higher 

at 𝑋 = − 𝐿𝑡 2𝑡𝑎⁄  (next to composite corner) than at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄  (next to aluminum 

corner).  
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- For C(CF-UD-90)-Al, the peel stress at 𝑋 = − 𝐿𝑡 2𝑡𝑎⁄  (next to composite corner) is four 

times lower with a big difference in the behavior of minimum stress and shear stress is 

four times higher than at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄  (next to composite corner). 

- For C(CF-UD-0)-Al, the peel stress is by 35% and shear stress is by 25% lower at 𝑋 =

− 𝐿𝑡 2𝑡𝑎⁄  (next to composite corner) than at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄  (next to composite corner). 

 

We have not been able to explain this behavior based on trends found in previous sections. 

 

    

Figure (18) The distributions of peel (a) and shear (b) stress in adhesive for SLJ with 

dissimilar adherends, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

3.4 Effect of ply stacking sequence in composite adherend 

In this section SLJ both adherends made of the same composite laminates are considered. The 

comparison is made between behavior of UD and QI, as well as between QI with different plies 

adjacent to the adhesive layer: a) [0/45/90/-45]S; b) [90/45/0/-45]S.  

The results in Fig. 19 obtained for CF adherends show that the stacking sequence has a major 

effect on stress distributions in the adhesive, the highest stress level is observed for the CF-

UD-90 composite while the lowest value of stress is obtained for the CF-UD-0 laminate. This 

is consistent with finding in section 3.3, since transverse layer (90) has lowest stiffness and 

longitudinal layer (0) is the stiffest. The 90-layer also gives higher peel stress in the 

compressive region with shorter depth of stress perturbation. In the case of the QI lower stress 

concentration is also obtained when stiff 0-layer is next to the adhesive layer rather than when 

90-layer is placed next to the bond line. Swapping 0-layer with 90-layer in the QI results in 
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longer plateau region for peel and shear stress with higher compressive stress peak in peel 

stress, as well as higher peel and lower shear stress concentration at the end of overlap (see Fig. 

19). The fiber orientation in plies adjacent to the adhesive layer has a big effect on peel and 

shear stress distribution in adhesive layer.  

The same trends can be observed for GF adherends and the results are presented in Fig. 20. 

 

 

    

Figure (19) Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

C-C (CF) SLJ varying the stacking sequence of plies in adherends, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  

and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

    

Figure (20) Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

C-C (GF) SLJ varying the stacking sequence of plies in adherends, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  

and 𝐿𝑜 𝑡𝑎⁄ = 200. 
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3.5 Influence of the material model: linear vs non-linear  

This section demonstrates influence of the material model used for adherends and adhesive: 

linear vs non-linear. The SLJ with metal (Al) adherends is considered but four different 

combinations of material model of adherend/adhesive are used: 1) linear/linear; 2) non-

linear/linear; 3) linear/non-linear; 4) non-linear/non-linear. The materials properties presented 

in Table 2 and Fig. 2 are used in these simulations. In order to demonstrate transition of material 

from linear to non-linear response different levels of load are applied on the joint. 

The first simulation is performed for the applied stress of 𝜎𝑥 = 190 MPa, this will result in 

local stresses higher than the yield stress of adhesive but should be below yield stress of 

adherend. At first linear material model for the adhesive is used to calculate stresses in the 

adhesive assuming that the adherend is: a) linear; b) non-linear materials. Results in Fig. 21 

show that in both cases the stresses are the same.  Then these calculations are performed again 

but this time with the assumption that the adhesive is a non-linear. The stress distributions are 

different than in the previous case but there is no difference whether the adherend is linear or 

non-linear. 

 

     

Figure (21) Distributions of peel (a) and shear (b) stress in the adhesive layer for different 

combinations of material models (linear/non-linear) for adherend and adhesive, 𝑡𝑎 =

0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

Apparently, at this load level the type of material model used for adherend does not have any 

effect because material is subjected to the stress level within the linear region (although in some 

of the elements around the ends of overlap stresses may have exceeded the yield stress of 

aluminum). On a contrary, the material model for the adhesive has significant effect on the 
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stress distribution: the stress concentration at the ends of overlap is considerably reduced (for 

both, peel and shear stress) as non-linear material model is used. At the same time the plateau 

region of shear stress distribution is noticeably diminished (the perturbation depth is larger than 

in the linear elastic case).  

In Fig. 21 on the curve for shear stress distribution for the joint with non-linear adhesive there 

is slightly noticeable abrupt transition between linear and non-linear material behavior around 

𝑋 𝑡𝑎⁄ = 20. To make this transition more clear the simulation at two different applied load 

levels (𝜎𝑥 = 150 MPa and 310 MPa) is carried out. At the highest load level (310 MPa) the 

adherent material also is subjected to the stress which is higher than the yield stress. This can 

be seen in Fig. 22 which shows that the type of the material model has a dramatic effect on the 

shape as well as on the level of peel and shear stresses. The use of non-linear material for 

adherend and adhesive reduces shear stress concentration at ends of overlap by approximately 

50%. To satisfy the force balance the shear stress in the plateau region is higher than in the 

linear case. As for peel stress, the use of non-linear material model for adherend results in 

higher compressive peak and lower stress perturbation depth. The comparison of shear stress 

distribution for non-linear adhesive shows that transition point at 𝑋 𝑡𝑎⁄ ~ − 45 observed at 

applied load 𝜎𝑥 = 150 MPa disappears as load is increased because most of the material is 

subjected to the stress higher than yield stress.  

