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“Deus quer, o Homem sonha, a obra nasce.” 

 

Fernando Pessoa (1888‐1935) 
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Resumo 

 

 

Desenvolvimento de um software para projectar juntas adesivas 

 

 

 

O principal objectivo deste trabalho foi o desenvolvimento de um software para projectar 
juntas adesivas. Realizou-se uma pesquisa bibliográfica entre vários modelos analíticos para o 
cálculo das tensões instaladas numa junta adesiva. Analisando os diferentes modelos, 
observou-se que cada modelo estava adequado para uma dada geometria e um dado 
comportamento mecânico dos aderentes e do adesivo. Desses modelos, seleccionaram-se os 
mais relevantes para o software tendo em conta as geometrias mais usadas na indústria e as 
considerações por eles assumidos quanto ao comportamento dos aderentes e adesivo. Esses 
modelos matemáticos foram implementados num software, com um conjunto de interfaces 
acessíveis e simples para o utilizador. Embora já existam alguns softwares que permitam 
obter previsões das tensões instaladas ao longo do comprimento de sobreposição da junta, eles 
apresentam geralmente um único modelo analítico de cálculo, que normalmente resulta de 
adaptações de modelos já existentes, limitando o utilizador à utilização do mesmo método 
para todos os casos de análise. No software apresentado, utilizando uma compilação de 
modelos analíticos disponíveis para diferentes tipos de análise, dá-se ao utilizador uma maior 
flexibilidade, permitindo que o utilizador escolha o método que mais se adapta a um caso 
específico. A análise de materiais compósitos também foi incluída, permitindo a análise de 
juntas adesivas com substratos compósitos laminados, alargando assim o campo de aplicação 
do software. 

Para complementar o trabalho, alguns ensaios experimentais foram conduzidos para 
verificação e comparação dos resultados obtidos através do software. 

Com este trabalho pode-se concluir que a previsão dos esforços numa junta evita muitos testes 
experimentais, servindo desta forma para uma primeira análise das tensões presentes no tipo 
de junta a projectar. Não possuindo num único método de cálculo, o utilizador pode escolher 
o que se mais adapta ao seu caso permitindo assim obter valores mais próximos dos reais.  
 

Palavras‐Chave: Juntas adesivas; Projecto de juntas adesivas; Software; Distribuição de Tensões; 
Modelos analíticos; Epóxidos.   
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Abstract 

 

 

 

The main objective of this work was the development of a software for the design of adhesive 
joints. After conducting a literature research, several analytical models to predict the stresses 
in different joints geometries under different efforts were identified. Looking at the different 
models it was observed that each model is suitable for a given geometry and mechanical 
behaviour of adherends and adhesive. The most relevant models were selected for the 
software, taking into account the geometries used in the industry and the adherends/adhesive 
behaviour considerations. These mathematical models were implemented in a software 
application, with a set of interfaces accessible and simple for the user. Although there is 
already some software that can produce stress predictions along the overlap length , they 
generally include a single analytical  model, which usually results from adaptations of some 
existing models, limiting the user to the same approach to all analysis cases. In the present 
software, the use of a collection of analytical models available for different types of joints and 
analysis, gives the user greater flexibility, allowing the choice of the method that best suits a 
given case. The analysis of composite materials was also included, allowing the analysis of 
adhesive joints with laminated composite adherends, extending the scope of the software. 

To complement the work, some experimental tests were conducted to verify and compare 
results obtained with the software. 

With this work, we can conclude that the prediction of joint stresses can avoid many 
experimental tests, serving as a first analysis for the stresses supported by the joints. Without 
being forced to use a single method, the user can chose the model best suited for the intended 
analysis. 
 

Keywords: Adhesive joints; Adhesive joints design; Software; Stresses distribution; Closed-
form models; Epoxy. 
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Acronyms  

 

AY Adherend Yielding 

BVP Boundary Values Problem 

CEMUP Materials Centre of the University of Porto 

DLJ Double Lap Joint 

ESEM Environment Scanning Electron Microscope 

FEA Finite Elements Analysis 

GUI Guide User Interface 

GY Adhesive Global Yielding 

IFREMER French Research Institute for Exploitation of the Sea 

SLJ Single Lap Joint 

PABST Primary Adhesively Bonded Structure Technology 

PC Personal Computer 

XPS X-ray Photoelectron Spectroscopy  

 

 
Nomenclature 

 

b Joint Width 

c Half of the Overlap 

D Adherend Bending Stiffness 

E Adherend Young’s Modulus 

Ea Adhesive Young’s Modulus 

Es Adhesive Secant Modulus  

G Adhesive Shear Modulus 

k Bending Moment Factor 

݇’ Transverse Force Factor 

l Overlap Length 

M Bending Moment 

P Applied Tensile Load 
തܲ Applied Tensile Load per Unit Width 
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x Longitudinal Co-ordinate 

t Adherend Thickness 

ta Adhesive Thickness 

u Horizontal Displacement 

w Vertical Displacement 

y Transverse Co-ordinate ( Thickness Direction) 

 Adhesive Shear Strain ߛ

 ௣ Adhesive Plastic Shear Stressߛ

 ௫௬ߛ Adhesive Shear Stress in x-y Plane 

 ௘ Adhesive Equivalent Strain (von Mises)ߝ

 ௫ߝ Adhesive Strain in x Co-ordinate 

 ௬ߝ Adhesive Strain in y Co-ordinate 

 ௥ Adhesive Tensile Failure Strainߝ

 Adhesive  Ratio of the Yield Stress in Compression to the ߣ
Yield Stress in Tension 

 Adherend Poisson’s Ratio ߥ

 ௣ߥ Adhesive Plastic Poisson’s Ratio 

 ௔ߥ Adhesive Poisson’s Ratio 

 ߪ Adhesive Peel Stress 

 ௬ Adhesive Tensile Yield Stressߪ

 ௥ Adhesive Tensile Failure Stressߪ

߬ Adhesive Shear Stress  

߬௬ Adhesive Shear Yield Stress 

߬௥ Adhesive Shear Failure Stress 
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The first adhesives were natural gums and other plant resins or saps. Neanderthals were the first 
to use them 50,000 years ago. 

Since the adhesives began to be used industrially, adhesive and subsequently adhesive joints 
were increasingly used. Adhesive applications are increasing due to improvements in adhesive 
properties over the years such as flexibility, toughness, curing rate, and chemical resistance. 

Therefore, it is important to have tools that help the designer engineer to design different types 
of adhesive joints. One precious tool is the prediction of stress distributions along the joint, 
which can give a large number of information about the adhesive joint, for example if a certain 
type of joint can support the applied effort or with a certain effort applied in the joint know if 
the adhesive is in the elastic or plastic field. 

Along the years, many closed-form models were created for the determination of the stress 
distribution of adhesive joints, but they are dispersed in the literature and if the user wants to 
use the model, he will probably have to implement the model in a software, a process that can 
be very hard and slow. Several weeks of work are required for the most complicated models 
until they are ready to use. 

A previous literature review was done about the closed-form models available, followed by a 
selection of those that best suit some pre-conditions established, such as the level of complexity 
of software implementation, the type of joint covered or the adhesive plasticity field 
consideration. Various software builders were analyzed to choose the one that has the best 
properties for building the software. Several aspects were considered, giving a greater 
importance to the interface creation aspect and calculus robustness, numeric and symbolic. 

Various models were implemented in the chosen software builder, creating an independent 
software that allows the user to choose different types of joints and different closed-form 
models. The user can select the model that best suits the analysis conditions. 

A comparison was done between the different models implemented in the software, analyzing 
the results. Another comparison was done between experimental results and software results, 
doing in this case an evaluation of the models that best predict the joint strength from linear to 
non-linear cases. 

Next is showed a Gantt diagram (see Figure 1) of the work presented: 

 

Figure 1 - Gantt diagram of the thesis. 
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1.1 State of the Art 

 

 

 

Techniques for stress analysis of an adhesive joint generally fall into two main categories: 
closed-form methods and finite element methods. Closed-form methods are generally quicker 
and easier-to-use, but are only suitable for some geometries. These methods, due to their simple 
nature, cannot fully account the complete stress and strain conditions within the adhesive joint. 
Finite element methods cover almost any geometrical shape in their analysis and are capable of 
more accurate analysis of stress and strain distributions. The disadvantages of these methods 
are that the analyses are expensive and specialist knowledge is required. An ideal method 
would be an accessible yet accurate stress analysis technique.  

In this section FEA will be reviewed as well as analytical based software developed for the 
analysis and design of adhesive joints. 

 

 

 

Finite elements analysis [1] 

 

 

Numerical analysis techniques, such as FEA, are used extensively in the design and stress 
analysis of adhesive joints. These techniques offer solutions to complex problems that are too 
difficult or impossible to resolve using closed-form solutions. Numerous FEA codes are 
available (see Annex A). These codes provide in-built constitutive models for simulating the 
behaviour of most adhesives, allowing non-uniform stress-strain distributions, geometric non-
linearity, hygrothermal effects, elastic-plastic and visco-elastic behaviour, static and dynamic 
analysis, and strain rate dependence. Orthotropic element types include two-dimensional     (2-
D) solid plane-stress or plain-strain elements, axisymmetric shell or solid elements, three-
dimensional (3-D) solid or "brick" elements and crack-tip elements. A number of automatic 
mesh generators are available with post-processing capabilities. 

Although numerical methods are able to accommodate complex geometries, loadings, material 
properties and boundary conditions, the solutions generated are only approximations of the 
actual solution. It is important that the designer/analyst is aware of the limitations of the 
numerical techniques being applied and has a fundamental understanding of the mechanics of 
adhesive joints (i.e. stresses and failure mechanisms). 
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Closed-form analysis [1] 

 

 

In the literature, there are many examples of closed-form solutions for obtaining stress and 
strain distributions. Many closed-form models are based on modified shear-lag equations [2]. 
Aside from the shear-lag analysis technique, other workers have carried out stress analyses 
using a variety of other methods, such as those based on Hashin's variational analysis using the 
principle of minimum complementary energy [3]. Reviews of these closed-form theories and 
their assumptions can be found in [4-7].  

