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Abstract

How to predict the mechanical proerties of a
composite structure assembled with a metal structure

Mubarak Ali

  Adhesive joints are used extensively in the automotive industry. 
There are many ongoing studies on the area of application of joining 
composite to other material using adhesive joints. In this study,
an analysis of mechanical behaviour of composite single lap-joint 
(SLJ) for carbon fibre reinforced polymer (CFRP) assembled with steel 
is presented and the analyses are divided into three phases.
 
  The first phase consists of a parametric study on a SLJ using 
Volkersen analytical model (AM), which is the effect of adhesive 
thickness and overlap length of the SLJ under tensile load. It was
found that with increasing the adhesive thickness the final peak load 
(strength of the joint) increases. The peak load also increases with 
increasing the overlap joint, but the limit value for the overlap 
length varies for different adhesive thickness. For example for the 
case of adhesive thickness of 0.5 mm, the curve reaches to its 
plateau with overlap length of 40 mm. It was also observed the 
increase of adhesive thickness leads to decrease of maximum shear 
stress at the edges of the single lap joint, but it increases as it 
approaches the middle of the overlap length.
 
  Phase two of this study consist of a shear stress comparison with 
the Volkersen AM with the finite element model (FEM) using ANSYS 
Parametric Design Language(APDL) software. The purpose of this 
comparison was to validate the AM. It was found that the AM has a 
good agreement with the numerical-model (NM). However, the shear 
stress from the AM at the edge is a little higher than the NM, this 
is because the analytical method only takes into account the shear 
stress in one direction but the NM also takes into account the normal 
shear stress in the other direction.
 
  Phase three of this study consists of an experimental analysis of 
SLJ mechanical behaviour due to the change in temperature of 180 
degrees and change in adhesive thickness and also a comparison with 
the NM. Three adhesive thickness 1, 0.5 and 1.5 mm were tested. 
Different boundary conditions (BC), namely as with frame and fixed BC 
are tested for NM. The one with frame BC is to compare with 
experimental setup and the fixed BC is the equivalent to Volkersen’s 
geometry. Both experimental and numerical results, show that the 
relative deformation of the SLJ decreases with the increase of the 
adhesive thickness. Although the experimental values were much lower 
than the numerical one, they agree well with the numerical result in 
term of trend of relative deformation. In experimental analysis, it 
was found that increasing the adhesive thickness from 0.5 mm to 1.5 
mm decrease the relative deformation from 7.8% to 5.3%. It was 
concluded that increasing the adhesive thickness decreases the 
stiffness of the joint and allows more thermal movement in the joint.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

  Den största utmaningarna i dagens bilindustri är att utforma lätta energieffektiva och säkra fordon
för transport. Användningen av limfogar, förutom att minska den totala vikten, har också väckt
intresset hos bilkonstruktörer eftersom det kan förbättra säkerheten under en bilolycka. Volvo Cars
har också insett behovet av implementering av blandningsmaterial i deras bilkroppar för att
ytterligare minska vikten på sina produkter. Idag är de flesta av deras bilkroppar tillverkade av stål
monterat med aluminium. Ett annat material som används i bilkroppen är kolfiberarmerad polymer
(CFRP). För att kunna montera CFRP med andra material så som stål, används lim och skruvar.
Målet är att byta ut aluminium och stål plottar med CFRP eftersom CFRP väger väldigt mindre och
är lika stark som stål. Dock det uppstår bucklor i fogen som efter härdningen som i sin tur leder till
problem. I Volvo Cars finns det många pågående studier om hur termisk förändring orsakar
deformation i produkterna, i dagens biltillverkningsprocess passerar bilkroppar fortfarande genom
härdningsugn med temperatur upp till 200°C. En av studierna handlar om reservhjulets
golvpaneler, där stålpaneler måste monteras med den omgivande strukturen gjord av
aluminium/CFRP. Olika värmeutvidgningskoefficient av stål/aluminium/CFRP leder till bucklor
av bi-material.

  I detta projekt introduceras studiet av termomekaniska egenskaper hos enkel överlappsfog (SLJ)
för stål monterat med CFRP. SLJ är en av de enklaste modellerna av limfogarna. I denna modell
antas det att endast limmet deformeras under spänning men vidhäftningarna förblir styva. Det finns
många pågående studier om påverkan av materialegenskaper och geometri. Fogens hållfasthet är
emellertid fortfarande problematisk eftersom det involverar många olika parametrar, utöver
materialegenskaper inklusive andra faktorer som överlappningslängd och limtjocklek, vars
inverkan är svår att kvantifiera.

   Den analytiska modellen visade en ökning av den slutliga toppbelastningen (fogens hållfasthet)
med ökning av både limtjocklek och överlappningslängd. Toppbelastningen ökar också med att
öka överlappningslängden, men ökning av överlappningslängden på andra sidan ökar den
maximala skjuvspänningen vid fogens kanter.  För det lim tjocklekarna som beaktats i denna studie
(0,5 mm, 1 mm och 1,5 mm) minskar den maximala skjuvspänningen vid SLJ-kanterna med
ökningen av lim tjockleken men den ökar när den närmar sig mitten av överlappningslängden.

  Både experimentella och numeriska resultatet visade att den relativa deformationen av SLJ
minskar med ökningen av limtjockleken. Ökning av limtjockleken minskar fogens styvhet. Stora
skillnader mellan styvheten hos olika material tillåter mer relativ rörelse utan att det uppstår
sprickor. Spänningar i fogen minskar vilket i sin tur gör att vi kan undvika bucklor i fogen efter
härdningen, och det är vad företagen som Volvo är intresserade av. Enligt den aktuella studien ökar
SLJ: s maximala skjuvspänning med ökande överlappningslängd men minskar med ökande
limtjocklek. För Volvo Cars betraktas limtjockleken 1,5 mm som den bästa tjockleken, eftersom
den högsta reduktionen av skjuvspänningen och deformationen uppnås med limtjockleken (1,5
mm).
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1. Introduction

   The biggest challenges in today's automotive industry is designing lightweight energy efficient
and safe vehicles for transportation. One of the biggest demands is to lower fuel consumption and
car emissions. There are many ways to reduce fuel consumption. One way is to reduce the weight
of the vehicle without compromising strength or safety. The weight ration of the main components
(excluding the powertrain) in a regular automobile is shown in Figure 1. In this figure, it can be
seen that about 30 % of the total weight is covered by the body-in-white (BiW) parts. Therefore,
in order to reduce the car weight, the potential focus from the point of view of sheet metal forming
is on reducing sheet thickness by maintaining or even improving the car’s body strength. The use
of adhesive joints in addition to reducing the total weight has also aroused the interest of new car
designers since it can improve the safety during a car accident.

Figure 1: Weight ration of various vehicle components (Tisza & Czinege, 2018).

   One of the most common materials used for manufacturing is steel, thanks to its good mechanical
properties and its reasonable price. The vehicle body structure is often made up of beams with a
rectangular cross section (Figure 2), which are joined together using different joining techniques.
There are many studies in process in order to develop effective hybrid joints for joining different
types of materials (metal and composite). Adhesive joints are supposed to withstand chemical and
mechanical loads better than welding technique.

Figure 2: Adhesive joint with rectangular cross section
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   Adhesive joints are one of the methods which have been developed to design mechanical
structures in the automotive industry. These joints are not only used to achieve higher strength but
have been in the interest of the automotive industry due to their simplicity of design and production.
The development of adhesive properties and potential has encouraged the automotive industry to
use the adhesives in combination with spot welding. Adhesive joints in the automotive industry
made it possible to overcome the limitations of spot welding (Alfredsson & Högberg, 2007).
Among the benefits of the adhesive joints, one can mention the increase in fatigue life and bond
strength. This is due to the stress distribution at the interface between the joints. In addition, another
prominent feature of these types of joints is bonding different materials, for example bonding
composite materials together with metals in the car body.