 

    

Figure (22) Distributions of peel (a) and shear (b) stress in the adhesive layer under two 

different loads (𝜎𝑥 = 150  and 310 MPa) by using linear and non-linear adherend and 

adhesive materials, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  and 𝐿𝑜 𝑡𝑎⁄ = 200. 
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In order to demonstrate how this transition point moves along the joint overlap as stress in the 

material is exceeding yield stress, calculations at different applied loads are carried out and 

results are presented in Fig. 23. The shear stress distributions very clearly show that the 

transition point moves to the left and disappears as applied load reaches value of 𝜎𝑥 =

200 MPa, thus the whole material in the adhesive layer enters non-linear region. 

    

Figure (23) Distributions of peel (a) and shear (b) stress in the adhesive layer under different 

loads by using non-linear adherend and adhesive materials, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10  and 

𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

4 Conclusions 

Numerical model with ability to simulate behavior of single lap joints has been formulated and 

verified against the published results. The model is then extended by use of advanced boundary 

conditions (coupling) to simulate monoclinic composite layers which is typically not possible 

if standard boundary conditions are applied. This model can be applied to model any type of 

adhesive joints with similar/dissimilar adherends, including composite materials.  

Based on parametric analysis using peel and shear stress distributions in the adhesive, the 

combination of proper boundary conditions and optimal geometry of the joint was found 

ensuring that overlap end and edge (finite width) effects on the stresses in the adhesive layer 

of the joint are separated. The proposed boundary conditions (displacement coupling) allow 

complete elimination of finite width effects. The model which represents stresses in the middle 

of infinite width specimen makes calculation procedure very efficient in terms of CPU time. In 

analysis the overlap length of the joint as well as thickness of adherent are normalized with 

respect to the thickness of the adhesive.  
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The simulations of joints with various geometrical parameters, different adherent properties 

and different material models led to the following conclusions regarding peel and shear stresses 

in the adhesive layer:  

- the stress concentration is decreasing with increasing overlap length and the 

perturbation zone (depth) is stabilizing when the overlap length is 𝐿𝑜 𝑡𝑎⁄ = 150; 

- the increase of adherend thickness results in larger stress perturbation zone but with 

lower stress concentrations; 

- for isotropic materials increasing stiffness ratio between the adherend and adhesive 

results in lower peel and shear stress concentration and shorter plateau region with 

same shear stress level;  

- the above conclusion also is valid for comparison of behavior of quasi-isotropic 

composite laminates (carbon fiber and glass fiber) but does not work if comparison 

is made between aluminum and composite. These differences may be attributed to 

the mismatch of bending stiffness of adherends; 

- the fiber orientation in plies adjacent to the adhesive layer has a strong effect on 

peel and shear stress distribution in adhesive layer: swapping 0-layer with 90-layer 

in the quasi-isotropic laminate results in longer plateau region for peel and shear 

stress with higher compressive stress peak in peel stress, as well as higher peel and 

lower shear stress concentration at the end of overlap;  

- in case of low stress level, there is a significant influence of the material model used 

for adhesive (linear vs non-linear) on the stress distribution (shape and values), 

however, the type of material used in adherend does not produce any noteworthy 

difference. The influence of material model used in adherend (aluminum) appears 

at higher stress level. 
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Abstract 

This paper presents a comprehensive stress analysis for single lap joint subjected to thermal 

and mechanical load. Numerical modelling (FEM) is used to predict the effect of residual 

thermal stresses (due to manufacturing at elevated temperature) on total stress distribution 

within adhesive layer and composite adherends. In this study, different scenarios representing 

typical methods of joint manufacturing are considered: curing of adhesive and polymer matrix 

in composite separately (two-step process) as well as polymerizing both of them 

simultaneously (co-curing). The simulations are done either in two or three stages and the 

residual thermal stresses is assigned to joint members as initial condition before mechanical 

load is applied. The stress analysis by FEM is carried out, it employs nonlinear material model 

and accounts for geometrical nonlinearity. The results show that: superposition of thermal and 

mechanical stresses used in number of studies to obtain total stress works well only for linear 

materials and produces wrong results if the material is non-linear; the curing of adhesive 

(polymerization) generates high residual thermal stresses, especially in length and width 

direction of the joint; residual thermal stresses may reduce the peel and shear stress 

concentration at the ends of overlap and the shear stress within the overlap; in case of 

composite-composite or composite-metal joints the one-step joint manufacturing is more 

favorable (generate lower stresses) than two-step processing; the ply stacking sequence in the 

composite laminate adherend has significant effect on stress concentration at the ends of the 

joint overlap as well as plateau level of shear stress. 

 

Keywords: Composites; Single-lap joint; Adhesive joints; Thermo-mechanical load; 

Residual thermal stresses; Similar and dissimilar adherends; Co-curing. 
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1. Introduction 

In order to reduce the weight and fuel saving in many applications like military and civil aircraft 

as well as automobile industries, composite material has been widely used instead of metal 

material in modern manufacturing [1,2]. For example, fuel consumption in Boeing 787 was 

reduced by 20% due to decrease of the weight by 50% achieved by use of composites instead 

of metals, and in Airbus A380 the energy consuming was reduced by 12% as a result of use of 

25% CFRP in weight of the structure [3]. These trends to build hybrid structures (metal and 

composites) will continue and more metal parts will be substituted by composites in the future. 