As the analytical equations have become more complex (including factors such as stress 
variation through the adhesive thickness, plasticity, thermal effects, etc.), there is a greater 
requirement to use computing power to solve for the stresses. Hart-Smith [8-13] had a great 
influence on the methods used for stress analysis of adhesive joints and much of his work is 
evident in the Primary Adhesively Bonded Structure Technology (PABST) programme. 
Versions of this method have been prepared as FORTRAN programmes and have been used 
extensively in the aerospace industry. Other analyses have been implemented in spreadsheets or 
as a programme for personal computers. 

Although simplified analytical procedures for designing adhesively bonded joints are available 
in the form of PC compatible software [14], these packages are limited in number and scope. 
As with all design tools, the effectiveness of the analysis is directly related to the users 
knowledge, and therefore it is advisable that the user has a good understanding of engineering 
design and material behaviour. The software packages are there to assist in the design of 
efficient joints. A brief overview of commercial PC based analysis/design software packages is 
given in the Table 1. The main features of each software package are identified. 

 

As it is shown in Table 1, the existing software packages are very specific and most of them 
only cover one or two joints geometries. Not all software packages can work with isotropic and 
anisotropic adherends, or include adhesive plasticity. Therefore the creation of the new 
software that gives the possibility of working with a set of different joint geometries, with 
composite adherends, adhesive and adherend plasticity and thermal effect would be very useful 
for the design engineer. 

To satisfy that need, a software was created taking into account the aspects mentioned above, to 
better assist the design engineers in designing adhesive joints. 
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Table 1 - PC based software packages available in the market [1]. 

 

Name  Supplier  Application  Features 

BOLT 
G.S. 

SpringerStanford 
University 

Design of pin-loaded holes in 
composites 

• Prediction of failure strength and failure mode 
• Three types of bolted joints: Joints with a single hole, Joints with two identical holes in a row 
• Joints with two identical holes in tandem 
• Applicable to uniform tensile loads and symmetric laminates

BISEPSLOCO 
AEA 

Technology,UK. 

Closed form computer code for 
predicting stresses and strains in 

adhesively bonded single-lap 
joints 

• Tensile/shear/bending moment loading 
• Adhesive peel and shear stress predictions 
• Allowance for plasticity in adhesive layer 
• Thermal stress analysis 

BISEPSTUG  AEA 
Technology, UK 

Closed form computer code for 
predicting stresses and strains in 
adhesively bonded coaxial joints 

• Stepped and profiled joints 
• Orthotropic adherends 
• Torsional and axial loading 
• Allowance for plasticity in adhesive layer 
• Thermal stress analysis 

CoDA  National Physical 
Laboratory, UK.. 

Preliminary design of composite 
beams and panels, and bolted 

joints 

• Synthesis of composite material properties (lamina and laminates for a range of fibre formats 
• Parametric analyses 
• Panel and beam design 
• Bonded and bolted double shear joints 
• Bearing, shear-out, pin shear and by-pass tensile failure prediction

DLR  DLRMitteilung, 
Germany 

Preliminary design of composite 
joints 

• Adhesively bonded and bolted joints 
• Linear-elastic and linear-elastic/plastic behaviour 
• Tension and shear loading 
• Symmetric and asymmetric lap joints 
• Bearing, shear-out, pin shear and by-pass tensile failure prediction. (washers and bolt tightening) 

FELOCO  AEA 
Technology, UK 

Finite element module computer 
code for predicting stresses and 
strains in adhesively bonded lap 

shear joints 

• Stepped and profiled joints 
• ensile/shear/bending moment/pressure loading 
• Linear and non-linear analysis 
• Peel, shear and longitudinal stress predictions in adhesive layer and adherends 
• Thermal stress analysis for adherend and adhesive

PAL Permabond, UK  "Expert" system for adhesive 
selection 

• Joined systems include: 
• Lap and butt joints, Sandwich structures, Bushes/gears/bearings/shafts/pipes/threaded fittings 
• Elastic analysis 
• Creep/fatigue effects on joint stiffness (graphical)

RETCALC Loctite, UK  Interactive windows based 
software general purpose

• Joint strength 
• Correction factors (temperature and fatigue) 
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1.2 Programming software package choice 

 

 

 

Several programming software packages were evaluated before starting to build the software. 
MAPLE, MAXIMA and MATLAB software packages were evaluated. 

MAPLE is a Maplesoft software. Its current version is MAPLE 12 [15] released in 2008. 
Maplesoft is a Waterloo Maple Inc. division. MAPLE core intellectual property was 
developed as an advanced research project at the University of Waterloo, Canada, in the early 
1980s. It is currently a privately held company, with headquarters in Waterloo, Ontario, 
Canada. 

MAXIMA [16] is a software implemented in Lisp. Its current version is Maxima 5.16.3.  
MAXIMA is derived from the Macsyma system, developed at MIT in the years 1968 through 
1982 as part of Project MAC.  Nowadays MAXIMA (see Figure 2) is a SourgeForge Project, 
and being an open source software anyone can participate in its development team. 

MATLAB [17] is a MathWorks software. Its current version is MATLAB 2008b  released in 
2008. MathWorks is a developer and supplier of software for technical computing and Model-
Based Design, founded in 1984 has its headquartered in Natick, Massachusetts, USA. 

The easiest software to learn is MAPLE because it has a good work interface and it was 
designed mostly for calculus and not for programming. The MAXIMA, although slightly 
different in the base kernel, does not differ much in use from MAPLE. MATLAB is a 
different case because it was built for programming, requiring programming knowledge and a 
more careful code implementation. 

The general calculus capacity is different for all three software packages but for the intended 
use all three apparently have sufficient calculus capacity. 

In terms of symbolic calculus, the most powerful is MAPLE. MATLAB uses the kernel of 
MAPLE but in an older version that the current MAPLE version. Being an open source 
software, MAXIMA presents some limitations in symbolic calculus, but in a general analysis 
the capacity of symbolic calculus was not a top priority in the evaluation. 

Regarding the possibility of interface creation, MATLAB (see Figure 4) is the best of the 
three, because of its graphic user interface versatility, allowing the creation of user-friendly 
interfaces. The last versions of MAPLE (see Figure 3) also have the possibility to create user 
interfaces, but they are very limited, causing many difficulties in the creation of the interfaces 
and later in their use. MAXIMA does not have that possibility, working only in commands 
console or in a “pretty paper version” similar to MAPLE interface paper. 
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The last but not least important aspect was the licences that we had available. MAXIMA is a 
free software not requiring a licence payment but MAPLE and MATLAB require a licence 
payment. The faculty currently only has a MATLAB licence, having dropped the MAPLE 
licence in the last year. 

 

 

Next is shown a representative figure of the three software packages analyzed.  
 

 

Figure 2 - MAXIMA 5.14 “pretty paper” interface. 

 

 

Figure 3 - MAPLE 12 work interface. 
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Figure 4 - MATLAB 7.6.0 work interface. 

 

After the evaluation of the three software packages, MATLAB was chosen for the design of 
the new stress analysis software because of its GUI (Guide User Interface) versatility, its 
programming strength and for the fact that we already had a paid license from the Faculty. 
 

 

 

 

 

 

1.3 Getting Started with MATLAB 

 

 

 

After the software package was chosen, a learning process was undertaken along several 
weeks. To help the learning process several MATLAB introduction books [18-22] were 
consulted. At the same time, the first software interfaces started to be made.  
 

In the beginning of this work the software creation aim was a single interface (see Figure 5) 
where the user could enter the data, choose the closed-form models and see the results. But as 
the software became more complex, the single interface construction had become a constraint 
in the development of the software. 
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Figure 5 - Single interface software. 

 

Therefore, it was decided to use several windows, and with the aid of several MATLAB 
GUI’s books [23-27] a set of interfaces were created and connected in order to form an user-
friendly software. 
 

As the software grew and the models were implemented in the software, an iterative process 
of interfaces creation was used to adapt the interfaces to the models and their capacities. 

 

The software developed is shown in the next chapter. 
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“Joint Designer” was the name selected for the software created in MATLAB. A search on 
the web on patents showed that there is not a similar name registered. 

The software starts with an initial window shown below that has some information about the 
authors and institutions that have supported financially the project. This window only appears 
in the initial run of the software.  
 

 

Figure 6 - Initial window of the “Joint Designer” software. 

 

 

 

2.1 Selection of joint type 

 

By pressing the button labelled NEXT in the initial window, another window emerges with 
different types of joints geometries; single and double lap joint (SLJ and DLJ), T-joint, 
sandwich, tubular and corner joint. Although there are six different types of adhesive joints, 
only three are available at the moment, SLJ, DLJ and sandwich joint. 
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Figure 7 – Joint type selection window. 

 

2.1.1 Single Lap Joint 

 

Once the user selects the SLJ button, a new window appears for the user to select the type of 
load applied to the SLJ, in this case traction or compression load. 
 

 

Figure 8 - Type of applied load in SLJ.  
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2.1.2 Double Lap Joint 

 

 

 

The same happens when the DLJ button is selected; a new window appears for the user to 
select the type of applied load (traction or compression load). 

 

 

 

Figure 9 - Type of applied load in DLJ 

 

 

 

2.1.3 Sandwich joint 

 

 

When the user selects the sandwich geometry, where any type of load can be applied to the 
edge of the sandwich, a new window appears (see Figure 14) for the user to select the type of 
analysis; this window will be explained in the following section. 
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The software only allows the definition of the boundary loads in the sandwich joint, 
permitting the analysis of various configurations of adhesive joints under complex loading, 
consisting of tensile and shearing forces and a bending moment at the ends of the adherends. 
A simulation of almost any type of geometry can be done once the loads can be simplified to 
this form. An example is shown in Figure 10 for a corner joint.  

 

 
 

Figure 10 - Sandwich joint equivalent to the corner join. 

 

 

In a total of twelve loads, the user can input two forces and one moment on each adherend 
edge. The loads can be entered in different units; forces can be entered in N, kN and MN and 
moments in N/m and N/mm.  

 

 

 

Figure 11 - Boundary loads window for sandwich joints. 
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2.2 Selection of material behaviour 

 

 

Once the type of applied load is chosen, the user has to select the type of material behaviour. 

The selection of analysis is equal for all geometries and the user has the possibility to select 
the behaviour of the adherends, adhesive and the material properties. 