Background
While there are many challenges with joining of mixed materials and their differences in thermal

expansion, BMW has succeeded in this type of joints in the 700 series model and has replaced
many of its steel parts with CFRP and aluminium (Paul Janiak et al., 2019). Volvo car has also
realized the need for implementation of a mixture materials in their car bodies to further reduce the
weight of their products. Today, the most of their car bodies are made of steel assembled with
aluminium. Larger aluminium sheets have not yet been implemented on a larger scale in
production, this is because there are many challenges regarding joining methods.  For example one
of the challenges is the handling of geometrical changes of the joint due to differences in thermal
expansion between aluminium and steels. In Volvo cars there are many ongoing studies on how
thermal change causes deformation in the products, because in today's car manufacturing process
BiW still passes through curing oven with temperature up to 185 ° C (Paul Janiak et al., 2019).

One of the studies is about the spare wheel house floor panels, which is one of the largest floor
panels in the rear floor structure. The rear floor structure and the unloaded spare wheel housing
panel is demonstrated in Figure 3. In connection with implementing larger aluminium panels, the
size of a spare wheel housing is one of the challenges since the steel panels need to assemble with
the surrounding structure which is made by the aluminium/CFRP.

Figure 3: (a) Rear floor of Volvo V90, (b) Spare wheel housing detached from the rear floor(Paul Janiak et al.,
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2019).

                 During the studies many research issues are studied. Questions such as, which joining methods
are best for joining mixed materials with adhesive? Could the difference in thermal expansion
between aluminium and steel be a problem during production and cause major differences in the
final geometry? Can this be modelled experimentally? What solutions are there to deal with these
problems? Can simple models be created to help designers to implement mixed materials in
BiW?(Paul Janiak et al., 2019)

               In order to answer these research questions, experimental models combined with NMs for the
application of the joining method were studied in parallel with the effect of the difference in thermal
expansion coefficient between aluminium and steel. When a two joined flat panels is heated, it
bends like a bi-metal because one metal expands more than the other. In the case of spare wheel
deformation, both experimental and numerical were evaluated, Figure 4 shows results from the
experimental and NM.

(a)                                                                       (b)

Figure 4: Buckling (deformations) due to mismatch of thermal expansion coefficient for aluminium and steel (a)
experimental, (b) NM.

  Finding a suitable joining method to assemble these materials together and reducing the wrinkling
effect is one of the challenges for companies like Volvo Cars.  In view of the fact that the choice
of joining method and configuration has an important impact on the outcome.  If two material is
joint to each other and gets heated, they will bend like a bi-metal. Since the change in temperatures
from 24°C to 185°C causes shear stress along the joint and subsequently to deformation of the
joint. It is necessary to analyse the joining method before one could suggest the method as a suitable
method for joining different material to each other. One way is to obtain the stress distribution and
the loads that cause the stresses. Many analytical methods have been introduced to evaluate the
shear stress distribution for the numerical and experimental methods, based on the solution of
numerical modelling.

  In this project, the study of thermomechanical properties of SLJ (Figure 5) for steel assembled
with CFRP is introduced. The SLJ is one of the simplest models of the adhesive joints. In this
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model, it is assumed that only the adhesive is deformed under tension but the adherends remain
rigid. There are many ongoing studies into the influence of the material properties and geometry.
However, the strength of the joint is still problematic because it involves many different
parameters, in addition to material properties including other factors such as overlap length and
adhesive thickness, the impact of which are difficult to quantify (Lorena M. et al. 2019). In much
research overlap length is considered to be the most important effect on the strength of the SLJs
(Da Silva et al. 2009; Xu & Wei, 2012). Increasing the overlap length increases the lap shear
strength of the joint. Many studies show that the SLJ strength decreases as the adhesive layer gets
thicker (Banea et al. 2015; Castagnetti et al. 2011; Silva et al. 2006). There are many arguments
postulated explaining the influence of adhesive thickness. Da Silva (2006) shows that SLJ strength
increased with thinner adhesive thickness and tougher adhesive.

Figure 5: Configuration of single lap joint.

   In this project the impact of the adhesive thickness and overlap length on shear stress distribution
and the strength of the SLJ for three different adhesive thickness of 0.5, 1 and 1.5 mm is analysed.
The proposed model is analysed using Volkersen’s solution and the result was verified numerically
using ADPL. The effect of adhesive thickness were also verified experimentally. The goal is to
minimize the shear stress distribution at the edge of the joint and reducing unwanted deformation.
A curing temperature of 200°C in 20 minutes was proposed by Volvo Cars.

The project will be carried out at Uppsala University. The project will consist of literature studies
and, visiting VOLVO cars at Gothenburg for collecting more data, structure analysis using a
computer program ANSYS.

Aim
The aim of this study is to develop or find an AM, using the theoretical analysis related to the

buckling (deformation) causing by temperature. Performing a parametric/dimensional study of the
AM and verifying the AM by using FEM. Predicting deformation and load behaviour of the
adhesive joint of a mixed material structure. Comparing the numerical predictions with
experimental results and design strategy to control unwanted deformations.
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Goal

  The goal is to virtually predict deformation and load behaviour of the SLJ for CFRP assembled
with steel.  Finite element simulations of thermal deformations of SLJ.  Predicting unwanted
deformation due to a change in temperature experimentally.

2. Literature study of adhesive joint 

  Today adhesive joints are widely used and are increasingly being used instead of traditional mechanical
joints and adhesive joints are found in many applications with different material configurations. The
traditional mechanical structural joining as well riveting, bolting and other mechanical fastening with
welding or soldering are yet preferable because of the simplicity and ability to separate, when it comes to
joining materials (whether metal or composite) to each other. But when mechanical or thermal load is
applied to the mechanical joints, due to stress concentration, there will occur local damage at the screw hole.
This causes the structural failure of the joining and compromises the integrity of the assembled structure.
The adhesive joint is desirable for the following reasons compared to other typical joining methods due to
its advantages. Advantages and disadvantages of using the adhesive joints is shown in Table 1.

Table 1 Advantages and disadvantages of adhesive joints

Advantages Disadvantages
· It is often possible to use thinner materials

which reduce weight and cost
· The number of manufactured parts can be

reduced (removing bolts and nuts etc.).
· Fastening in large-scale can be made with

less workforce and without many expertise.
· Higher strength to weight ratio
· Better aerodynamic and hydrodynamic due

to a flat surface.
· Good sealant and good corrosion resistance
· Excellent electrical and thermal insulation.
· Fatigue life and strength increase
· Thermal movement occur without causing

any deformation

· Surface preparation of the adherends
requires accuracy and experience.

· Mixing and curing requires long time.
· Hard to disassemble the joint parts.
· The jointed parts are needed to hold

together during the curing time.
· High temperature can affect the strength

The most important limiting factor in using adhesive joints is their lower mechanical strength than other
joints. The bond strength can be considerably improved by surface operations on adhesions. Formation of a
suitable surface is the most important step in the surface preparation process due to the surface integration
directly affects the strength of the bond.
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Theoretic background
Type of joints

There are various types of adhesive bonded joints being utilized in today's technology. An
overview of the most common types shows in Figure 6. Depending on the load case it needs to
cope with, the type of adhesive joints used can vary. Corner and T-joints, for instance, are most
efficient and therefore also most commonly used in aircraft tails. The strength level of the bonded
joints can alter depending on different important factors, one very important one being the
adherend- and adhesive thickness. The adherend thickness is of crucial importance as the critical
thickness determines whether failure does or does not occur in the adherend joint and thereby also
the adhesive joint. In the case of adhesive thickness, experiments suggest that a thickness between
0.1 - 0.2 mm give the best results in terms of maximum joint strength(Gleich, Van Tooren, &
Beukers, 2001).