Unavoidably, these different materials have to be joined together, so there will be numerous 

joints within the structure between similar and dissimilar material (e.g. composite-composite 

and composite-metal). Typically, three types of joints are considered: adhesive joint, 

mechanical joint or combination (hybrid) of both of them [4]. The adhesive bonding has unique 

advantages in comparison to traditional mechanical connection, they are lighter and the joint 

fatigue life is improved [5], the stress distribution in the bonding area is more uniform [6], 

better resistance to environmental effects like corrosion is achieved [7]. One of the main 

problems concerning replacement of mechanical joint by adhesive bonding is the residual 

thermal stresses due to curing process of similar and dissimilar materials at elevated 

temperatures. The residual thermal stresses arise because of mismatch of the elastic modulus, 

thermal expansion coefficients and thermal conductivities between the adherends and the 

adhesive. Moreover, the manufacturing of composite laminate is also usually performed at 

elevated temperature which causes residual thermal stresses within the laminate itself (e.g. in 

plies with different fiber orientation within multi-axial laminate) and may have a significant 

impact on joint strength. Sometimes these stresses are high enough to cause failure within the 

laminate layers even before any mechanical load is applied [8]. 

There are number of studies [8-11] dedicated to the experimental as well as theoretical and 

numerical investigations of the residual thermal stresses within the composite laminate. The 

residual stresses by means of composite manufacturing and moisture absorption 

(environmental effect) for [02/±θ]s with several materials are studied experimentally and 

analytically in [8]. The study shows that the residual thermal stresses in transverse direction 

due to the curing process has exceeded 50% of transverse strength. Experimental and 

theoretical studies for residual stresses in glass/epoxy and carbon/epoxy composites is 

presented in [9]. CLT was used to predict the residual stress theoretically and used hole drilling 

method to measure the residual stresses within the lamina experimentally. The obtained results 
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showed that it is possible to calculate residual stress accurately by using CLT in case of 

mechanical properties independent on temperature. The hole drilling method allows to measure 

the residual stress accurately within the first layer of the laminate. This experimental method 

shows that the residual stresses are sensitive to thickness and ply sequence variations, whereas 

CLT did not show any effect of change the ply sequence or the ply thickness on the magnitude 

of the residual stresses for symmetrical laminates. The micromechanical gradual failure (with 

residual thermal stresses accounted for) of carbon fiber/epoxy composites was studied 

numerically in [10]. Xu and Needleman’s cohesive model was used to predict the matrix 

interface failure and Monte Carlo simulation employed to predict the fiber breakage with 

random fiber strength. The results show that even comparatively small residual thermal stresses 

(in the matrix) has pronounced effect on initiation of interface debonding. A 3D micro-scale 

numerical analyses with three kinds of constitutive laws (elastic, CHILE and viscoelastic law) 

were used in [11] to calculate the residual stresses and cure shrinkage within the composite 

laminate. The results showed that the CHILE and viscoelastic model are given a good 

agreement with literature.  

There are number of studies where residual thermal stresses in adhesive joints with composite 

adherends are accounted for. These studies were carried out on the single lap joint (SLJ) and 

double lap joint (DLJ) with similar and dissimilar adherends in [3,12-17]. The experimental 

data and results of the numerical model to predict the curing residual stresses in 

CFRP/aluminum adhesively bonded single-lap joints are presented in [3]. As expected, the 

residual thermal stresses are higher if curing temperature is increased, at the same time the 

thermal stresses in adherends (aluminum and CFRP) are higher than in the adhesive layer. 

These thermal stresses result in the compressive stress in CFRP and tensile stresses in the 

adhesive layer as well as aluminum adherend. The effect of curing process on efficiency of 

DLJ of steel/CFRP adherends under cyclic temperature and humidity was investigated 

experimentally in [12]. The results show that the ultimate joint strength is not affected by the 

curing temperature if the joint test at room condition but has a significant effect if the joint test 

at elevated temperature. Furthermore, the curing at elevated temperature caused a significant 

increase in the time-of-failure for a lower tensile load level. Experimental and numerical 

studies for the thermal residual and mechanical strains of adhesively bonded DLJ with 

aluminum/aluminum and aluminum/carbon fibre-reinforced polymer are presented in [13]. It 

has been shown that the dissimilar adherends produced a significant residual thermal stresses 

in the adhesive layer compare with similar adherends. Distribution of residual thermal stresses 

in SLJ and DLJ with similar and dissimilar adherends were studied numerically in [14] by 
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using 2D and 3D finite element models. The results show that the 2D finite element analysis 

and analytical solution are not capable to fully characterize a 3D stress state, and the material 

and geometric non- linearity should be incorporated into the models simultaneously to get 

accurate results. The results showed that the maximum thermal stresses were obtained for 

dissimilar adherends. A 3D finite element analysis was used to study the thermal stresses within 

DLJ with aluminum-composite adherends in [15]. Four types of composites were used in this 

study boron/epoxy, graphite/epoxy, glass/epoxy and GLARE with two types of boundary 

conditions (free expansion and constrained with respect to the width and length directions). 

The obtained results showed that in case of free expansion the higher thermal stresses are 

present in aluminum plate when composite adherends had higher longitudinal modulus and 

lower thermal expansion coefficient. In case of constraint boundary conditions, the in-plane 

stress components (normal stress in length direction (𝜎xx) and normal stress in width direction 

(𝜎yy)) will be increased several times, meanwhile, transverse shear stress (τxz) was increased in 

aluminum corner and decreased in composite corner. Additionally, the out-off-plane stress 

(normal stress in thickness direction (𝜎zz)) was changed from compression to tension. 