The behaviour can be elastic or plastic. If the user selects elastic, the software will only 
consider in the analysis the elastic behaviour of the material. However, if the user selects 
plastic, the software will consider the elastic and plastic behaviour of the material.  

The adherend can be isotropic or anisotropic properties. Anisotropic properties only cover 
laminate layer composites. 

Below are shown the window for the material behaviour selection in the case of SLJ, DLJ and 
sandwich. 

 

 
 

 

Figure 12 - Selection of material behavior for SLJ. 
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Figure 13 - Selection of material behaviour for DLJ. 

 
 

 

Figure 14 - Selection of material behaviour for sandwich geometry. 
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2.3 Isotropic adherends 

 

 

2.3.1 Joint geometry 

 

After selecting the material behaviour type, the user has to input the joint geometry data. The 
joint geometry data consists in the thickness of the adherends and adhesive layer, the overlap 
length and joint width. The magnitude of the load is also introduced here. 

The software has the possibility to input the data in different units. For geometry data, the 
user can insert data in m, cm and mm. For the applied load, the data can be introduced in N, 
kN and MN. 

 

The SLJ geometry window is shown next. In this case a tensile load is applied. 
 

 

Figure 15 – Joint geometry input data window for SLJ. 

At the moment the thermal effects are considered only for the DLJ. The temperature at which 
the adhesive was cured and the expected work temperature are introduced 

The software gives the possibility to input the temperature data in different units; the user can 
insert the data in ºC,ºF and ºK. 
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Figure 16 - Joint geometry input data window for DLJ. 

 

For the sandwich joint geometry, the user just needs to input the geometry data since the loads 
will only be defined in a later window (see Figure 11). 
 

 

Figure 17 - Joint geometry input data window for sandwich joint. 
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2.3.2 Material properties  

 

 

After the user defines all parameters in the geometry data window, the material properties 
window appears. 

In the material properties window, the user has to introduce the Young’s modulus and the 
Poisson’s ratio of both adherends and adhesive. The software has the possibility to input the 
Young’s modulus in different units; the data can be introduced in Pa, kPa, MPa e GPa. 

The window for the input of material properties for the SLJ is shown next. 
 

 

Figure 18 - Materials properties window for SLJ. 

 

The DLJ has by definition three adherends which can be made from three different materials. 
In this case, the software considers only two different adherends. Top and bottom adherend 
are considered equal due to calculus modelling simplifications. 

Due to the thermal effect consideration in DLJ, it is necessary to input the coefficient of 
thermal expansion of the adherends. Once again the user can insert the data in different units; 
data can be inputted in °C-1, °K-1 and °F-1. 
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Figure 19 - Materials properties window for SLJ. 

 

For sandwich joints, the window is similar to the SLJ window. The user has to input the 
Young’s modulus and Poisson’s ratio of adherends and adhesive materials. 
 

 

Figure 20 - Materials properties window for sandwich joint. 
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2.4 Anisotropic adherends  

 
 

2.4.1 Joint geometry 
 

The geometry input data is the same as for isotropic adherends (see Figure 23). The 
magnitude of the load is also introduced. 

 
 

 

Figure 21 - Joint geometry input data window for anisotropic adherends SLJ. 

 

 

2.4.2 Layer and adhesive properties  

 

 

After the user defines all parameters in the geometry data window. The material properties 
window appears. 
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In the material properties window, the user has to introduce the Young’s modulus and the 
Poisson’s ratio of both adherends laminate layers in the x and y direction, and the Young’s 
modulus and the Poisson’s ratio of the adhesive. 

The laminate layer [28] is orthotropic because it has three planes of symmetric mutually 
perpendicular, decreasing the number of elastics constants necessary for the characterization 
of the stress-strain behaviour of the laminate layer. 

 
Figure 22 - Main axes of the laminate layer. 

 

The main axes of the laminate layer were established so that the axis 1 is parallel to the fibers 
direction and the axis 3 is orthogonal to the layer plan. In a laminate layer it is known that the 
fibers are parallel to the plan <12> and randomly distributed in the transverse plan <23>. 
Therefore the laminate layer presents transversely isotropic properties, that is, its elastic 
constants are independent of the axes orientation in the plan. 

The window for material properties input for SLJ is shown next. 
 

 

Figure 23 – Layer and adhesive properties window for anisotropic adherends SLJ. 
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2.4.3 Characterization of adherend layers 
 

In the characterization of adherends window the user has to insert the number of laminate 
layers and the orientation of the fibers in each laminate layer in a vector format. 

A laminate composite is composed by several layers that can be oriented in different 
directions (see Figure 25). To obtain the properties along the three main axes, we have to 
apply a transformation matrix that depends on the angle (θ) (see Figure 24). 

 
Figure 24 - Rotation of the principal axes according to the fiber angle of the laminate layer. 

1.  

Figure 25 – Representation of some fiber angles orientation on laminate layers. 

Figure 26 shows the anisotropic adherends characterization window where the user can insert 
the number of laminate layer that constitutes the adherends and the fiber orientation of each 
layer. The fiber orientation is inserted in a line vector format.  
 

 
Figure 26 – Characterization of the adherend layers window. 
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2.5 Closed-form models 

 

 

The user then chooses the available models to determine the stress distribution. The software 
only shows to the user the models that can be run for the selected material behaviour and 
geometry. For example, if the user previously selected to include the plasticity of the 
adherend, the only model available is that of Adams [35]. 

Next, the model selection window with all models available is shown. 

 

 

Figure 27 - Models selection window. 

 

A description of the closed-form models implemented in the software is presented in Chapter 3. 

 

 

2.6 Selection of failure criteria   

 

After the selection of the closed-form model, the user can select a failure criterion. The 
software has a total of four criteria; the shear stress, the peel stress, the adherend yield stress 
and the von Mises stress limit. According to the model selected, the software makes available 
or unavailable the selection for the criteria. 
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The software has the possibility of introducing the failure criteria in different units, for the 
stresses the user can insert in Pa, kPa, MPa e GPa.  

The selection of failure criteria window is shown next. 
 

 

Figure 28 - Failure criteria selection window. 

 

 

 

 

 

2.7 Selection of analysis refinement level  

 

 

 

In this window (see Figure 28) the user can choose the level of analysis refinement, done by 
selecting the number of calculation points along the overlap length.  

The software permits three levels of analysis. The rough analysis calculates fifty points 
equally distributed along the overlap, the normal analysis calculates two hundred points and 
the refined analysis calculates five hundred points. 

The user also has the possibility to choose the number of calculation points by selecting the 
custom analysis button and entering the number of points. 
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Figure 29 – Selection of the analysis refinement level. 

 

 

 

 

 

 

2.8 Results   

 

 

 

Finally the results are shown to the user. The result window shows the data in two ways. A 
list window allows the user to look at particular points along the overlap, while the plot form 
allows the user to have a global view of the stress distributions, as shown in Figure 30 for 
Goland and Reissner’s analysis. 
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Figure 30 - Goland and Reissner’s results window. 

 

 

 

If the user selects the labelled Save data (txt) button a small window appears (see Figure 31). 
The user can then type the path and name of the text file. 

 

 

 

 

Figure 31 - Save data as window. 

 

When the user presses the Ok labelled button a text file is created (see Figure 32). The result 
data in a list format is written in this text file. The file also contains the model designation and 
the date and time that the file was created, allowing for better file management. 
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Figure 32 - Goland and Reissner’s analysis data sheet. 

 

 

 

 

If the user selects the Print shear or Print peel labelled button, a PDF file is created in the 
computer, with the name that the user chooses in the small print window that appears just 
after the user selects the print buttons (see Figure 33). 

 

 

 

 
Figure 33 - Save PDF file as window. 
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The PDF file is shown next: 

 

 
Figure 34 - PDF file created that shows the shear stress along the overlap joint. 

 

The results form can also show the plot data in two different forms; in a line form (see Figure 
30) and in an area form (see Figure 35). The plot that is shown in the results form is the same 
that is printed in PDF file. 
 

 

Figure 35 - Goland and Reissner’s results window with area display. 
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If the user has selected previously a failure criterion and entered the maximum limit for the 
failure criteria, a red line appears in the plots indicating the limit of stress failure. If the stress 
distribution passes this value, the limit stress line appears in red (see Figure 36). 
 

 

Figure 36 - Goland and Reissner’s results window with failure criteria enabled. 
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3.1 Volkersen [6-7] 

 

 

 

 

Volkersen [2] introduced the concept of differential shear, illustrated in Figure 37. It was 
assumed that the adhesive deforms only in shear but that the adherends can deform in tension, 
as can be seen in Figure 38, because they are considered elastic and not rigid (see Figure 39). 
The tensile stress in the upper adherend, is maximum at A (see Figure 37) and decreases to 
zero at B (free surface), so the strain must progressively reduce from A to B. The reduction of 
the strain in the adherends along the overlap and the continuity of the adhesive/adherend 
interface cause a non uniform shear strain (and stress) distribution in the adhesive layer. The 
shear stress is maximum at the ends of the overlap and is much lower at the middle, as shown 
in Figure 39. However, this analysis does not account for the bending effect caused by the 
eccentric load path of SLJs. The solution is more representative of DLJ than a SLJ since in a 
DLJ the overall bending of the adherends is not as significant as in the SLJ.  
 

 
Figure 37 - Deformations in loaded single-lap joints with rigid adherends [29]. 

 

 

Figure 38 - Deformations in loaded single-lap joints with elastic adherends [29]. 
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Figure 39 - Single-lap joint analyzed by Volkersen [29]. 

 

The adhesive shear stress distribution (τ) is given by: 
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where P is the applied load, b the joint width, l the overlap, t
1 

the adherend 1 thickness, t
2 

the 

adherend 2 thickness, E the adherends modulus, ܩ௔ the adhesive shear modulus, ݐ௔ the 
adhesive thickness, 
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The origin of the longitudinal co-ordinate x is the middle of the overlap. 