Figure 6: Different type of adhesive joints (Noorman, 2014)

The most commonly used type of adhesive bonded joint is the Single Lap Joint (SLJ), mainly
due to economic and manufacturing reasons.

Advantages of SLJ’s are that they are easy to produce, inspect and to analyses. A problem,
however, is its strength prediction as it involves many aspects such as overlap length and adhesive
thickness, whose influence can be hard to assess(Razavi, Berto, Peron, & Torgersen, 2018).

Effect of adhesive thickness
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How adhesive thickness affects the bonding strength of the adhesive joints is still not completely
understood, therefore there are many ongoing studies in this area of application. It is known that
joints with thinner adhesive thickness (0.05–0.5 mm) give the highest strength. Adhesive thickness
of about 0.2 mm is used more generally, because in many practical cases thin layer (0.05-0.2 mm)
are difficult to achieve. The effect of adhesive thickness on failure load for a scarf joint is studied
by Gleich, he found that the maximum strength is around 0.1 mm (Gleich et al., 2001). In aerospace
structures usually thin adhesive layer and in the automotive industry thicker adhesive layer are
used. The simplicity of manufacture and sealing role are the main reasons for the use of thicker
adhesive layer in the joints. When it comes to design, it is important to quantify the effect of
thickness. Experimental results show that higher thickness decreases joint strength while
theoretical analysis shows the opposite. The results for FEM are believed to be more correct,
therefore an incorrect trend is predicted in other theories (Gleich et al., 2001).

In the literature there many different hypotheses explaining the effect of adhesive thickness, in
some studies theoretical analysis show increase of strength with increase of adhesive thickness,
whereas experimental results show the opposite(Silva et al., 2006). Many researchers have
proposed different theories to explain this deviation, but more experimental tests are needed to
understand the influence of all variables.
After an extensive literature review some of the most important hypothesis are the following:

  Volkersen in (1938), for the first time, proposed a simple shear model to analysing adhesive-
bonded SLJ with the assumption that the adherends deforms only in tension and the adhesive is
only in shear and both stresses are constant through the adhesive thickness, because they are
considered elastic and not rigid (Mittal, 2002, bk. 192). Volkersen’s solution does not reflect the
effects of the adhesive bending and shear deformations that are significantly important for
composite adherends with low transverse and shear strength. A closed-form solution (CFS) to the
problem which is easy to drive. An advantage of this solution is that non-symmetrical joints can be
analysed. Whoever, neglecting the effect of the bending limits the usefulness of this method.
Goland and   Reisner (1944) took into account to the bending effect of the adhesive and the effect
of the peel stress, as well as the effect of the shear stress, of the adhesive layer in the SLJ (Yuqia
Zhu  &   Keith Kedward, 2005). Algebraic solutions for this method is available. In both method
the strength of adhesive joint increase with increase in adhesive thickness.

   Adams and Peppiat, analysed SLJ as a three-dimensional problem rather than two-dimensional.
They explain the reduction of joint strength with increasing adhesive thickness by the fact that
thicker bondline contains more defect such as voids and microcracks (Adams & Peppiatt, 1974).
Due to their assumption the only reason for this behaviour is the porosity and the number of
microcracks in the adhesive. For example, porosity can be the air voids in the adhesive and
microcracks are considered cracks caused during curing. Since thicker adhesives contain more
voids and microcracks, there is greater probability that the failure occurring earlier. This hypothesis
is not valid due to difficulties in counting the exact number of voids and microcracks in an adhesive
layer. There is no CFS to the problem but an approximate analytical solution is provided.

Crocombe (1989) used the deformation theory of plasticity to prove that the strength of the SLJ
decrease as the adhesive thickness increases. His assumption is based on the fact that the adhesive
layer deforms plastically faster in a higher thickness than a thinner one, so in order to solve the
problem of adhesive thickness only a non-linear analysis is needed (Crocombe, 1989). However,
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Crocombe’s assumption in not valid reason as we know that most joints fail before the adhesive
layer deforms plastically, especially in case of brittle adhesives.

Although interface stresses are not considered as a hypothesis among researchers, the literature
seems to show an important role in when it comes to analysing the thickness of the adhesive joints.
Gleich (2001), demonstrates the importance of interface stresses in failure criteria in the analysis
of the SLJ. Du to his assumption thicker adhesive provide higher interface stresses. In his theory
he explains no matter how the joints are manufactured, the joint strength decreases with thicker
adhesive layer (Gleich et al., 2001). Goglio also showed that the joint strength decreases as the
thickness of adhesive layer increases, he explain that this effect is due to the increase in interface
stresses(Goglio & Rossetto, 2010).

3. Material Properties 

There are two types of material, isotropic and anisotropic. Isotropic materials have the same
properties in all directions but properties of an anisotropic material differ in different directions.
Metals such as steel is an isotropic material and composite material such as CFRP is an example
of an anisotropic material. Orthotropic is a specific condition of anisotropy. Its properties depends
on what direct it is measured in. It has different properties along three different axes, which are
perpendicular to each other.

Carbon Fiber reinforced polymer (CFRP)

   Carbon fiber is a material made of very thin fibers that contain carbon atoms. These atoms in a
microscopic crystalline configuration are in longitudinal direction linked together. It is because of
this crystalline configurations that carbon fiber is extremely strong. Carbon fiber together with
plastic resins is used to make composite materials. This fiber does not damage due to the bending
and stretch because it is very resist but it break if it face a sudden blow like a hammer. Carbon fiber
has the best ratio of strength to weight.

  The aerospace industry is one of the first industries to use carbon fiber. Carbon fibers high
standards make it an ideal alternative to replace with aluminum and titanium alloys and because of
its lightweight it is used in the aerospace industry. CFRP due to its excellent mechanical properties
and light weight is one of the most widely used fibers in the composite industry e.g. automotive
industry. The unidirectional CFRP laminate is used for the specimen, mechanical properties of this
material is given by Volvo Cars and is shown in Table 2.

  A 3D scan was performed using a CT scan at Ångströmlaboratoriet, to see the direction of fiber.
It is shown (Figure 7) that the same direction in fiber direction (X-axis) and transverse to the fiber
direction (Y-axis), as it can also see in the Table 2 but different in out of plan direction (Z-axis).
The shear stress tests applying a thermal load in a longitudinal fiber direction fiber direction of the
specimens are performed.
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        (a)                                                       (b)

        (c)                                                        (d)

Figure 7: 3D scan of different layer of the CFRP using CT scan

Steel

   Over the years, steel has arguably been the most important material for manufacturing in the
automotive industry. Steel due to it’s reasonable in cost, longer life and strength levels is used in
almost all cars on the market. The most important properties of steel are its high ductility and
durability, yield strength and high tensile strength and good thermal conductivity. In addition, the
properties of stainless steel have anti-corrosion properties. Young’s modulus of steel at rooms
temperature is in the range of 180-215GPa, which is about three times larger than the ratio of an
aluminum Young’s modulus. In this study a stainless steel 2333-02 is used and the mechanical
properties is shown Table 2.