Experimental and 2D finite element analysis studies for hybrid SLJ with different adherend 

thickness and overlap length were presented in [16]. The experimental curing process was 

studied with curing temperature 145ºC and under two different pressures (0.1 and 0.5MPa). 

The results show that the maximum peel and shear stresses located at the overlap ends and 

between the adhesive centerline and the adherend/adhesive interfaces, and the most critical 

points on the adherend/adhesive interface along the adhesive length. Also, the obtained 

numerical results did not match in all cases to experimental data as result of didn’t take the 

curing pressure in account. In this study was referred to that in order to obtain accurate results 

for the residual thermal stresses, the pressure during the curing at high temperature should be 

considered in simulation model. Thermal stresses within steel SLJ with different boundary 

conditions at joint end and variable overlap length were analyzed numerically in [17]. In this 

study an air flows with different velocity and temperature was applied on the outer adherend 

surfaces. The geometrical non-linearity was considered in order to accurately calculate the 

displacements. The results show that the prediction of thermal stress distribution is complex in 

the adhesive joint, because of a non-uniform temperature and strain distribution within the 

joint.  

Residual thermal stresses in joints developed during the co-curing process  were studied in [18-

21]. Experimental investigation of shear strength for co-cured of hybrid SLJ (composite-steel) 
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under tensile load with different bonding parameters is presented in [18]. The results show that 

the increase of overlap length increased the overall joint load capacity but decreased the lap 

shear strength. It is also shown that the fiber orientation has a significant effect on lap shear 

strength with the maximum value obtained for the {[±45]4S}S laminate. A co-cured DLJ under 

tensile load was investigated experimentally and numerically with several design parameters 

in [19]. The obtained results show that tensile load-bearing capacity (tensile strength) was 

decreased with increase the fiber orientation in the [±θ]4S stacking sequence and some 

discrepancy between experimental results and simulation results was observed. Another case 

with co-cured SLJ with several joint parameters (e.g. overlap length and stacking sequence) 

was studied numerically in [20]. Residual thermal stresses were calculated and then added to 

the mechanical stresses in order to find final stress distribution. The results show that the peel 

and shear stress concentration occur at the ends of the overlap, with decrease of peel and 

increase of shear stress levels as the fiber orientation in the {[±θ]4S}S stacking sequence 

increases. The effect of surface roughness of the steel adherend along with the stacking 

sequence of the composite adherend on the stress distribution as well as failure of co-cured 

single and double-lap joints under static/fatigue loads including residual thermal stresses were 

studied in [21]. It has been demonstrated that in SLJ the residual thermal stresses may play a 

positive role in delaying failure by suppressing of opening of the crack at the interface due to 

reduction of peel stress. However, it is also shown that the residual thermal stress will increase 

the shear stress concentration.   

The majority studies deal with the combination of thermal and mechanical stresses by means 

of simple superposition. It may work for linear elastic materials, while it may produce incorrect 

results for more complex cases (if non-linear material is included). In this study a 

comprehensive numerical model with special boundary conditions (developed in previous 

work) [22] was used to predict a realistic and accurate residual thermal stresses due to curing 

process of adhesive and/or composite as well as both of them. Furthermore, the appropriate 

application of thermo-mechanical loading is proposed and several scenarios of manufacturing 

of joint (curing) are analyzed. Although failure analysis is not performed in this study, one of 

the most important achievements of this paper is development of model that produces a realistic 

and accurate stress distributions within adhesive as well as adherends which can be used further 

in the analysis of the damage initiation and failure of joints. 
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2. Numerical model (details) 

2.1 General considerations and material properties 

A commercial FEM package ANSYS 18.0 (utilizing APDL codes) is used to analysis a SLJ 

subjected to thermal and mechanical load. The 3D model used in this study is based on the 

geometry and dimensions shown in Fig. 1.  In this study, the same numerical model as 

presented in [22] is considered with the following dimensions: adhesive thickness 𝑡𝑎 =

0.2 𝑚𝑚; adherend/adhesive thickness ratio 𝑡𝑠 𝑡𝑎⁄ = 10; overlap length/adhesive thickness 

ratio 𝐿𝑜 𝑡𝑎⁄ = 200 and total length/adhesive thickness ratio of the SLJ is 𝐿𝑡 𝑡𝑎⁄ = 1500. In 

order to simulate infinitely wide plate the same type of boundary conditions (coupling) as in 

[22] is used, with width 𝑊 𝑡𝑎⁄ = 5.  

The simulations are performed with linear and non-linear material models, with geometrical 

nonlinearity option applied to improve accuracy of the results, as demonstrated in [14,17,22]. 

Moreover, perfect bonding between the adhesive and adherends is assumed. A standard 

material model (bi-linear isotropic hardening) which is available in ANSYS is employed to 

represent non-linear material. The thermo-mechanical properties (Young’s modulus E, shear 

modulus G, Poisson’s ratio v, coefficient of thermal expansion α) of all materials used in 

simulations are listed in Table 1 (the material notations are given in brackets) [22]. As well as, 

Fig. 2 shows the stress - strain curves for non-linear aluminum and non-linear adhesive [22]. 