 

 

 

 

3.2 Goland and Reissner [6-7] 

 

 

The eccentric load path of a SLJ causes a bending moment (M), and a transverse force (V) to 
be applied to the joint ends in addition to the applied tensile load per unit width (P), as shown 
in Figure 40. Because of this bending moment, the joint will rotate, altering the direction of 
the load line with the tendency of the applied tensile forces to come into line. As the joint 
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rotates, the bending moment will decrease, giving rise to a nonlinear geometric problem 
where the effects of the large deflections of the adherends must be accounted for.  

The first to consider these effects were Goland and Reissner [30]. They used a bending 
moment factor (k) and a transverse force factor (k’) that relate the applied tensile load per unit 
width (P) to the bending moment (M) and the transverse force (V) at the overlap ends If the 
joint does not rotate, i.e. for very small applied loads, the factors k and k’ will be 
approximately equal to 1. As the joint rotates with the increase of load, k and k’ will decrease 
and, consequently, the bending moment and the transverse load will decrease too. Goland and 
Reissner took into account the effect of large deflections of the adherends, but assumed that 
the adherends were integral, with an infinitely thin adhesive layer.  

Algebraic solutions for the elastic shear and peel adhesive stresses are available. 

 

The expression for the adhesive shear stress is: 
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where തܲ is the applied tensile load per unit width, c is half of the overlap length, 
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The expression for the adhesive peel stress is: 
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E
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is the adhesive Young’s modulus 
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ܴଶ ൌ coshሺߣሻ sinሺߣሻ ൅ sinhሺߣሻ cosሺߣሻ                                                    (15) 
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The origin of the longitudinal co‐ordinate x is the middle of the overlap. 

 

 

Figure 40 - Goland and Reissner’s model [29]. 

 

 

 

3.3 Hart-Smith [6-7] 

 

 

One of the most important works considering adhesive plasticity was done by Hart-Smith for 
SLJs [11] and DLJs [10]. Hart-Smith developed the analyses of Volkersen [2] and De Bruyne 
[31] for DLJs and the work done by Goland and Reissner [30] for SLJs [11], for which he 
presented an alternative expression for the bending moment factor.  

Hart-Smith’s solutions accounted for adhesive plasticity, using an elastic-plastic shear stress 
model. He also included adherend stiffness imbalance and thermal mismatch. If we allow for 
adhesive plasticity, the joint strength prediction is higher than for an elastic analysis. The 
maximum lap-joint strength was calculated by using the maximum shear strain as the failure 
criterion. Any differences between the adherends result in a decrease of the joint strength.  

To characterize the adhesive behaviour, Hart-Smith chose an elasto-plastic model (see Figure 
41) such that the ultimate shear stress and strain in the model are equal to the ultimate shear 
stress and strain of the real stress-strain curve of the adhesive, the two curves having the same 
strain energy. He showed that any adhesive model defined by two straight lines that have the 
same failure stress and strain and the same strain energy predicts the same maximum joint 
strength developed between uniform adherends.  

According to Hart-Smith, failure occurs when the adhesive reaches its limiting shear strain. 
For the case of a DLJ, this is illustrated in Figure 41 for balanced joints. Any thermal 
mismatch between adherends decreases the joint strength and this reduction is more 
significant with the increase of adherend thickness and stiffness. The equations require an 
iterative solution and describe the shear stress and strain distributions for the elastic and 
plastic regions in the overlap.  
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For SLJs, the effects of the peel stresses are more pronounced than in DLJs due to the 
eccentric load path, this being a particular problem for composites which have a low 
interlaminar tensile strength.  

This problem gets more serious as the adherend thickness increases, since the total in-plane 
load carried can increase with thickness, but the transverse tensile stresses due to the load 
transfer mechanism are limited by the transversal tensile strength of the composite. Even for 
DLJs, the adhesive peel stress can induce composite failure. For sufficiently thin adherends, 
the peeling stresses are not important. Hart-Smith took that into consideration and combined 
elastic peel stress with plastic shear stresses. He obtained an equation for DLJs that gives the 
peak peel stress as a function of the peak shear stress. The adhesive peel stresses were 
confined to the elastic range because the interlaminar tensile strength of the laminate is 
generally smaller than the peel strength of typical adhesives.  

A well-designed joint is one that fails outside the overlap i.e. the adhesive should never be the 
weak part of the joint. Therefore, for Hart-Smith, if there is a risk of high peel stresses 
occurring in the adhesive, this should be minimized by tapering the adherends or by locally 
thickening the adhesive layer. Several authors proposed analytical solutions for such cases. 

Hart-Smith analysis gives a closed-form algebraic solution for the elastic shear and peel 
adhesive stresses 

The origin of x is the middle of the overlap. The adhesive shear stress is given by 
 

߬ ൌ ଶܣ coshሺ2ߣԢݔሻ ൅  ଶܥ                                                    (17) 

where, 

ᇱߣ ൌ ටቂଵାଷሺଵିఔ
మሻ

ସ
ቃ ଶீೌ
௧ೌா௧

                                                                    (18) 

ଶܣ ൌ
ீೌ
௧ೌா௧

ቂ തܲ ൅ ଺൫ଵିఔమ൯ெ
௧

ቃ ଵ
ଶఒᇱ ୱ୧୬୦ሺଶఒᇱ௖ሻ

                                                      (19) 

ଶܥ ൌ
ଵ
ଶ௖
ቂ തܲ െ 2 ஺మ

ଶఒᇱ
sinhሺ2ߣԢܿሻቃ                                                                (20) 

ܯ ൌ തܲ ቀ௧ା௧ೌ
ଶ
ቁ ଵ

ଵାక௖ା഍
మ೎మ
ల

                                                                     (21) 

ଶߦ ൌ ௉ത
஽
                                                                                (22) 

The adhesive peel stress is given by 
 

ߪ ൌ ܣ coshሺ߯ݔሻ cosሺ߯ݔሻ ൅ ܤ sinhሺ߯ݔሻ sinሺ߯ݔሻ                              (23) 

where 
߯ସ ൌ ாೌ

ଶ஽௧ೌ
                                                                  (24) 

ܣ ൌ െாೌெሾୱ୧୬ሺఞ௖ሻି ୡ୭ୱሺఞ௖ሻሿ
௧ೌ஽ఞమ௘ሺഖ೎ሻ

                                                            (25) 
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ܤ ൌ ாೌெሾୱ୧୬ሺఞ௖ሻା ୡ୭ୱሺఞ௖ሻሿ
௧ೌ஽ఞమ௘ሺഖ೎ሻ

                                                          (26) 

Hart-Smith also considered adhesive shear stress plasticity, keeping the peel stress elastic. 
The shear stress is modelled using a bi-linear elastic-perfectly plastic approximation. The 
overlap is divided into three regions, a central elastic region of length d and two outer plastic 
regions. The overlap length is l and for a balanced lap-joint both non-linear regions have 
length (l – d)/2. Co-ordinates x and x´ are defined in these regions  
 

The shear stress in the plastic region is given by: 
 

߬ ൌ ଶܣ coshሺ2ߣᇱݔሻ ൅ ߬௔ሺ1 െ  ሻܭ                                        (27) 

And the shear strain in the plastic region is given by: 
 

ߛ ൌ ௘ሼ1ߛ ൅ ᇱሻଶݔᇱߣሾሺܭ2 ൅ ᇱݔᇱߣ tanhሺߣᇱ݀ሻሿሽ                                   (28) 

where 
ଶܣ ൌ

௄ఛ೛
ୡ୭ୱ୦ሺఒᇱௗሻ

                                                                     (29) 

K and d are solved by an iterative approach using the following equations (30-32), 
 

௉ത
௟ఛ೛

ሺߣᇱ݈ሻ ൌ ᇱቀߣ2
೗ష೏
మ ቁ ൅ ሺ1 െ ᇱ݀ሻߣሻሺܭ ൅ ܭ tanhሺߣᇱ݀ሻ                          (30) 
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ଶߣ ቀ௟ିௗ

ଶ
ቁ ൌ 2 ቀఊ೛
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ቁ ൅ ܭ ቂ2ߣԢ ቀ௟ିௗ

ଶ
ቁቃ
ଶ
             (31) 

2 ቀఊ೛
ఊ೐
ቁ ൌ ܭ ൜ቂ2ߣᇱ ቀ௟ିௗ

ଶ
ቁ ൅ tanhሺߣᇱ݀ሻቃ

ଶ
െ tanhଶሺߣᇱ݀ሻൠ                               (32) 

An initial value of the bending moment factor k is given and the system solved for P, K and d. 
This process is repeated until there is convergence of k. 

 
Figure 41 - Schematic explanation of shear plastic deformation of the adhesive according to Hart-Smith [6]. 
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3.4 Bigwood and Crocombe [6-7] 

 

 

 

Bigwood and Crocombe [32] initially proposed a closed-form elastic analysis of a sandwich 
specimen (see Figure 42) subjected to general loading. The origin of x is the left end of the 
overlap. A general elastic analysis and a simplified peel and shear analysis was done 

Adhesive plasticity was introduced in a later paper [33]. The non-linear adhesive joint 
problem consists of a system of six, first order, non-linear differential equations. These six 
differential equations in conjunction with the adhesive yield model and a continuous 
mathematical model to represent the adhesive stress-strain curve are solved numerically using 
a finite difference technique. 

The adherend plasticity was included in a later paper [34]. The problem is still governed by a 
system of six, first order, non-linear differential equations, but some functions appearing in 
that system are implicit and take different forms according to the type of loading which makes 
the problem more complex. The finite difference technique was also used to solve the 
problem. 

The great advantage of the model of Bigwood and Crocombe is that it is a sandwich that can 
be used for any type of joint provided the boundary conditions are known. The present 
software includes the general elastic analysis and the adhesive plasticity. The adherend 
plasticity is not implemented because of the complexity of the mathematic resolution. For that 
case, the model of Adams is simpler to use. 

The simplified adhesive peel stress is given by, 
 

ߪ ൌ ଵܣ cosሺܭହݔሻ coshሺܭହݔሻ ൅ ଶܣ cosሺܭହݔሻ sinhሺܭହݔሻ ൅ 

൅ܣଷ sinሺܭହݔሻ coshሺܭହݔሻ ൅ ସܣ sinሺܭହݔሻ sinhሺܭହݔሻ                 (33) 

And the simplified adhesive shear stress is given by, 
 

߬ ൌ ଵܥ coshሺܭ଺ݔሻ ൅ ଶܥ sinhሺܭ଺ݔሻ ൅  ଷܥ                                      (34) 

 

The constants A
1-4

, K
5-6 

and C
1-3 

can be found in Bigwood and Crocombe’s paper [33] 
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Figure 42 - Bigwood and Crocombe’s diagram of adherend-adhesive sandwich under general loading [6]. 