Adhesive (epoxy)
   Adhesives are widely used in many industries including automotive and aerospace industries.
The use of adhesives in the aerospace industry increased rapidly. Due to the advantages that
adhesives have over the welding and bolting process, adhesives are now increasingly used to
joining the interior and exterior parts of vehicles as well as aircraft components. For example,
epoxy adhesive is used on the body of the car. In this study an epoxy adhesive name LOCTITE EA
9514. The mechanical properties of this adhesive are dependent on curing temperature. For a curing
temperature of 150°C in 30 minutes this adhesive has Young’s Modulus of 1,46 GPa (LOCTITE,
2014)However, the poison ratio and the thermal expansions coefficient for this adhesive is not
given therefor these properties is taken from (Michigan Tech, 2019).  The mechanical properties
changes with temperature, which means that its mechanical strength decreases with increasing
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temperature.  Since the properties for higher temperature is not given, it is reasonable to assume
same properties for the temperature of 200°C as well as for temperature of 24°C, based on
assumption that the adhesive has high resistance to operating temperatures up to +200°C. Young's
modulus of cured epoxy adhesive decrease with increase in temperature, but this change is not too
much (Liu, Guan, Liu, & Xu, 2017). It’s recommended to cure the adhesive with temperature of
120°C in 60 minutes.

Table 2: Mechanical properties of material

Material Parameter CFRP Adhesive Steel Unit
Young’s Moduli , , 80 , 80 , 16 1.46 196 GPa
Poisson’s ratio , , 0.044 , 0.415 , 0.415 0.33 0.29
Thermal expansion                    55 57.5 16,8 10-6 K-1

4. Analytical methods

  The mechanical behaviour of adhesive joints has been studied analytically by many researchers,
in this work we mention some of the most important studies which has been studied by many
researchers. Almost all models presented in most of the studies are based on the SLJ with two-
dimensional geometries. The two-dimensional geometry depends on the assumption that the shear
stress in the transverse direction is very small compare to the (longitudinal) loading direction (the
assumption of plan strain). In most of these analyses, linear elastic properties for both adhesives
and adherends are considered because the assumption of nonlinearity complicates the analytical
solution to the problem(Da Silva, das Neves, Adams, & Spelt, 2009).

  In the case of a SLJ, adhesively bonded joints are intended to transfer axial force, shear force
and bending moments from one adherend to another by a shearing mechanism.  For this reason,
and because of the advantages of these types of adhesive joints, it is necessary to perform some
form of mathematical analysis.

  The simplest analysis is based on the assumption that the adhesions are rigid and this means that
the load between substrate to substrate causes defect only in shear, and they are uniformly
distributed through the adherends thicknesses, as shown in Figure 8. The shear stress τ is given by:

τ = (1)

Where b is the width of the joint, the overlap length l, and the load P.



19

 Figure 8: Deformations of single-lap joint due to load: (a) with rigid adherends; (b) with elastic adherends.

   It can be seen from Figure 8, the tensile stress decreases to zero over the length of the adhesive
joint from A to B. Figure 8 (b) shows the same type of adhesive joint but with elastic properties.
The tensile stress for the upper adhesion is maximum at A and zero at B. Since the tensile stress
is greater at A than B, tensile stresses must gradually decrease over the length L. Assuming
continuity conditions in interface includes continuity of displacement, shear and normal stress
components of adhesion, as shown in Figure 8 (a).

Volkersen's Analysis

   According to Volkersen analysis, the adhesive deforms only in shear and the adherend only in
tension, as illustrated in Figure 9.
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Figure 9: Illustrated of single lap joint analysed by Volkersen 1993: (a) undeformed shape, (b) deformed shape.

Assume displacements δx of the upper adhesive relative to the lower adhesive, then we have:
δ = δ − ∫ +/ ∫ /

(2)

where δ  is the relative displacement when the length x = -1/2 is half the of the adhesives length,
and  and  are the strain of the adherends 1 and 2.
The strain for the upper adherend for an applied load P and a unit with:

= − ∫ /
(3)

and for the lower adherend:
= ∫ /

(4)

where E is the adherends Young’s modulus. The relative displacement for the adhesive:
δ = (5)

where G is the adhesive shear modulus.
Inserting eqns (3), (4) and (5) into eqn (2) and take the second derivative, we obtain an eqn of the
form:

p

p

3

2

b 2

2

(a)

dx L

( )

( )

1
3
2

(b)



21

− = 0 (6)

where  is the stiffness ratio shear/axial

= ( + ) (7)

where  is the stiffness ratio shear/axial, b is the width of the SLJ and ,  are the cross sections
area.
Equation (6) has the solution

= cosh + sinh (8)

where and are the arbitrary constants, which are determined by the boundary conditions.

= (
 ( )

+
 ( )

)

=

(9)

The average shear stress calculated by following equation

= = (10)

Where  is the overlap length.

   The eqn. for the peak load can be calculated, by assumption that the SLJ capacity is reached
when the shear stress at the bond in equal to the bond line shear stress.

= (
( )

+
( )

) (11)

where  is the shear strength of the bond line and is assumed 5 MPa .

5. Numerical method

Nowadays, numerical methods are often preferred over analytical methods, as they overcome
some limitation with analytical methods, such as non-linearity and geometric non-linearity effects
(D. F. O. , Campilho, 2018).  Finite element method (FEM) is a numerical analysis technique to
effectively solve specific mathematical and technical problems. Computer-implemented
mathematical models divide the complicated systems into smaller and simpler geometric shapes,
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with assumed formulas that fulfil boundary conditions and provide a set of elements to solve for
the desired parameters. In this way it is possible to simulate and analyse complicated systems in
order to then improve the design and operation of the process. Due to the flexibility of the analysis
tool, it is in great demand in engineering and industry. However, the execution of these methods
requires high speed computers and high process capacity.

 ANSYS is a software with many analysis functions such as simple, linear, static analysis,
nonlinear, transient dynamic analysis. The simulation with this software gives access to physical
quantities that are not normally measurable with the physical phenomenon. To solve a problem in
ANSYS, it is necessary to go through three main steps, to build the model, define the load, get a
solution and review the results(Kulkarni & Gaikwad, 2015).

CZM have been most common numerical method applied for strength prediction of adhesive
joints, as a modification to FEM(Li et al., 2016). CZM is very useful for adhesive joint, since it
allows simulation of damage growth and simulation of multiple failure path in different regions of
continuous material or between interfaces. In CZM the traction–separation law (TSL) based on
critical energy release rates (ERR), is used to predict strength failure criterion, and crack growth in
Mode I and Mode II. The strength failure criteria of CZM depend in both tension and shear. Critical
ERR can be measured experimentally with Double Cantilever Beam (DCB) and End Notch Flexure
(ENF) tests(Lorena M. et al., 2019). However this method could not use in this study since using
this require more studies of the materials.

APDL ANSYS

   In this project the numerical analysis developed for a SLJ is performed using APDL. The software
which was used is of the version ANSYS 19.2.  The SLJ was designed by using the two-
dimensional (2D) mesh. The geometry of the adherends and the mesh applied to the model was
constructed by plain strain with PLANE182, a 4-node structural solid element. The geometry and
dimension shows in Figure 10, it can be noted that the length of the adherends were designed
equals.

The Cartesian coordinate system for the geometry of the SLJ is considered as follows:
i) The X-axis corresponds to the longitudinal direction along the length.
ii) The Y-axis related to the thickness direction of the model.
iii) The Z axis corresponds to the width direction.
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Figure 10: Geometry of SLJ with boundary condition.