Similar and dissimilar materials are used to present three different types of SLJ: 1) metal-metal 

(M-M); 2) composite-composite (C-C) (uni-directional as well as multi-axial laminates); 3) 

composite-metal (C-M). Four stacking sequences are considered for composite laminates:  a) 

uni-directional laminate (UD: [08]T or [908]T); b) quasi-isotropic laminate (QI) with the lay-up 

[0/45/90/-45]S or [90/45/0/-45]S. The notation in Table 2 will be used further in the text and 

graphs [22]. 

  

Figure (1) Geometry and dimensions of single-lap joint [22]. 
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Table (1) CFRP, GFRP and Aluminum adherends and adhesive mechanical properties [22] 

CFRP unidirectional lamina (CF) [21] 

E1 = 130 GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4.5 GPa 

G13 = 4.5 GPa 

v12 = 0.28 

v13 = 0.28 

v23 = 0.49 

α1 = -0.9×10-6 1/K 

α2 = 27×10-6 1/K 

α3 = 27×10-6 1/K 

GFRP unidirectional lamina (GF) [23]  

E1 =  40  GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4 GPa 

G13 = 4 GPa 

v12 = 0.25 

v13 = 0.25 

v23 = 0.45 

α1 =   6×10-6 1/K 

α2 = 35×10-6 1/K 

α3 = 35×10-6 1/K 

Aluminum _ linear (Al) [24] 

𝐸𝐴𝑙 =  71 GPa  vAl  = 0.33 αAl  = 23.1×10-6 1/K 

Aluminum _ non-linear (AlN) [25] 

𝐸𝐴𝑙 =  71 GPa  vAl  = 0.33 αAl  = 23.1×10-6 1/K 

𝜎𝑌
𝐴𝑙=280 MPa 𝐸𝑇

𝐴𝑙= 500 MPa   

Adhesive _ linear (A) [24] 

𝐸𝑎𝑑= 2.7 GPa  vad  = 0.4 αad  = 63×10-6 1/K 

Adhesive _ non-linear (AN) [24] 

𝐸𝑎𝑑= 2.7 GPa  vad  = 0.4 αad  = 63×10-6 1/K 

𝜎𝑌
𝑎𝑑 =10.8 MPa 𝐸𝑇

𝑎𝑑= 465 MPa   

(1-fibres direction, 2-transverse to the fiber direction, 3-out-of-plane direction, T-tangential). 

 (the material notations used further in the text are given in brackets) 

 

Table (2) Notations for composite laminates [22] 

Material Stacking sequence notation 

CFRP [0/45/90/-45]S CF-QI-0 (0-layer next to the adhesive layer) 

CFRP [90/45/0/-45]S CF-QI-90 (90-layer next to the adhesive layer) 

CFRP [08]T CF-UD-0  

CFRP [908]T CF-UD-90  

GFRP  [0/45/90/-45]S GF-QI-0 (0-layer next to the adhesive layer) 

GFRP  [90/45/0/-45]S GF-QI-90 (90-layer next to the adhesive layer) 

GFRP [08]T GF-UD-0  

GFRP [908]T GF-UD-90  

 



Paper B 

58 
 

     

Figure (2) The stress-strain curve for a) non-linear adhesive material (AN) and b) non-linear 

Aluminum (AlN) [22]. 

 

2.2 Combined thermo-mechanical loading 

It should be mentioned that all simulations in this study are carried out at room temperature 

and change of the material properties with the temperature is not considered here, only residual 

thermal stresses are of interest. However, the procedure described here for simulation of 

thermo-mechanical loading is also applicable at elevated (or cryogenic) temperatures if 

properties of materials used in joint at those temperatures are known.  

As it was discovered during this investigation, it is not possible simply to apply thermal and 

mechanical loading on the SLJ as a superposition of these loads. The procedure has to be more 

comprehensive and it has to be carried out in multiple steps. This section describes worked-out 

method which allows accounting the residual thermal stresses developed during the curing and 

combining them with mechanical stresses from tensile loading. 

The first validation of correctly applied thermo-mechanical loading in case of composite in SLJ 

was done by comparing the results obtained from ANSYS with Classical Laminate Theory 

(CLT). In this case only composite laminate was considered and thermo-mechanical load was 

applied, the local stresses in layers as well as global response of the laminate were monitored. 

There is perfect agreement between FEM and CLT if either mechanical or thermal load is 

applied separately. However, if thermal and mechanical loads were applied simultaneously to 

simulate the residual thermal stresses developed during the curing and mechanical stresses 

applied in tensile test the results between CLT and FEM were significantly different. The same 

differences were detected when simulation was done for the complete SLJ (and not only 

composite laminate), in this case problem was not only within composite adherend but also 
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with stress distribution in the adhesive layer and global response of the SLJ (load-displacement 

curve was compared with data from the literature). 

The correct way to simulate the residual thermal stresses (during cure process) in composite or 

adhesive is to separate effect of temperature from mechanical load. The first step is to apply 

temperature (difference between temperature of cure and temperature of use) on the composite 

(or adhesive layer) within the joint which is not mechanically constrained and is completely 

free to expand. This step generates thermal stresses in the components of the joint. These 

thermal stresses are then applied as initial stresses after which mechanical load is applied to 

perform simulation. Use of this procedure was checked on composite laminate by comparing 

results from ANSYS and CLT, the agreement of results was very good.  