 

Until now the Bigwood and Crocombe [33] (non-linear) is not fully implemented. The model 
was not possible due to a convergence problem in the BVP MATLAB solver, the bvp4c 
routine. To run the model it is necessary to solve two sets of six nonlinear (35-40), first-order 
differential equations. The first set has some approximations to enable the resolution of the 
system (see Figure 43), giving a start value to the second set of equations. In the second 
equations set the stresses distributions along the overlap length are given. But using the bvp4c 
MATLAB routine the values of the second equations set does not converge. To overcome this 
problem several searches were done in the web [17-18] and in BVP books [38-43]. 

The system of six non-linear first order equations (35-40), where K is dummy parameter that 
has been introduced to express the second order equation in direct strain, in terms of two first 
order equations, is shown next. 
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Where,                                                          

݄′ ൌ ௔ݐ ൅
ሺ௧భା௧మሻ

ଶ
                                                             (41) 

and ߝ௫ , ߝ௬ and ߛ௫௬  are the adhesive strains, ܧ௦ is the secant modulus and ߭௣ is the plastic 
Poisson’s ratio. 
 

 
Figure 43 - Stresses distribution given by the first equations set. 

 

 

 

 

3.5 Adams [6-7] 

 

 

Adams [35] proposed a simple predictive model gives the adhesive global yielding and the 
adherend yielding. For substrates that yield, a plateau is reached for a certain value of overlap 
corresponding to the yielding of the adherend, the joint strength being easily predicted. For 
intermediate or brittle adhesives and non-yielding adherends, the analysis is less robust and 
the author suggests using the finite element method or a more complete analytical solution. 
The failure load of the adhesive joint (Pa), with elastic adherends, correspond the total plastic 
deformation of the adhesive (i.e. everywhere in yield), and the maximum load which can be 
carried which just creates adherend yield correspond to failure load of the adhesive join (Ps). 
The design methodology is represented graphically in Figure 44. 

The failure load of the adhesive joint (Pa), corresponding to the total plastic deformation of 
the adhesive is given by, 

௔ܲ ൌ ߬௬ܾ݈                                                                    (42) 

where σ
y 
is the yield strength of the adherend. 
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௧ߪ ൌ ܲ ⁄ݐܾ                                                                    (43) 

௦ߪ ൌ ܯ6 ⁄ଶݐܾ                                                                     (44) 

ܯ ൌ ݐܲܭ 2⁄                                                                     (45) 

The failure load of the adhesive joint (Ps), corresponding to the total plastic deformation of 
the adherends is given by, 

௦ܲ ൌ ݐ௬ܾߪ ሺ1 ൅ 3݇ሻ⁄                                                           (46) 

The variable k is the bending moment factor which reduces (from unity) as the lap rotates 
under load. For low loads and short overlaps, k is approximately 1. Therefore, for such a case, 

 
௦ܲ ൌ ݐ௬ܾߪ 4⁄                                                                    (47) 

However, for joints which are long compared to the adherend thickness, such that l/t ≥ 20, the 
value of k decreases and tends to zero. In this case, the whole of the cross-section yields in 
tension and: 

௦ܲ ൌ  ݐ௬ܾߪ                                                                 (48) 

 

 

Figure 44 - Simple design methodology of single lap joints based on the adherend yielding according to 
Adams [7]. 

 

 

 

3.6 Frostig [6-7] 

 

 

The two-dimensional linear elastic analysis of Frostig [36] is an extension of their previous 
work on the analysis of sandwich panels with a transversely flexible or stiff core, with a 
closed-form high-order (CFHO) theory [37]. The principle of virtual displacements, a 
variational principle, was used to derive the governing equations, the boundary conditions, 
and the continuity requirements. The CFHO also has the advantage of modelling the shear 
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stress free condition at the ends of the overlap. The adhesive shear stress was considered 
constant through the adhesive thickness and the peel stress was allowed to vary through the 
thickness. The adherends were modelled as linearly-elastic, thin beams or panels (wide 
beams) obeying the Euler-Bernoulli assumptions. The stress and deformation fields were 
uniform across the width. The adherends could be either metal or laminated composites. The 
shear and transverse normal (through thickness) deformations in the adherends were 
neglected.  

Frostig’s analysis was the only analytical model that considers the spew fillet. The spew fillet 
is a surplus of adhesive that results from the manufacturing process that is ‘squeezed out’ at 
the ends of the overlap. Real joints are always associated with this surplus material. The spew 
fillet was modelled by Frostig et al. using two approaches, having in mind that when there is a 
spew fillet the adhesive stress free condition is no longer valid or needed. In the first 
approach, the adhesive transverse displacement (through its thickness) was equated to the 
transverse displacements of both upper and lower adherends. In the second, the spew fillet 
was modelled as an inclined equivalent elastic bar with in-plane longitudinal stiffness only, as 
shown in Figure 45.  

Frostig’s analysis does not account for some points that are important when analysing 
adhesive joints, such as the shear deformation in the adherends, nonlinear geometric effects 
and adhesive plasticity.  

This model considers composite materials in his analysis, and gives the elastic shear and peel 
stress in the adhesive.  

The governing equations and boundary conditions, and the continuity requirements are derived 
for each region using the principle of virtual displacements:  
 

߲ܷ ൅ ߲ܸ ؠ ߲ܹ ൌ 0                                                             (49) 
 

where ߲ܷ and ߲ܸ are the internal and the external virtual work, and ߲ܹ is the total virtual work. 

 

 

The general expression that gives the natural boundary conditions at a point between regions i 
and i + 1 (i = 1, 2) is 
 

൫ ௝ܰ௫௫௜ െ ௝ܰ௫௫ሺ௜ାଵሻ െ ௝ܰ൯ݑߜ଴௝ ൅ ൫െܯ௝௫௫௜ ൅ ௝௫௫ሺ௜ାଵሻܯ െ ௝൯߶௝ܯ ൅ ൫ܳ௝௫௫௜ െ ܳ௝௫௫ሺ௜ାଵሻ െ
െܳ௝ሻݓߜ௝ ൅ ܾ ׬ ߬௔ݓߜ௔|௅భ

௅మ݀ݖ௧ೌ
଴ ൌ 0                           (50) 

 

where N
xx 

is the adherend longitudinal normal stress resultant, M
xx 

is the bending moment, Q
xx 

is the adherend transverse shear stress resultant, u
0 

is the longitudinal displacement in the 
midplane of the adherends, w is the adherend transverse displacement, τ

a 
is the adhesive shear 

stress and w
a 

is the adhesive transverse displacement. The subscript j refers to the top and 

bottom adherends (j = t, b). 
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Figure 45 - Geometry and loading of typical adhesive-bonded single-lap joint with square-ends according 
to Frostig [7]. 

 

Due to its mathematical complexity, more than three hundred command lines in the 
MATLAB m file implementation, the Frostig model is mathematically implemented, but 
because of its complexity more time is needed to fully complete the Frostig model to a user 
level. 

 

 

Figure 46 - Frostig MATLAB m-file. 
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3.7 Comparison between models 

 

 

A summary of the implemented model is showed in Table 2 and Table 3. 
 

Table 2 shows the different possibilities of analysis for each analytical model implemented in 
the software, showing the elasticity and/or plasticity of the materials, the geometries covered 
and the results given. 

 
Table 2 - Comparison between the models implemented in the software. 

Models Adhesive 
Elastic 

Adhesive 
Plastic 

Adherend 
Elastic 

Adherend 
Plastic 

Isotropic 
Adherends 

Anisotropic 
Adherends 

Geometries 
covered 

Results 
Given 

Volkersen Yes No Yes No Yes No SLJ Shear stress 

Goland and 
Reissner Yes No Yes No Yes No SLJ Shear/Peel 

Stress 

Hart-Smith Yes Yes Yes No Yes No SLJ and DLJ Shear/Peel/ 
Deformation 

Bigwood 
and 

Crocombe 
Yes Yes Yes No Yes No Sandwich Shear/Peel 

Stress 

Adams Yes Yes Yes Yes Yes No SLJ and DLJ Failure load 

Frostig Yes No Yes Yes Yes Yes SLJ Shear/Peel/ 
Displacements 

 

In Table 3 the failure criterion is shown for each model (τ shear stress, τr shear strength, σ peel 
stress, σr tensile strength, γ shear strain, γp plastic shear failure strain, εe equivalent strain (von 
Mises), εr tensile failure strain, GY global yielding – all in the adhesive; AY adherend 
yielding). The models that have two criteria, the one that exceeded first is the valid criteria for 
a given case. 

Table 3 - Failure criteria used for the models implemented 
 

Models  Analysis  Failure criterion 
Volkersen  Elastic  ߬ ൐ ߬௥  

Goland and Reissner  Elastic  ߬ ൐ ߬௥  or ߪ ൐ ௥ߪ  

Hart‐Smith 
Linear  ߬ ൐ ߬௥  or ߪ ൐ ௥ߪ  

Non‐linear  ߛ ൐ ௥ߛ  or GY 

Bigwood and Crocombe 
Linear  ߬ ൐ ߬௥  or ߪ ൐ ௥ߪ  

Non‐linear  ௘ߝ ൐ ௥ߝ  or GY 
Frostig  Linear  ߬ ൐ ߬௥  or ߪ ൐ ௥ߪ  

Adams 
Elastic/plastic adherend and 

ductile adhesives 
GY or AY 
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Several specimens were manufactured to compare experimental results with the results 
obtained in the developed software. Two types of specimens were done, bulk and SLJ 
specimens. 

The bulk specimens were used to characterize the mechanical behaviour of the adhesives. SLJ 
was the geometry chosen to validate the models, because it is the most common geometry in 
the software. 