   In order to verify the numerical solution and simulate the axial stretching test of SLJ, the
boundary condition similar to Volkersen solution were used.  Fixed condition at the free joint of
steel adherend (at x=0) were used such that (all displacements  and rotations  are zero :

= = = =  = = 0). The aplaid load (Force F  [ ] ) in X-direction
with fixed supported conditions ( = = =  = = 0) at the end of free joint
of CFRP adherend (See Figure 10).

In order to use the peak load (Force F [N] ) in ANSYS one needs to convert it to pressure [Pa].
Pressure and force are related, and one can calculate the pressure by using the equation:

= (12)

Where F is applied force and   is the cross section area at the interface between the adhesive
and adherend.

The average shear stress can be calculated by using equation:
= (13)

Where  is the cress section of the surface where load is applied.

Inserting (6) into (7):

= ∗ = ∗ ∗
∗

= ∗ (14)

Where  is the width of the SLJ.

  As one can see from equation (14) the average shear stress does not depends on the width of the
SLJ, this can explain why a 2D simulation in ANSYS is sufficiently good.
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Shear stress analyse along two different path
    A comparison has been made between two different paths in the adhesive layer (Figure 11),
where the point AB corresponds to line 10 (L10) and CD corresponds to line 7 (L7). L10 is the
interface between the outer adherend and the adhesive and L7 is the interface between the inner
adherend and adhesive.

Figure 11: Two different path L10 and L7 along adhesive SLJ.

    In numerical shear stress analyse it is assumed that the adherends and adhesive were linear elastic
material.  In many literature many researcher have discussed the shear stress factor at the bond
terminus (points A, B, C, and D). In many numerical studies the shear stress distribution at the
regions near the bond terminus assumes to have singular behaviour.  When linear elastic analyse is
used and the bond terminus is not rounded,  the shear stress factor is infinity due to stress singularity
at this points (Patrick, 1988, p. 83).  Apart from the bond terminus, shear stresses assumed to be
similar along these two different paths.

Simulation
The purpose of a simulation in this is the work is to validate our AM and reduce the number of

experimental tests that must be done during the design of the model and improvement of the model
or process. Since Volkersen provides the solution for analysing isotropic material, therefore the
simulation is compared in four different cases and only for isotropic material, orthotropic material
(CFRP) is only simulated. In the final simulation the same material properties as the properties for
the experimental are used and the result was then compared only with the experimental result.

The simulation is done in five steps:

i) Applied Load & Steel – Steel
ii) Thermal Load &Fixed boundary condition
iii) Applied Load & Steel - CFRP
iv) Applied Load & Steel – CFRP (Isotropic case)
v) Thermal Load & Frame as BC (Orthotropic material)

Applied load & Steel- Steel
  This simulation is done for case of Steel assembled with steel (Isotropic material) with the

same stiffness and the same constant peak load is applied on L17. The following geometry were
used: length of the adherends: sx=cx=20 mm, the thickness sy=cy= 3 mm, the adhesive length

A B

C D

Outer Adherend

Inner Adherend

L10

L7
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gx=10 mm remains constant but the thickness gy vary between 0.5-1.5 mm. The applied load
= 3028.15 N (Pressure -121.126 MPa on ANSYS), were the same for each simulation. The

same elastic modulus for both adhered were used = = 196  and adhesive shear
modules = 1,46  .

(a)

(b)

(c)

Figure 12 Geometry of SLJ simulated in APDL for different adhesive thickness : (a) 0.5 mm (b) 1 mm (c) 1.5 mm.

 The average shear stress calculated as following:

= ∗ = .   ∗  
 

= 30,281 

Thermal Load & Fixed boundary condition

   In this simulations SLJ with fixed BC were simulated (Figure 13). The effect due to change in
temperature (∆ =180°C) on the SLJ is analysed. In this case steel assembled with CFRP (different
stiffness) by adhesive. The Young’s modulus of material 1 is = 80  and for material 2
was = 196  and adhesive shear modules = 1,46  was used. The following geometry
were used: Length of the adherends: sx=cx=60 mm and the thickness sy= 1.5 and cy= 2.5 mm.
Adhesive length gx=10 mm the thickness gy=1 mm.
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Figure 13: Geometry of the SLJ with fixed BC, simulated using APDL.

  In order to compare the shear stress with the numerical method, the reactions force at line 7 (L10)
is calculated and is used as applied force in Volkersen’s solution. The average shear stress
calculated is the same as section 5.3.1.5.3.1

Applied load & Steel- CFRP

   In this simulations the effect of adhesive thickness on the shear stress for SLJ were analysed. The
applied load (Pressure -121.126 MPa ) were applied on L17 (Figure 14 ). The same material
properties and geometry as section 5.3.2 but adhesive thickness varied between 0.5-1.0-1.5 mm.
The Young’s modulus of material 1 (Mat 1) was = 10  and for material 2 (Mat 2) was =
206  and adhesive shear modules = 1  was used. Adhesive thickness vary between 0.5-
1.5 mm.

Figure 14:  Geometry of the SLJ for two type of different material

5.3.1
The average shear stress calculated is the same as section 5.3.1.

Applied load & Steel – CFRP (Isotropic case)
   In this simulations the applied load (P=3028.15 N) is applied on L17. The geometry and material
properties reminds the same as previous simulation. The average shear stress calculated as
following:

= ∗ = 30,28 

Where is the average pressure.
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Thermal Load & Frame as BC (Orthotropic material)

The final simulation is done in two steps. At the first step the effect due to thermal load (180°C)
on the SLJ for different adhesive thickness with fixed BC is simulated and then for the SLJ bonded
in the frame. The following geometry were used for SLJ: the thickness of steel sy=1.5 mm and the
CFRP cy= 2.5 mm and length of the adherends: sx=cx=100 mm, the adhesive length gx=10 mm
remains constant but the thickness gy vary between 0.5-1-1.5 mm during the simulation. The
geometry of the frame is shown in Figure 15. The mechanical properties of materials are shown in
Table 2.

Figure 15: Geometry of the frame.

The shear stress for SLJ bonded in the frame will be compared with the SLJ with fixed boundary
condition. Since the goal is to find a frame that fulfil the fixed boundary conditions, one can select
the frame that gives shear stress close to the shear stress from the SLJ with the fixed-boundary
conditions. In this study a stainless steel 2333-02 is used as frame since its mechanical properties
are known and the same steel is used in the experiment.

6. Experimental Method 

     An experiment was carried out to see the mechanical stress of the SLJ induced by thermal
expansion furthermore to compare the results of the experiments with the numerical results.
Another reason was to see if there will be any deformation due to the thermal load.

     To fulfil the boundary conditions, a frame made of ceramic was proposed due to its high melting
point and low thermal expansion but the difficulty of manufacturing this type of frame makes it
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difficult to have as a frame. Steel thus has known thermal movement and it is possible to
manufacture a frame of the steel, therefore, it was a suitable choice for the frame.

Material and Method
The adherends used in the experiment consisted of the stainless steel 2333-02 and CFRP, their

mechanical properties are shown in Table 2. The geometry of the specimens consists of the same
length (100 mm) and the same width (10 mm) but the thickness of steel and CRFP were 1,5 mm
respective 2,5 mm. The geometry of the frame is shown in Figure 13. The specimens were bonded
with epoxy LOCTITE EA 9514 and fasten with screws on the frame (Figure 15). The adhesive
joint was cured in the oven (Mini Oven with 2 Hot Plates) with a temperature of 120°C in 40
minutes. After curing the setup was cooled to room temperature and then placed in the oven with
a temperature of 200 °C for 20 minutes (the setup is shown in Figure 18). The temperature was
measured by a digital thermometer (PTC thermistor). A camera was set on a fixed stand and a
picture of the setup in the oven was captured with an open window before and after the experiments.
To avoid lateral thermal expansion of the frame and also get fixed boundary conditions for the
bottom of the frame, the frame was glued with epoxy on a ceramic plate. The surface was cleaned
with Acetone. Three attempts were carried out with three different adhesives thickness 0.5 mm, 1
mm and 1.5 mm. The thickness of the adhesive layers was measured using calipers.