In case of composite adherend, the actual procedure of application of thermal and mechanical 

loads also depends on the manufacturing procedure used to make the joint; A) curing in two-

step: first composite is cured and then adhesive (temperatures of cure may differ); b) one step 

procedure, co-curing: adhesive and composite adherend are cured simultaneously at the same 

temperature. Therefore, two different scenarios for the simulation of the tensile test of SLJ at 

room temperature are presented. These scenarios depend on the adherend materials in joint: 1) 

metal-metal joint; 2) composite-composite or composite-metal joint.  

 

2.2.1 Metal-Metal joint 

This case is modeled in two-step: 1) application of residual thermal stresses developed due to 

the adhesive curing; 2) application of mechanical load. The temperature applied on all of the 

components of the joint in the first step is equal to the difference between room temperature 

(25ºC) and curing temperature of adhesive (60ºC). It should be noted that temperature is applied 

with the negative sign to simulate cooling down to the room temperature from the temperature 

of cure. Stresses generated during this step are extracted from ANSYS and saved in separate 

file. These stresses then are used to generate initial stress state of the joint by re-applied stresses 

to each node of the FEM model (this is done by using MATLAB to construct ANSYS input 

file). Then mechanical load is applied and final step of the simulation is carried out.  
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2.2.2 Composite-Composite or Composite-Metal joints 

In case if the joint is manufactured in one-step (co-curing) then only single curing step has to 

be considered, since adhesive layer and composite adherend are cured simultaneously. After 

thermal stresses are calculated they are applied as initial stresses and mechanical load is applied 

to complete the simulation. 

In order to simplify comparison between results from one and two-step thermal simulations the 

mechanical properties of adhesive are assumed to be the same in both cases. It means that 

matrix material and adhesive layer is the same polymer thus temperature for curing of the 

adhesive and composite are also the same.  

In case of composite laminates are cured prior to the bonding and then joint is assembled by 

adhesive, three step simulation procedure has to be performed in order to take into account 

residual thermal stresses in the composite laminate (in each layer) and in the adhesive layer. 

Two first steps are carried out to calculate initial stress state in the joint prior to the application 

of mechanical load. First step is curing of the composite laminate and it generated thermal 

stresses in layers of the laminate. The second step is curing of the adhesive to generate the total 

residual thermal stresses in all of adhesive and adherends. The final step of the simulation is 

application of the mechanical load to obtain final results. 

The applied temperature in the first step of the simulation (curing of composite) is equal to the 

difference between curing temperature of adhesive (60ºC) and curing temperature of composite 

(175ºC), thus ΔT1 = -115ºC. The temperature is applied only on the composite part and this 

step generates initial stresses in the plies of the composite laminate. The temperature applied 

in the second step (curing of the adhesive) is equal to the difference between room temperature 

(25ºC) and curing temperature of adhesive (60ºC), thus ΔT2 = -35ºC. This temperature is 

applied over the whole joint (note that the initial stress state in composite is already applied) to 

generate next stress state prior to application of the mechanical load. 

Further in the figures: the notation (one-step) mean that the thermal load (curing process) is 

done in one-step (curing the adhesive only or adhesive and composite simultaneously); and 

(two-step) means that the thermal load is applied in two-step (first step curing the composite 

and second step curing the adhesive). 
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3 Results and discussion 

In this section the analysis is focused on peel and shear stresses in the adhesive layer of the 

SLJ. The stress distributions are presented in the graphs are along the overlap length from 

(𝑋 = −𝐿𝑜 2𝑡𝑎⁄ ) to (𝑋 = 𝐿𝑜 2𝑡𝑎⁄ ) in the middle of the adhesive layer (𝑌 = 0) at the centre line 

of the joint (𝑍 = 0). It should be mentioned that when the stress distribution has symmetry with 

respect to the line at 𝑋 = 0 only half of the distribution will be presented. These calculations 

are done by using two types of mechanical load (at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ): 1) strain ɛx = 0.1% applied 

in case of compare between different methods to apply thermal load (in sections 3.1.1 and 

3.1.2); 2) stress 𝜎𝑥 = −60 MPa applied for all other simulations.  

 

3.1 Effect of apply thermal load in different processes 

This section describes the effect of residual thermal stresses developed during the curing of 

composite or adhesive or both of them on stress distribution within the adhesive layer of SLJ. 

The cases with linear and non-linear material models (for adhesive and aluminum) are 

presented. The simulations are performed according to the three scenarios described in section 

2.2: 1) thermal and mechanical loads are applied simultaneously; 2) thermal and mechanical 

loads are applied separately and total stress is obtained as superposition of results from these 

two calculations (similar approach is presented in [20,21]); 3) two-step simulation with results 

from thermal load used as initial conditions for the step where mechanical load is applied. 

Further in the text and graphs the scenario-1 is denoted as “T&M”, whereas scenario-2 is 

denoted “T+M” and scenario-3 is denoted “T-M”. In this case additionally to peel and shear 

stresses other stress components are also presented for comparison (𝜎𝑥 and 𝜎𝑧). 