 

 

4.1 Bulk specimens 

 

Figure 47 shows the geometry of the bulk specimens used in this work. The specimen 
geometry was adapted from the British Standards Institution BS 2782 standard method 320C. 
Two adhesives were used, one rigid (AV118) and another ductile (Araldite 420), from 
Huntsman Advanced Materials Americas Inc., Los Angeles, USA.  
 

The manufacture data sheets of the adhesives are available in Annex B and C. 
 

  

Figure 47 - Bulk specimen geometry (all dimensions in mm). 

For the bulk specimen manufacture, a steel mould with a silicone frame was used (see Figure 
48). The mould cavity was filled directly with the adhesive with the top mould base removed 
(see Figure 49). After the adhesive was subjected to the cure cycle, the adhesive plate was 
removed from the mould.  
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The mould surfaces were previously covered with mould release agent to simplify the 
removal of the plate (see Annex D). Each adhesive plate (see Figure 50) resulted in two bulk 
specimens after the machining process (see Figure 51). 
 
 

 
Figure 48 - Bulk steel mould. 

 

 
Figure 49 - Bulk specimen mould base. 

  

 
Figure 50 - Adhesive plate. 

   

Top base 

Bottom base 

Silicone frame
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Figure 51 – Bulk specimens. 

 

A detailed procedure of the bulk experimental process is described in Annex E.  
 

Figure 52 shows the stress-strain curve of Araldite 420 and AV118. The ductility of Araldite 
420 is clear, reaching almost nine percent of failure strain. AV 118 is more brittle presenting 
less plasticity at failure. The yield and failure stress are shown in Table 4. 
 

 

Figure 52 – Stress-Strain curve of Araldite 420 and AV 118 (1 mm/min displacement rate). 

These tests were performed in IFREMER because the author had to travel there under a 
different project, and this way the IFREMER resources were used to the benefit of this work.   

Figure 53 shows the machine where the specimens were tested (bulk and SLJ). The machine 
frame is a 200 kN Roell and Korthaus (Germany), retrofitted to be controlled by Bluehill 
software from Instron (UK). The machine was adapted by IFREMER to work with 
hydrostatic pressure. 
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a) b)  
 

Figure 53 – Experimental testing; a) test machine b) bulk specimen in tensile machine. 

 

The Table 4 gives the yield stress ሺߪ௬ሻ and the failure stress ሺߪ௥ሻ obtained for the two 
adhesives in the tensile tests. 
 

Table 4 - Adhesive tensile yield and failure stresses. 

Adhesive  Yield Stress (MPa)  Failure Stress (MPa) 
AV 118  72 േ 4  73 േ 4 

Araldite 420  33േ 3  38 േ 3 
 

 

With the experimental data (see Figure 52), it is possible to obtain the adhesives Young’s 
modulus (see Table 5). The obtained Young’s modulus compared well with literature results 
[44-46]. 

Since it was not possible to obtain experimental adhesive Poisson’s ratio values, those values 
were obtained from literature [45-46]. 
 

Table 5 - Adhesives mechanical properties. 

Material  Young’s modulus (MPa)  Poisson’s ratio 
AV 108  2950   0.35 

Araldite 420  1950  0.35 
 

When the effect of the volumetric component of the stress is negligible, the shear strength can 
be predicted by the following equation [47], which is derived from the von Mises criterion 
(see Equation 51). 
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߬ ൌ ఙ
√ଷ

                                                                    (51) 
 

Table 6 - Shear yield and failure stresses calculated by von Mises criterion. 

Adhesive  Shear yield stress (MPa)  Shear failure stress (MPa) 
AV 118  42  42 

Araldite 420  19  22 
 

However, unlike metals, polymer behaviour depends on both the hydrostatic and deviatoric 
stress components. The modelling of adhesives is a complex problem that is still under 
development [48-49]. There are three main pressure-dependent yield criteria described in the 
literature. These are the Drucker–Prager [50], the Raghava [51] and the Dolev and Ishai [52] 
criteria. Using the Dolev and Ishai method, the strength in shear can be predicted according to 
Equations 52: 
 

߬ ൌ ఙ
√ଷ

ଶఒ
ሺఒାଵሻ

                                                               (52) 
 

 

λ varies typically between 1.2 and 1.4 [53]. Taking a value of λ of 1.3, the shear stress given 
by Equation 52 are higher than the given by Equation 1 by 13%. The Dolev and Ishai criterion 
is more adequate for polymers than the von Mises criterion. Dolev and Ishai criterion was the 
used to predict the shear stress. 
 

Table 7 - Shear yield and failure stresses calculated by Dolev and Ishai criterion. 

Adhesive  Shear yield stress (MPa)  Shear failure stress (MPa) 
AV 118  47  48 

Araldite 420  22  25 

 

 

 

 

4.2 SLJ specimens 

 

 

SLJ specimens were also manufactured (see Figure 54) with the two types of adhesive 
previously mentioned. The adherend material chosen was an aluminium alloy from the 6000 
series. 
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Figure 54 - SLJ specimen geometry (all dimensions in mm). 

 

Table 8 shows the Young’s modulus and Poisson’s ratio of the aluminium alloy [44] 
 

Table 8 - Mechanical properties of the adherend used. 

Material  Young’s modulus  Poisson’s ratio  Yield Strength ሺ࣌࢟ሻ 
Aluminium alloy   70 GPa  0.3  300 MPa 

 

Tab ends were bonded to the edges to decrease the bending moment caused by the tensile test, 
although in a SLJ geometry it is impossible to have a pure shear stress. This is due to the 
rotation of the joint (see Figure 40). 

To manufacture the SLJ specimens, a steel mould was designed to allow the production of six 
joints at one time (see Figure 56). The mould surfaces were previously covered with mould 
release agent to simplify the removal of the joints; this process is quite similar to that 
described in Annex D. 

The adherends and tab ends were placed in the mould bottom base with the adhesive. 
Subsequent the mould was closed (see Figure 55 ) with the top plate and the cure cycle of the 
adhesive was applied. After the cure of the adhesive the joints were taken of the mould and 
separated. Finally the adhesive excess was removed of the specimens (see Figure 57). 
 

 
Figure 55 - SLJ specimen steel mould bottom base. 
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Figure 56 – Application of the top base of the SLJ mould. 

 

Figure 57 - SLJ specimen. 

A detailed procedure of the SLJ experimental manufacture is described in Annex F. 
 

Figure 58 shows some SLJ being tested. The displacement rate for these tests was 1 mm/min. 
 

a)   b)  
Figure 58 –SLJ specimens testing. 
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5.1 Experimental results 

 

The Table 9 shows the failure load obtained for the two adhesives in the tensile tests. 
 

Table 9 - Results obtained with the SLJ specimens. 

Adhesive  Failure load (N) 
AV 118  4900 േ 310

Araldite 420  7000 േ 455
 

 

Next are shown some images of the failure surfaces after the tests. 
 

 

Figure 59 – AV118 SLJ failure surface. 

 

Figure 60 – Araldite 420 SLJ failure surface.  
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In adhesive joints, three types of failure can occur (see Figure 61); cohesive failure, adhesive 
failure and adherend failure. The first is when the crack failure appears in the adhesive layer, 
the second is when the crack appears in the interface between the adhesive and the adherend 
and the third occurs when the crack appears in the adherend.  
 

a)

 

b)

 

c)

 
Figure 61 - Different types of adhesive joint failure; a) cohesive failure b) adhesive failure c) adherend 

failure. 

 

Though the expected failure was a cohesive failure, it was not apparent macroscopically. To 
confirm the failure type, the surfaces were analyzed in an electronic microscope, located in 
CEMUP (Materials Centre of the University of Porto). This analysis was only possible for 
Araldite 420 specimens. 

The microscope used in CEMUP was the EDAX PEGASUS X4M / FEI QUANTA 400 FEG 
ESEM (see Figure 62) that allows the visualization of the surfaces without any type of coating 
or preparation. 

 

 

Figure 62 - ESEM equipment in CEMUP. 

 

After the ESEM (Environment Scanning Electron Microscope) analysis, the failure mode was 
not clear confirmed (see Figure 63 and Figure 64). Adhesive was almost exclusively found in 
the grooves formed during the surface preparation (see Figure 64).    
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Figure 63 shows the fracture surface of a SLJ specimen, where a piece of adhesive layer can 
be seen, as well as small points of adhesive in the adherend and the grooves caused by the 
sandpaper treatment of the adherends. 
 

 

 

Figure 63 – Fracture surface amplified 100x. 

 

In a more amplified image (see Figure 64), it can be seen the adherend grooves were 
completely filled with adhesive, being a possible indication of a very small adhesive layer in 
the fracture surface. 
 

 

Figure 64 – Fracture surface amplified 1000x. 

 

Without clear confirmation of the failure mode, an XPS analysis (X-ray Photoelectron 
Spectroscopy) was made. To obtain initial reference values, an XPS analysis was done to the 
adhesive (see Figure 65) and the adherend (see Figure 66). Those values were then compared 
with the values obtained in the SLJ failure surface (see Figure 67).  

Aluminium Small points of adhesive 

Adhesive 

Aluminium 

Adhesive 
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Figure 65 shows the most relevant elements present in the Araldite 420 bulk specimen. The 
analysis shows that C (carbon), O (Oxygen) and Si (silicon) are the major constitutive 
elements. 
 

 
Figure 65 - XPS bulk analysis. 

 

Figure 66 shows the major constitutive elements of the aluminium adherends. As expected, 
the analysis detected a large presence of Al (Aluminium). Others elements, like C and O were 
detected but in a very small quantity when compared with Al. 
 

 

Figure 66 - Adherend XPS analysis. 

Finally, an XPS analysis was made to the SLJ failure surface. In The elements present in the 
surface are shown in Figure 67. 

The elements in greater quantity are C, O, Al and Si. This confirms the present of a very thin 
adhesive layer in the failure surface. The presence of Al elements is probably due the reduced 
thickness of the adhesive layer. The XPS analysis detects elements within 4-5 nm of the 
surface specimen, the thickness of the adhesive layer must be less than to 5 nm.  
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Figure 67 - Failure surface XPS analysis. 

After the ESEM and XPS analysis it can be concluded that the failure was cohesive due to the 
presence of a small adhesive layer in the failure surface. 