Figure 16:  Geometry of SLJ for the experiment.

Figure 17: SLJ joint fasten with screws on to the frame and frame glued to the ceramic plate.

10 mm
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Figure 18: The setup place in the oven.

The relative deformation was measured by image analysis where images before and after
temperature cycling were analysed using Image J.

7. Results and discussion

  This chapter presents the results from the AM, comparison between analytical and NMs and the
result from the experimental test. The first section contains the results from the Volkersens NM.
The normalised shear stress distribution and maximum peak load for different adhesive
overlaplength and thickness were plotted. The second section presents the results from the
comparison between the Volkersen and ADPL for different isotropic material and different load,
and also the result from the final model. The third section presents the results of the experimental
work.

Analytical result
In this section the mechanical effect of a changed adhesive thickness t3 and overlap length L

(Figure 9) are visualised. More specifically the shear stress and the peak load were analysed.

The effect of different adhesive thickness on the shear stresses distribution on SLJ with the
overlap length of 10 mm for the SLJ for the case of (steel-steel) as adherends and for (steel-CFRP)
is calculated and presented as curves in Figure 19. Result shows that increasing of the adhesive
thickness decreases the shear stresses at the edges of the joint.

The maximum shear stress is at both ends, as expected. The reason why the shear stress at the
edges is maximized is that the shear stress transmits the axial tensile force through the adhesive
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from the outer adherend to the inner adhered. For this purpose, as shown in the Figure 8b shear
stress starts form the left edge of the adhesive layer and as it enters the adhesive layer the shear
stress becomes the axial tensile stress. Therefore, the magnitude of the shear stress is reduced and
the axial tensile stress increases. At the right edge of the adhesive layer, the force transfer
mechanism is reversed and towards the end of the adhesive edge the tensile stress decreases and
the shear stress increases again. So the shear stress on the edges is maximum. However, as shown
in the Figure 19, the maximal difference in shear stress are located near to the bonding terminal but
towards the middle of the overlap length, the difference become less so that the shear stress is equal
at the coordinate 2 mm and 8 mm (Figure 19a). Conversely, in the region close to the middle of
overlapping length, the value of the shear stress are increased and the magnitude are higher for
thicker adhesive thickness.

Figure 19: Effect of adhesive thickness on the shear stress for the single lap joint (a) Steel – Steel (b) Steel - CFRP.

For the case of steel - steel the result shows symmetric shear stress since both adherends have
the same material properties, but for the case of Steel - CFRP the result shows an asymmetric
result since both adherends have different material properties. Young’s modulus of CFRP is
lower than steel, it explains why shear stress at the right side of the joint is lower than the left
side. However, in both cases, the shear stresses decreases at the edges of the joint.

Influence of the overlap length on the shear stress distribution of the SLJ for an adhesive
thickness of 1 mm is shown in Figure 20. The shear stresses for the case of (Steel – Steel) is
calculated for four different overlap length (10 mm, 30 mm, 60 mm and 80 mm) and for the case
of (Steel - CFRP) for overlap length of (10 mm, 20 mm, 40 mm and 60 mm ) are plotted as
curves in Figure 20. As can be seen, the maximum shear stress is located at both edges of SLJ
overlap length, but it must be equal to zero to fulfil the boundary condition at the free edge of the
adhesive joint (Lorena M. Fernández-Cañadas et al., 2019). Results show an increase in the
maximum shear stress at the edges of the joint with an increase in overlap length. It is reasonable
to say that increasing the overlap length has a positive effect on the structural strength of the SLJ.
This result is because the increase of the overlap length increases the interface between the
adhesive and the adherend which results in a more uniform distribution of the shear stress along
the overlap length and thus increases its strength.

(b)(a)
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Figure 20: Volkersen solution, influents of overlap length on shear stress distribution of SLJ for adhesive thickness
of 1 mm (a) Steel - Steel (b) Steel - CFRP.

   The combined effect of the adhesive thickness and overlap length of SLJ are calculated using
Eqn (11) and plotted as the curve for the maximum peak load in Figure 21a. The result shows that
the peak load raise with the increasing adhesive thickness. For small overlap length of 10 mm the
difference in maximum peak load is very little but for the larger the overlap length the difference
are greater. The calculated graph indicates that both the maximum peak load and the stiffness of
the SLJ increase with increasing the overlap length.

   The normalized peak load (Pmax) for different adhesive thicknesses as a function of the overlap
length is plotted in a histogram in Figure 21b. The value of the normalized peak load is taken from
Figure 22a. Considering the values for the adhesive thickness of 0.5 mm (blue colour) as referents
value, the normalized peak load is defined as the ratio between peak load to the reference peak
load. The result shows that for an overlap length of 10 mm the peak load has an increase of 12%
for 1 mm adhesive and 17% for 1,5 mm. For the case of an overlap length of 30 mm, the difference
becomes higher so that the peak load increases by 36% for 1 mm glue and 59% for 1.5 mm.
However, the difference among normalized peak loads become more stable for the higher overlap
length of 60 mm and 80 mm and the difference are around 40% for 1 mm and 70% for 1.5 mm.

In general, it can be said that with increasing both adhesive thickness and overlap length, the
final peak load (strength of the joint) increases.  According to the obtained results, as it is shown
in Figure 21 the load is more sensitive to overlap length in the range of 10-30 mm, than the adhesive
thickness. However, for the overlap length larger than 40 mm the load is more sensitive to adhesive
thickness. As one can see in Figure 22b the difference in normalized peak load is larger for larger
overlap length than 40 mm. As a conclusion one can say that the global stiffness of the single lap-
joint increase with the overlap length and decrease with adhesive thickness.

(a) (b)
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Figure 21: Steel-CFRP joint (a) Max peak load for a single lap joint and effect of adhesives length and thickness (b)
Normalized peak load as a function of overlap length. The reference peak load is the one with 0.5

mm.

  The value obtained for the shear stress can be regarded as the mean value of the shear stress acting
on the adhesive layer of the joint. Due to many simplifications such as zero shear stress in other
directions, this type of analysis is not very realistic, but still provides the basis for many adhesive
shear strengths in many tests.

Simulations result
   Behaviour of SLJ is predicted using ANSYS simulation, overview of the influence of the
adhesive thickness on stiffness of the joint. A shear stress comparison in four different cases along
the overlap length of the SLJ between analytical and FEM were done in order to verify the accuracy
of the AM. Results is presented for analysing of the SLJ boded with adhesive between two
adherends with the same geometry. It can be mentioned that the observed deformation from APDL
is a scaled-up deformation and it shows a much larger than the reality (see Figure 34).

Applied load & Steel- Steel

   The first or the basic comparison is done for the case of the same applied peak load P (3028.15
N) and same isotropic material (Steel - Steel) assembled together by adhesive with an overlap
length of 10 mm.  The shear stress test of SLJ is shown in Figure 22. One can see that shear stress
is distributed on the adhesive layer, as the adhesive layer increases it can be seen that shear stress
decreases, mostly close to the edges on the joint.