 

3.1.1 Different methods to apply thermal load 

This section describes the difference between “T&M” (simultaneous) and “T+M” (separate, 

superposition) application of thermal and mechanical loads. Linear adherend and adhesive 

materials are used within SLJ with similar adherends (Al-Al). The differences between stress 

distributions obtained from “T&M” and “T+M” simulation methods for (Al-Al) and (CF-QI-

0) SLJ are shown in Fig. 3 and Fig. 4, respectively. In case of Al-Al joint (Fig.3) the differences 

of stress distributions in the adhesive layer are much more significant than in case of joint with 

composite adherends (Fig. 4). Although results for only CF-QI-0 are presented here, it should 



Paper B 

62 
 

be noted that similar results were obtained for GF-QI-0 but stress distributions for this material 

are not shown due to limited space. If one looks at global response of the joint, rather than local 

stress distributions the difference between “T&M” and “T+M” cases is also obvious. For 

example, the reaction force calculated at the free end of the joint (at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ) in case of 

“T&M” for Al is -252.8 N and -112.1 N for CF-QI-0, in case of “T+M” these values are -134.6 

N and -95.3 N for Al and CF-QI-0 respectively (difference of ~50% for Al and ~15% for 

composite). Moreover, when stresses are analyzed inside the composite laminate on the ply 

level the “T&M” method will produce wrong results. The results obtained from this simulation 

show that application of thermal and mechanical loads simultaneously (T&M) produces 

incorrect results for local stress distributions in the laminate, adhesive as well as for global 

response of the joint.  

   

    

Figure (3) The comparison of stress distributions in the adhesive layer of (Al-Al and A) SLJ 

for “T&M” and “T+M” simulation methods, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10 and 𝐿𝑜 𝑡𝑎⁄ = 200. 
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Figure (4) The comparison of peel (a) and shear (b) stress distributions in the adhesive layer 

of ((CF-QI-0)-(CF-QI-0) and A) SLJ for “T&M” and “T+M” simulation methods, 𝑡𝑎 =

0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10 and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

3.1.2 Effect of material model, linear vs non-linear on method of applying thermal 

load 

The comparison between “T+M” (separate, superposition) and “T-M” (thermal stresses as 

initial conditions) is presented here for linear and non-linear materials. These simulations are 

done for Al-Al SLJ with linear and non-linear material model for adherends and adhesive 

materials. The comparison of results from “T+M” and “T-M” with linear material model is 

presented in Fig. 5.  In the case of linear material model there is a very small difference between 

stresses obtained from either of the methods (which probably is numerical error). However, if 

non-linear material model is used the difference between 𝜎𝑥 and 𝜎𝑧 stresses is evident as can 

be seen in Fig. 6, although peel and shear stresses do not differ or maybe a little bit in stress 

concentration at the ends of overlap. The difference between 𝜎𝑥 and 𝜎𝑧 is very significant and 
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cannot be attributed to the accuracy of simulation (numerical error). Moreover, as thermal load 

will be increased this difference also will grow. Thus, for more accurate stress calculations and 

future failure analysis of the joint (as well as failure of composite adherend) the “T-M” method 

has to be used. In the current study non-linearity of material is accounted for and therefore the 

model presented here can handle any type of material at different conditions. 

 

 

    

    

Figure (5) The comparison of different stress distributions components in the adhesive layer 

of (Al-Al and A) SLJ for “T+M” and “T-M” simulation methods, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10 

and 𝐿𝑜 𝑡𝑎⁄ = 200. 
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Figure (6) The comparison of different stress distributions components in the adhesive layer 

of (AlN-AlN and AN) SLJ for “T+M” and “T-M” simulation methods, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ =

10 and 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

3.2 Influence of residual thermal stresses on total stress distribution 

In case of C-C and M-M joints the residual thermal stresses developed during the curing inside 

the adhesive are rather high in two directions: X-direction (length) and Z-direction (width). 

These stresses will shift rather low mechanical stresses (for this particular load case) to much 

higher level, as shown in Fig. 7 for SLJ with aluminum (linear material) (Al) adherends.  
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Figure (7) The influence of residual thermal stresses developed during the curing on (a) 𝜎𝑥 

and (b) 𝜎𝑧 stress distributions in the adhesive layer of (Al-Al and A) SLJ. 

  

Although the overall level of 𝜎𝑥 and 𝜎𝑧 in adhesive is increased by the residual thermal stresses, 

the peel stress concentration at the ends of overlap joint as well as level of shear stress within 

the plateau region are reduced, as also shown in [21]. In case of Al-Al joint this effect is almost 

negligible (see Fig. 8) while for C-C joints this change is fairly noticeable. As shown in Fig. 9 

for CF-QI-0, the concentration of peel stress at the ends of overlap and shear stress level within 

the plateau region are reduced nearly by a factor of 2 (similar trend is also obtained for GF-QI-

0 but results are not presented here). This may work favorable with respect to the delayed 

initiation of local damage and suppress (or at least significantly delay) premature failure of the 

joint. In order to verify this statement more numerical simulations as well as experimental 

evidence are required. 

 

    

Figure (8) The comparison of peel (a) and shear (b) stress distributions in the adhesive layer 

of (Al- Al and A) SLJ with and without residual thermal stresses accounted for. 
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Figure (9) The comparison of peel (a) and shear (b) stress distributions in adhesive layer for 

(CF-QI-0) SLJ with and without residual thermal stresses accounted for. 

 

3.3 Influence of processing, one-step vs two-step 

The simulations performed for similar and dissimilar joints with CF-QI-0 adherends and for 

aluminum (linear material)-composite (Al-C) joint with one of the adherends being CF-QI-0. 