Another method of preparing the surfaces was attempted for increasing the adhesive layer 
present in the failure surface. The alternative method chosen was chromic acid etching (see 
Annex G). With this method the failure mode was the same (see Figure 68). The difference in 
this case was the increase of adhesive amount in the adherends surface detected in ESEM (see 
Figure 69). The failure load of the etched specimens increased slightly when compared with 
the sanded specimens. 

 
Figure 68 – Failure surface of the etched specimen. 

 

Figure 69 – Failure surface of the etched overlap amplified 100x. 

Adhesive 

Aluminium 
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For the AV 118 specimens this analysis was not done due to financial issues, but in a 
macroscopic view the failure looked identical to the Araldite 420 specimens. The failure 
strengths were very similar to those encountered by others researchers [45]. This fact allows 
us to extrapolate that the AV118 specimens failure mode was also cohesive. To confirm the 
failure, mode an ESEM/ XPS analysis should be done.  

 

 

 

 

 

 

 

5.2 Joint strength prediction 

 

 

The experimental results presented here and others taken from the literature [7] were used to 
assess the closed-form models implemented in the software. 

 

The following conditions were used: 
 

Table 10 - Summary of the aspect consider by the software. 

Materials 
Adherend 
behaviour 

Adhesive 
behaviour 

Adherend 
properties 

Geometry 
consider 

Applied  
force 

AV118  Elastic  Elastic/Plastic  Isotropic  SLJ  Traction 
Araldite 420  Elastic  Elastic/Plastic  Isotropic  SLJ  Traction 
 

The adhesive behaviour type is the only difference between the experimental specimens. For 
the AV 118 specimens the chosen behaviour was elastic because AV 118 is an adhesive with 
reduced ductility. For Araldite 420 specimens the chosen adhesive behaviour was plastic 
because Araldite 420 is a ductile adhesive. 

The models selected were the Volkersen, Goland and Reissner, Hart-Smith and Adams. A 
comparison between these models was made to discuss the ones that better predict the failure 
load in the two experimental cases. 
 

Table 11 shows the software input data for the joint geometry used in the experimental tests. 
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Table 11 – Geometry and adherend properties input data. 

Variable Value 
 Geometry window 

Adherend 1 thickness (mm) 2 
Adherend 2 thickness (mm) 2 
Adhesive thickness (mm) 0.5 
Overlap length (mm) 12.5 
Width (mm) 24.8 

 Material window 
 Adherend 1 Adherend 2 

Young’s modulus (GPa) 70 70 
Poisson’s ratio 0.33 0.33 
Yield stress (MPa) 300 300 

 

Table 12 shows the software input data for the adhesive properties (Araldite 420 specimens 
and AV 118 specimens) 
 

Table 12 – Adhesive properties input data 

Variable Value 
 Material window 
 AV 118 adhesive Araldite 420 adhesive 

Young’s modulus (GPa) 2950 1950 
Poisson’s Ratio 0.35 0.35 

Yield stress (MPa) 47 22 
Failure stress (MPa) 48 25 

 

Figure 70 shows the experimental results and the model predictions in terms of failure load 
for the AV 118 specimens.  
 

   

Figure 70 - Comparison between the experimental data and the model predictions for AV118 specimens. 

The models that predict a failure load near the obtained experimental values were those that 
consider the adhesive elastic behaviour in their analysis, except for the Volkersen’s model. 

The Volkersen’s model does not take into account the rotation of the SLJ, which increases the 
predicted failure load compared with the other elastic models. 
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Figure 71 – Error comparison between the models predictions and the experimental results of AV 118 
specimens. 

The error between the predictions and the experimental values are relatively large, mainly due 
to the fact that the elastic models consider that the SLJ specimens failure load increases with 
the adhesive thickness, which in practice is not true. 

The elastic models predict the failure load with more accuracy for joints that have a thin 
adhesive layer, approximately 0.1-0.3 mm. These values are the most used in practice because 
they allow for greater joint strength. It can be concluded that with brittle adhesives, SLJ 
specimen’s failure load can be predicted using the models that consider the adhesive 
elasticity, being this prediction more accurate for joints that have a thin adhesive layer. 

Figure 72 shows the comparison between the failure load prediction of the elastic models and 
the experimental values obtained in literature [7]. It can be seen that the increase of the 
adhesive thickness leads to an increase of the predicted failure loads. However, in practice 
this does not happen. The predicted failure load deviates from the experimental results as the 
adhesive thickness increases. 
 

 
 

Figure 72 – Influence of the adhesive thickness in the failure load prediction of the elastic models. 
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Next is shown the input data used to obtain the results shown in Figure 72. 
 

Table 13 shows the geometry and the adherends properties (high-strength steel) input data. 

 
Table 13 - Geometry and adherends properties input data. 

Variable Value 
 Geometry window 

Adherend 1 thickness (mm) 2 
Adherend 2 thickness (mm) 2 
Overlap length (mm) 25 
Width (mm) 25 

 Material window 
 Adherend 1 Adherend 2 

Young’s modulus (GPa) 210 210 
Poisson’s ratio 0.33 0.33 

 

Table 14 shows the software input data for the adhesive properties.  
 

Table 14 – Adhesive properties input data 

Variable Value 
 Material window 
 Hysol 9321 adhesive 

Young’s modulus (GPa) 3870 
Poisson’s Ratio 0.35 

Shear Yield stress (MPa) 25 
Shear Failure stress (MPa) 33 

 

 

Figure 73 shows the experimental results and the model predictions in terms of failure load 
for Araldite 420 specimens.  
 

 

Figure 73 - Comparison between the experimental data and the model predictions for AV118 specimens. 
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In the Araldite 420 case, only the models that consider adhesive plasticity compare well with 
the experimental values. Due to the large ductility of Araldite 420, it has a different behaviour 
than an elastic adhesive. The plasticity of the adhesive causes a stress redistribution along the 
overlap using the less stressed parts of the overlap. The joint strength thus increases in 
relation to an adhesive with no ductility, where only the ends of the overlap work.  
 

 
 

Figure 74 - Error comparison between the model predictions and the experimental results of Araldite 420 
specimens. 

 

It can be concluded that with ductile adhesives, SLJ specimen’s failure load can be predicted 
using the models that consider adhesive plasticity. 

 

When the adherends yield, the only implemented model capable to predict the failure load is 
the Adams’ model. Comparison with experimental values [7] shows that the Adams’ model 
for adherend plasticity predicts well the failure loads (see Figure 75). 

 

 

Figure 75 – Comparison between the literature experimental values [7] and the Adams’ model prediction. 
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Next is shown the input data used to obtain the results show in Figure 75 
 

Table 15 shows the geometry and the adherends properties (mild steel) input data-  

 
Table 15 - Geometry and adherends properties input data. 

Variable Value 
 Geometry window 

Adherend 1 thickness (mm) 1.6 
Adherend 2 thickness (mm) 1.6 
Adhesive thickness (mm) 0.2 
Width (mm) 50 

 Material window 
 Adherend 1 Adherend 2 

Young’s modulus (GPa) 210 210 
Poisson’s ratio 0.33 0.33 
Tensile Yield Stress (MPa) 270 270 

 

 

Table 16 shows the software input data for the adhesive properties.  
 

Table 16 – Adhesive properties input data. 

Variable Value 
 Material window 
 AV 119 adhesive 

Young’s modulus (GPa) 3050 
Poisson’s Ratio 0.35 

Shear Yield stress (MPa) 49 
Shear Failure stress (MPa) 49 
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6.1 Conclusions 

 

 

 

After performing this work it is possible to conclude that there are several closed-form models 
in the literature but they are scattered and not ready to use.  

Most of the models are applicable to single and double lap joints. However, the model of 
Bigwood and Crocombe can be used for any type of joint that contains a sandwich joint. 
Elastic and plastic analyses, whether in the adhesive or in the adherend, can be carried out. 
Isotropic and composite materials can also be studied. 

The implementation of a closed‐form model can take some minutes to several hours, 
depending on the complexity of the model.  

The development software solve this problem due this user-friendly interfaces, which allows 
almost anyone to work with the software, requiring a minimal knowledge about the subject. 

Once the software is fully completed the software will be able to predict the joint strength in 
practically all situations, covering isotropic and anisotropic materials, elasticity and plasticity 
of the adherends and adhesive and several different type of joints analysis, such as SLJ, DLJ, 
sandwich joint,T-joint, corner joint and tubular joints. 

The closed-form models consider cohesive failure. The experimental failures were cohesive, 
as was confirmed in the ESEM / XPS analysis, which allowed to do a comparison between 
the experimental and the software results. 

It can be concluded that with brittle adhesives, joint failure load can be predicted using the 
models that consider the adhesive elastic, but only for thin adhesive layer thickness. For thick 
layers this is not valid because the predicted loads diverge significantly from the experimental 
values. 

For ductile adhesives, it was found that the models that consider adhesive plasticity are better 
suited to predict the failure load of the adhesive joint. 

Adams’ model can predict well the failure loads of joints where the adherends yield.  
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6.2 Future work 

 

 

 

 

The creation of a software of this kind is a very long and meticulous process. To fully develop 
this software it would take several years. 

As future work, a bug kill process of the development software can be performed, increasing 
its robustness and efficiency. The models under implementation (Frostig and Bigwood and 
Crocombe non-linear) should also be fully completed.  

Other improvement possibilities are the implementation of more closed-form models, 
covering a wider scope of application analysis (more geometries and situations), and 
compiling the software in order to be a stand-alone executable program, not requiring the pre 
installation of MATLAB. 

Modifications can also be done to some of the already implemented models, to include in the 
analysis the effect of temperature on the properties of the adhesive. 
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Annex A – Finite Elements Packages 
 

Name  Supplier  Application  Features 

ABAQUS 
SIMULIA, Dassault 

Systèmes 

• General purpose FE program 
• Linear, non‐linear and coupled analysis 
• Large materials model library 

• Anisotropic material models in all elements 
• 2‐D and 3‐D plate/shell and solid elements 
• Temperature and strain‐rate dependence of properties 
• Fracture mechanic/ crack propagation analysis 
• Maximum stress and strain, Tsai‐Hill, Tsai‐Wu, Azzi‐Tsai‐Hill and user 

defined failure criteria 

ANSYS 
Swanson Analysis 

System Inc. 