(a) (b)
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Figure 22: Shear stress test of SLJ for different adhesive thickness: (a) 0.5 mm (b) 1 mm (c) 1.5 mm. The colour
demonstrates shear stress at XY-direction in MPa.

  Figure 23-25 shows the stress comparison of the available CFS with the result obtained from the
APDL along two different overlap length (L10 and L7) for different adhesive thickness. As can be
seen, the maximum stress occurs at the edges of the SLJ. However, in predicting maximum shear
stress, there is a difference in the result between the numerical and analytical solution. This
discrepancy is due to the inability of analytical beam theory to predict the exact shear stress, for
instance, neglecting normal stresses in AM but in FEM normal stress takes into account. Another
reason could be due to shear stress of the adherends, since in AM only the shear stress from
adhesive is considered.

Figure 23: Normalized shear stress distribution of SLJ along different path, L10 and L7 for adhesive thickness of 0.5
mm.

(a)

(b)

(c)

(L10) (L7)
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Figure 24: Normalized shear stress distribution of SLJ along different path, L10 and L7 for adhesive thickness of 1
mm.

Figure 25: Normalized shear stress distribution of SLJ along different path, L10 and L7 for adhesive thickness of 1.5
mm.

  The analytical model is not in good agreement with the numerical model. The shear stress
comparison along L10 of the SLJ shows a relatively good agreement, however, in the comparison
along L7 the difference is more obvious. However, in both compressions, there is a difference in
the maximum and minimum shear stress between the analytical and numerical model. In analysing
of the shear stress along L7 one can see that for thinner adhesive thickness the difference in
maximum and minimum shear stress is larger and becomes smaller with the increase of adhesive
thickness. From the analysis of L10, one can see that the difference between AM and NM is almost
the same for different adhesive thickness, it predicts that analyse along L10 provides a better
solution for shear stress along the overlap length of SLJ.

Shear stress analysis along two different paths showed that shear stress along L10 gives a more
correct solution to the shear stress along the overlap length of the SLJ. However, in the future study,
one can analyse along a line of the adhesive layer. Analysing along the adhesive layer would fulfil
the zero BC at both edges of the SLJ. This explains why shear stress doesn't go to zero on both
sides.

(L10) (L7)

(L10) (L7)
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Thermal Load & Fixed boundary condition

The second comparison is done for the case of thermal load (180°C) and Steel assembled with
CFRP by adhesive with an overlap length of 10 mm and adhesive thickness of 0.5 mm. The results
show that the applied thermal load causes stress concentrations on the adhesive surface which in
turn leads to deformation. But the tension is not high enough to cause damage to the joint. The
obtained relative deformation is around 28 %(Figure 26). An asymmetrical shear stress distribution
for this simulation is expected since the material properties for the adherends are different.

Figure 26: Deformed and undeformed geometry of SLJ with adhesive thickness of 1 mm.

The shear stress comparison is shown in Figure 27. The result shows an asymmetric shear stress
and the numerical result is in good agreement with the mathematical results. Since the analysis was
done at L10, the shear stresses start at its maximum from the left side of the overlap and decrease
as it goes to the right and increase as it goes to bond terminator. The shear stress from the NM at
the right side is very large the reason for this is the singularity point at the right side of the joint.

Figure 27: Shear stress distribution due thermal load along L10 of SLJ for same isotropic material.

Applied load & Steel -CFRP

    The third comparison is done for the case of the same applied peak load P (3028.15 N) and for
the orthotropic case of CFRP.  The deformed and undeformed geometry of SLJ for different
adhesive thickens is shown in Figure 28.
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Figure 28: Deformed and undeformed geometry of SLJ for different material and different adhesive thicknesst_0: (a)
0.5 mm (b) 1 mm (c) 1.5 mm.

  The shear stress comparison for three different adhesive thickness along L10 is shown in Figure
29. The obtained results is different between the mathematical results. The results show an
asymmetric shear stress for SLJ and as shown in the Figure 29(a-c), the shear stresses in the overlap
decrease with the increase in the thickness of the adhesive. Since steel has lager Young’s modulus,
the shear stresses starts at its maximum from the left side of the overlap and decrease as it goes to
the right.

The shear stress of both ends of the SLJ changes as the thickness of the adhesive changes. It can
be seen that as the thickness of the adhesive increases, the shear stress of the left edge of the SLJ
increases and the shear stress of the right edge of the joint moves toward the minimum shear stress.

 Accordingly, if Young's modulus of inner adherend increases, then the outer adherend has a
larger strain and the shear stress of the left side of the SLJ increases. Compared with the result for
the case of (Steel – Steel) in section 7.2.1, it can be seen that the maximum shear stress occurs at
the left edge of the SLJ, this means that the stress distribution of the SLJ is also influenced by the
material properties of the adherends.

The analytical model is not in good agreement with the numerical model. The comparison shows
a difference between the maximum and minimum shear stress. For thinner adhesive thickness the
difference is larger but the difference becomes smaller with the increase of adhesive thickness. For
example, for the case of adhesive thickness 1.5 mm it can be seen that the shear stress at the left
side in the numerical model is a bit higher than the analytical model.

(a)

(b)

(c)
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Figure 29: Shear stress distribution along 10 of SLJ of material with different stiffness and different adhesive
thicknesst_0: (a) 0.5 mm (b) 1 mm (c) 1.5 mm.

However, the obtained result from NM shows (Figure 30) also decreases in the shear stress at
both edges of SLJ with the increase of the adhesive thickness.

Figure 30: Effect of adhesive thickness on the shear stress for the single lap joint for steel assembled with CFRP.

(a) (b)

(c)
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Applied load & Steel –CFRP (Isotropic case)

   The fourth comparison is done for the case of CFRP as an isotropic material. The shear stress
comparison for three different adhesive thickness is shown in Figure 31. The obtained results are
in relative better agreement with the mathematical results than the results from case of orthotropic
material (section 7.2.3). The obtained results show an asymmetric shear stress for SLJ (Figure 31a-
c), the shear stresses in the overlap decrease with the increase in the thickness of the adhesive.
Since the analysis was done at L10, the shear stresses start at its maximum from the left side of the
overlap and decrease as it goes to the right.

Figure 31: Shear stress distribution along L10 of SLJ of material with different stiffness and different adhesive
thicknesst_0: (a) 0.5 mm (b) 1 mm (c) 1.5 mm.

Thermal Load & Frame as BC (Orthotropic material)

The final simulation is done to compare the NM with the experimental model.  The deformed
and underformed geometry of SLJ with the fixed BC is shown in Figure 32 and with frame as BC
is shown in Figure 34. The results show the same trend for both cases, the relative deformation
decreases with the increase of the adhesive thickness. As one can see in the Figure 36, the relative
deformation for the cases with the frame is smaller than with fixed boundary conditions, this is due
to thermal expansion that occurs in the frame itself.

(a) (b)

(c)
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Figure 32: Deformed and undeformed shape of SLJ for different adhesive thickness: (a) 0.5 mm (b) 1 mm (c) 1.5
mm.

The shear stress distribution for the final simulation is shown in Figure 33. Analysis results show
that adhesive shear stress distribution for the case with fixed BC is higher than the case with the
frame but in both cases the shear stress has the same trend. The shear stress distribution does not
appear to be symmetrical, this is because the simulation was done for steel assembled with CFRP
which both have different stiffness, as mentioned earlier an asymmetric shear stress is expected for
materials with different stiffness. As one can see in Figure 33, the shear stress decreases in both
cases with increased adhesive thickness as expected.