The results show that the curing in one-step may be more favorable than the two-step joint 

manufacturing: the reduction of the peel stress concentration at the ends of overlap and stress 

level of shear within the plateau region is more significant in joints manufactured by one-step 

method rather than by the two-step procedure. This is shown in Fig. 10 for C-C joints with 

similar materials (carbon and glass fiber composite adherends). While for dissimilar joints the 

peel stress is reduced at the composite corner and shifted from tensile to compressive stress at 

the Al corner (see Fig. 11a). However, the shear stress in joint with dissimilar materials will be 

significantly increased at the composite corner and shifted from positive to negative values for 

shear stress at the Al corner, as shown in Fig. 11b.   
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Figure (10) The comparison of peel and shear stress distributions in adhesive for SLJ with 

CF-QI-0 (a, b) and GF-QI-0 (c, d) fiber composite adherends for different manufacturing 

methods of joints (one-step (shot) vs two-step method), with and without residual thermal 

stresses accounted for. 

    

Figure (11) The comparison of peel (a) and shear (b) stress distributions in adhesive for SLJ 

with dissimilar materials (Al and CF-QI-0 adherends) for different manufacturing methods of 

joints (one-step (shot) vs two-step method), with and without residual thermal stresses 

accounted for. 
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3.4 Effect of stacking sequence of the composite laminate 

In this section SLJ with similar materials in adherends are considered. The comparison is made 

between behavior of UD and QI laminates, as well as between QI laminates with different 

stacking sequence (fiber orientation in plies adjacent to the adhesive layer is varied: a) 

[0/45/90/-45]S; b) [90/45/0/-45]S).  

The highest peel and shear stress concentration with longer plateau region (lower stress 

perturbation zone) are observed for the [908]T composite. While the lowest peel stress 

concentration is obtained for the QI with the lay-up [90/45/90/-45]S (see Fig. (12)). In the case 

of UD laminate, the highest peel and shear stress concentration are observed for [908]T with 

lower stress perturbation zone.  In the case of the QI laminate, more favorable stress distribution 

(with lower stress concentration) is obtained when 90-layer is next to the adhesive layer rather 

than when stiff 0-layer is placed next to the bond line. Swapping 0-layer with 90-layer in the 

QI laminate results in reduced peel stress concentration at the end of overlap to ~30% 

approximately (see Fig. (12)) as well as longer plateau region for shear stress is obtained. The 

thermal (curing) effect will be obvious when compare between (fig. 19 and 20 in reference 

[22]) and fig. 12 in current paper. As follows from Fig. 12 for CF the stress concentration at 

the end of overlap is reduced by 40-65% (except for CF-QI-90 – reduction by 90%), while for 

GF the reduction of the stress concentration is by 35-50% (except for GF-QI-90 – reduction by 

70%). These results show that drastically lower peel stress concentration for QI can be achieved 

simply by swapping 0 and 90 plies within the laminate (this will not change in-plane stiffness 

of the laminate, although bending stiffness will be affected). 
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Figure (12) The comparison of the stress distributions in the adhesive layer of C-C SLJ with 

different stacking sequence of plies in adherends. 

 

3.5 Adherend stiffness effect  

In this section the effect of adherend stiffness on stress distribution in the adhesive with applied 

thermal load is demonstrated. In order to evaluate the effect of the stiffness on the stress 

distribution in the adhesive layer all of the parameters of the joint are fixed and only stiffness 

of the adherends is varied. It is assumed that it is M-M joint (isotropic material) with the 

stiffness values of E = 140, 70 and 35 GPa (the Poisson’s ratio of the aluminum is used and 

shear modulus is calculated).  

The results of applying thermal load (∆T = -35ºC) are presented in Fig. (13). These data show 

that four times increase of the adherend stiffness triggers drop of the shear stress at the ends of 

the overlap by approximately 2.5 times, as well as, compressive peak stress value is reduced. 

Similar trend is observed for the peel stress but on much smaller extent, increasing of the 

stiffness of the adherends four times results in the decrease of the peel stress at the ends of the 

overlap by approximately 10%. It is obvious from the results the value of stresses are small, 



Paper B 

71 
 

but these values will increase with increase curing temperature, furthermore these values 

dependents on thermal expansion coefficient. 

     

Figure (13) The effect of stiffness variation on distributions of peel (a) and shear (b) stress in 

adhesive for M-M SLJ with linear material model with only thermal load applied (∆T = -

35ºC). 

 

4 Conclusions  

The realistic scenario for the analysis of the residual thermal stresses developed during the 

curing of adhesive/composite was worked out by comparing different sequences of application 

of thermal and mechanical loads. The most common approach used in many publications of 

simple superposition of thermal and mechanical stresses works well only for linear materials. 

Such one-step simulation produces wrong results if material is non-linear. The model and 

simulation technique presented in current paper rectifies this issue and accurate stress 

distributions are obtained. Analysis of these stress distributions of different joints has led to the 

following conclusions concerning the stress state in the adhesive layer: 

– The curing temperature causes high stresses inside the adhesive layer in length and 

width direction for composite-composite as well as metal-metal joints. 

– The residual curing stresses will reduce the peel stress concentration at the ends of 

overlap joint and the shear stress within the plateau region. 

– The curing in one-step for composite-composite joint and composite-metal joint will 

reduce the peel stress concentration at the ends of overlap more than the curing in two-

step. The level of shear stress within the plateau region will be also lower for one-step 

curing than for the two-step process. 
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– In case of joint with quasi-isotropic composite adherends (CFRP and GFRP) more 

favorable stress distribution is obtained when 90-layer rather than 0-layer is the closest 

to the adhesive layer. Swapping 0-layer with 90-layer will reduce the peel stress at the 

ends of overlap by approximately 60-70%. 
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