• General purpose FE program 
• Non‐linear analysis (non‐composite applicable) 
• Pre‐ and post‐processing 

• Isotropic and orthotropic material properties 
• 2‐D and 3‐D plate/shell and solid elements 
• Laminated shell elements 
• Crack‐tip solid and thick‐shell elements 
• Maximum stress and strain, Tsai‐Wu and user defined failure criteria 

LUSAS  FEA Ltd. 
• General purpose FE program 
• Linear and non‐linear analysis 
• Static, creep, fatigue and dynamic analysis 

• Plate/shell and solid elements 
• 2‐D and 3‐D interface elements 
• Laminate analysis/Hashin damage model 
• Delamination elements for fracture mechanics 
• Fatigue analysis of structural components 
• Tsai‐Hill, Hoffmann, Hashin, Tsai‐Wu failure criteria 

COSMOS 
Structural 
Research& 

Analysis Corp. 

• General purpose FE program 
• Linear and non‐linear analysis 
• Static and dynamic analysis 
• 2‐D and 3‐D structural and thermal models 

• Plate/shell and solid elements 
• Delamination elements for fracture mechanics 
• Fatigue analysis of structural components 
• Tsai‐Hill and Tsai‐Wu failure criteria 

NASTRAN 
MacNeal‐ 

SchwendlerCorp. 

• General purpose FE program 
• Static and dynamic analysis 
• Linear and non‐linear analysis 
• Pre‐ and post‐processing by PATRAN 

• Plate/shell elements ‐ allowance for orthotropic temperature dependent 
properties 

• Ply stresses 
• Tsai‐Hill, Hoffmann and Tsai‐Wu failure criteria 

NISA 
Engineering 
Mechanics 

Research Corp. 

• General purpose FE program 
• Linear, non‐linear and coupled analysis 

• Solid and thick‐shell elements 
• Laminated shell elements 
• In‐plane and interlaminar stresses 
• Maximum stress and strain, von Mises, Tsai‐Wu, delamination failure 

criteria 
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Annex B – Araldite 420 Manufacture Data Sheet 
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Annex D - Procedure for the Preparation of the Adhesive Bulk Mould 
 

 

 

1) Dismantle the mould with the help of a hexagonal key. 
 

 

Figure D 1 – Mould dismantle. 

 
 

2) Remove all adhesive remnants with the aid of an aluminum scraper or sandpaper. 

 

Figure D 2 – Adhesive removal. 
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Figure D 3 – Adhesive removal with sandpaper. 

 

3) Sand and clean with acetone all parts of the mould that are in contact with the 
adhesive, cleaning the mould release agent in the mould. 

 

Figure D 4 – Acetone mould cleaning. 

 

4) Heat the mould parts at 50°C for approximately 10 minutes. 

 

Figure D 5 – Mould parts heating. 
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5) Apply the mould release agent on the surfaces in contact with the adhesive. The 
toxicity of the mould release agent should be remembered and any application with the 
mould release agent should be done with the air suction on and with the suction 
devices always below the user head level. 
 

 

Figure D 6 – Mould release agent application. 

 
 

6) Repeat steps four and five at least one time. 
 

7) Assemble the mould with the help of a hexagonal key. 
 

 

Figure D 7 – Mould assembly. 

8) Place the silicone frame into the mould, taking care that the frame is perfectly seated 
in the mould base. 

 

Figure D 8 –Silicone frame placement. 
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Annex E - Bulk Procedure 

 
1) It is necessary to obtain the density/specific gravity of the adhesive, through the 

manufacturer catalog.  

 

Figure E 1 – Manufacturer data sheet. 

 

2) After the adhesive density is obtained, it is required to calculate the adhesive volume 

necessary to fill the mould. 

 

 

 

 

Length 

Width 

Figure E 2 – Mould dimensions.
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Figure E 3 - Mould height. 

 

 

The volume is given by: 

௠ܸ௢௨௟ௗ ൌ ݐ݄݃݊݁ܮ כ ݄ݐܹ݀݅ כ  [m3]             ݄ݐ݃݅݁ܪ

 

 

3) With the volume known, the adhesive mass can be calculated by: 

௔ௗ௛௘௦௜௩௘ߩ ൌ
௠ೌ೏೓೐ೞ೔ೡ೐
௏೘೚ೠ೗೏

 [kg/m3] 

 

 

Manipulating the expression we obtained: 

 

݉௔ௗ௛௘௦௜௩௘ ൌ ௔ௗ௛௘௦௜௩௘ߩ כ ௠ܸ௢௨௟ௗ     [kg] 

 

The adhesive mass has to be approximately 5% more that the calculated previous, due to 

measurement deviations. 

 

Height 
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4) Place in the scale a clock glass. 

 

Figure E 4 – Clock glass in scale. 

 

5) Tare the scale with the clock glass on. 

 

Figure E 5 – Scale taring. 

 

6) Slowly add the adhesive mass previously calculated using a spatula. 

 

Figure E 6 – Adding adhesive to the scale. 
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Figure E 7 - Adhesive weighting. 

7) Put the adhesive in the mould with a spatula, having in attention the amount of 

adhesive that is retained in the spatula and the clock glass. 

 

Figure E 8 –Adhesive application into the mould. 

 

8) Place the top mould part carefully so that the adhesive remains in the mould.

 

Figure E 9 – Closed mould. 
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9) Place the mould in the press. 

 

Figure E 10 – Mould in press. 

 

10) Apply the adhesive cure cycle.   

 

Figure E 11 – Adhesive tin. 

11) After finishing the cure cycle, cool the mould with the use of water, opening the tap in 

the wall.  

 

Figure E 12 – Cooling water tap. 
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12) Remove the mould from the press and with the help of a hexagonal key remove the 

top mould plate. 

 

Figure E 13 – Opening of the mould. 

 

Figure E 14 – Removing the top plate. 

13) Disassemble the mould with the help of a hexagonal key. 

 

Figure E 15 – Mould disassembly. 
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14) Remove the silicone frame. 

 

Figure E 16 –Silicone frame removal. 

15) Remove the adhesive plate. 

 

Figure E 17 – Completed adhesive plate removal. 

16) Wrap the adhesive plate in aluminium foil and put the plate in the desiccator, avoiding 

that the adhesive properties change with the contact with the air humidity. 

 

Figure E 18 –Wrapping the adhesive pate in aluminium foil. 
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Figure E 19 - Storing the adhesive plate. 

 

17) Finally the plate is sent to the workshop to be machined.  

 

Figure E 20 - Bulk specimen completed.
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Annex F - SLJ Procedure 
 

 

 

1) Ensure that the mould has a mould release agent layer thick enough to avoid bonding 

between the specimen and the mould (glossy surfaces indicate that they no longer have 

mould release agent). 

 

Figure F 1- SLJ bottom base. 

 

2) Apply the surface treatment to the overlap length and wedges. This treatment can be 

sanding, etching or other. 

 

Figure F 2 – Sanded aluminium adherends. 
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Figure F 3 – Adherends etching process. 

 

3) Place the tab ends, adherends and spacers in the mould. 

 

Figure F 4 – Adherends placement. 

 

Figure F 5 – Spacers placement. 
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Figure F 6 – Tab ends placement. 

 

4) Weight and mix the adhesive, if necessary. 

 

Figure F 7 – Adhesive weighting. 

 

Figure F 8 –Adhesive mixture. 
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5) Place a generous adhesive quantity in the middle of the overlap length and in the 

middle of the tab ends bonding area. Do this with the help of a spatula. 

 

Figure F 9 – Adhesive application. 

6) Place the remaining adherends, spacers and tab ends. 

 

Figure F 10 – Adherends placement. 

 

Figure F 11 - Tab ends placement. 
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7) Place the top mould base. 

 

Figure F 12 – Top base placement. 

 
8) After the adhesive cure cycle is completed, remove the top mould base and the pins 

from the bottom mould base to easily remove the specimens. 

 

Figure F 13 – Mould pin removal. 

 

 

9) After removing the specimens, put the pins back in the bottom base with the help of 

the hammer. 



Annex F –SLJ Procedure 

 

111 

 

Figure F 14 –Mould pin replacement. 

 

10)  The specimens are generally bonded together. It is necessary to separate them with a 

fine saw. 

 

Figure F 15 – Specimens separation. 

 

11)  After all the specimens are separated, the adhesive excess must be removed. Remove 

most of the adhesive with a large woodworking file and when close to the adherends 

use a smaller woodworking file. 
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Figure F 16 – Adhesive removal with a large woodworking file. 

 

Figure F 17 - Adhesive removal with a small woodworking file. 

12)  Remove the spacers. 

 

Figure F 18 – Spacers removal. 
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13)  Sand the areas were the test machine will hold. 

 

Figure F 19 – Tab ends sanding. 

14) Wrap the adhesive plate in aluminium foil and put the plate in the desiccator, avoiding 

the change of adhesive properties from contact with air humidity. 

 

 

Figure F 20 – Specimens aluminium foil wrapping. 

 

Figure F 21 - Desiccator
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Annex G - Chromic acid etching procedure 
 

1) Fill a glass vat with chromic acid. 

   

Figure G 1 – Glass tin with chromic acid. 

 

2) Heat the acid up to about 70 °C. 

 

Figure G 2 – Acid heating process. 

3) Make a support with adhesive tape and make a hole in the middle. 

 

Figure G 3 – Adherends with adhesive support tape. 
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Figure G 4 – Hole making process for adhesive support. 

 

4) Hang the adherends equally spaced in the support bar. 

 

Figure G 5 – Adherends hanging. 

 

5) Put the adherends in the acid for approximately 15 minutes. 

 

Figure G 6 –Etching process. 
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6) Clean the acid from the adherends with tap water. 

 

 

Figure G 7 – Adherends acid cleaning. 

 

7) Remove the adhesive tape supports of the adherends. 

 

Figure G 8 – Adhesive tape removal. 

 

8) Clean the adherends overlap length with distilled water, ensuring a complete cleaning 

of the adherends surfaces. 

 

Figure G 9 – Adherends cleaning with distilled water. 
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9) Dry the adherends with a hair dryer to avoid contamination of the surfaces with paper 

or cloth remains. 

 

Figure G 10 – Adherends drying. 

 

 