Figure 33: Adhesive shear stress distribution along the overlap length (L10) of single lap joint with different
boundary conditions and different adhesive thickness (a) 0.5 mm (b) 1 mm (c) 1.5 mm.

(a)

(b)

(c)

(a) (b)

(c)



40

Figure 34: Deformed shape and undeformed shape of SLJ and the frame for different adhesive thickness (a) 0.5 mm
(b) 1 mm (c) 1.5 mm. The observed deformation of SLJ is a scaled-up deformation, it shows much larger than how it

is in reality.

Experimental result
This section presents the experimental results for predicting the mechanical behaviour of the SLJ

due to thermal load and different adhesive thickness to obtain the relative deformation that occurs
in the SLJ. As expected, very little deformation occurred because of a high temperature (about
200℃). The deformed and undeformed geometry of the SLJ is shown in Figure 35 where red colour
represents the shape before deformation and black represents shape after the thermal cycle. The
relative deformation was calculated by dividing the  by  Figure 35(a). The results show a quite
good agreement with the numerical result from APDL and they show approximately the same
trend, i.e. a decrease of the relative deformation with an increase of adhesive thickness.

(a)

(b)

(c)
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(a)             (b)

                                                                                   (c)

Figure 35: Deformed and undeformed geometry of the SLJ for different adhesive thickness: (a) 0.5 mm (b) 1 mm (c)
1.5 mm.

The relative deformation comparison for three different adhesive thickness layers is shown in
Figure 36. The result for NMs shows a decreasing trend of the relative deformation for higher
adhesive thickness as was expected. However, the deformation of the case with the frame in both
numerically and experimentally test is slightly lower than that of the fixed BC and a reason for this
may be the thermal expansion of the frame. The numerical result shows a relative deformation of
45.7% for adhesive thickness of 0.5 mm, 40.9% for 1 mm and 37.5% for 1.5 mm. The experimental
result however shows a relative deformation of 8.72% for adhesive thickness of 0.5 mm, 6.11% for
1 mm and 5.34% for 1.5 mm. The calculated values from both analyses are not so close to each
other but both show the same trend as what it was expected, nevertheless both shows decreasing
of the unwanted deformation with increasing the adhesive thickness.
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Figure 36: Relative deformation of the SLJ for the numerical and for the experimental model.

The frame was glued to a ceramic plate using LOCTITE epoxy adhesive to avoid thermal
expansion of the frame on the bottom and to get the same BC as the APLD simulation. To be able
to compare the relative deformation, the left edge at the bottom of the frame is fixed (held in the
same coordinate) with the edge of the frame after the thermal cycle. From the NM Figure 34 it is
expected that the frame is expanded more at the top than the bottom, but from Figure 37 (white line
at the right side of the frame) it seems that the frame has not expanded the same way as the NM.
This type of behaviour is expected because the frame is not fully fixed at the bottom as the adhesive
itself expands thermally. However, a more detailed analysis with Image J shows that the top of the
frame has expanded about 4.8% more than the bottom, this means that gluing the frame on the
ceramic plate was not a waste of time.

Figure 37: Deformed and undeformed geometry of the frame and SLJ with adhesive thickness of 0.5 mm. The white
line at the edges / sides shows the relative difference between geometry before and after the thermal cycle.
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Fortunately, we managed to see and analyse the deformation of the SLJ using the equipment that
we had access to. However the relative deformation is very small. In order to reach more a correct
and exact result more advanced equipment is needed. Due to time limitations, many tests could not
be done, because the preparation and performance of the tests are time-consuming. To be able to
achieve more reliable results more tests should be done.

  There are many factors and sources of error that may affect the results, which one needs to take
into account in future tests. For example the most significant source of error is that the oven door
had to be opened to place the setup and record images. At each opening, the temperature in the
oven was lowered and the temperature was increased again linearly to the desired temperature in a
few minutes. Immediately after the window was closed, the time measurement began, that is, a few
minutes before the desired temperature had been reached. Despite the sources of error, the
experiment provides a good understanding of how different thicknesses affect the deformation of
SLJ due to the change in temperature.

8. Conclusion

               In this study, the mechanical stress of CFRP assembled with steel is investigated. In order to
validate the analytical results, a shear stress comparison between the Volkersen AM and the FEM
using APDL has been conducted. Result shows an overall good agreement with the Volkersen. The
shear stress from the AM at the edge is a little higher than the NM, this is because in the analytical
method only takes into account the shear stress in one direction but the NM also takes into account
the normal shear stress and the stress in the other direction.

   For the adhesive thickness range considered in this study, the maximum shear stress at the edges
of the SLJ decreases with increasing of the adhesive thickness but it increases as it approaches the
middle of the overlap length. Increasing of the overlap length in the other hand increases the
maximum shear stress at the edges but decreases as it approaches the middle of the overlap length.

    The analytical model reveals an increase of the final peak load (strength of the joint) with
increasing both adhesive thickness and overlap length. The peak load also increases with increasing
the overlap joint, but the limit value for the overlap length varies for different adhesive thickness.
For example for the case of the adhesive thickness of 0.5 mm, as it can be seen in the curve reaches
its plateau with an overlap length of 40 mm. By defining a reference peak value as adhesive
thickness of 0.5 mm, it is possible to plot the normalized peak values as a function of overlap
length. The difference in normalized peak load is larger for larger overlap length.

  In this study FEM is used, in the future study, CZM could be used since it would provide more
exact result. However in order to use the CZM more studies of the materials are needed.
Nevertheless, the present study provides valuable results that could be used in analyses of the SLJ.

   Different shape of shear stress distribution is dependent on which line the shear stress is analysed.
However, in order to fulfil the zero BC at both edges of the joint, one can analyse the shear stress
on a line on the adhesive layer. Due to time limitation, the analyse is only done on the L7 and L10.
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   Both experimental and numerical results show that the relative deformation of the SLJ decreases
with the increase of the adhesive thickness. Iincreasing the adhesive thickness decreases the
stiffness of the joint. Large differences between the stiffness of different materials allow more
relative movement without occurring cracks which leads to the decrease of the relative deformation
of the joint and this is what the companies like Volvo is interested in.

  According to the present study, the maximum shear stress of the SLJ increase with increasing
overlap length but decrease with increasing adhesive thickness. For the case of Volvo Cars, the
adhesive thickness of 1.5 mm is considered as the best thickness, since the highest reduction of the
shear stress and unwanted deformation is obtained using the adhesive thickness (1.5 mm).
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APPENDIX 1 – SINGLE LAP JOINT WITH FIXED BOUNDARY
CONDITION

/CLEAR,START

/FILNAME,shear test,0
/TITLE,shear test

/Prep7
!element type

ET,1,PLANE182      !!!!Solid->Quad 4 node 182

KEYOPT,1,3,2  !palne strain

!R,1,2*ax+bx,  !thickness

!!!kolla definera material egenskaper om komposit

!Material properties of vasa oak
!---UX//////////////////: fiber direction---CL-PL and deck planks----------------
!! Material Model-> Structural ->linear ->Elastic -> Orthotopic
MPTEMP,,,,,,,,
MPTEMP,1,0

!----------------CFRP orthotropic
!----E--------
!MPDATA,EX,1,,10E3  !CFRP
!MPDATA,PRXY,1,,0.3

!----E--------
 MPDATA,EX,1,,79.9855E3  !LONGITUDINAL DIRECTION
 MPDATA,EY,1,,16.128E3    !R
 MPDATA,EZ,1,,79.9855E3   !T
!----NU----------
 MPDATA,PRXY,1,,0.415
 MPDATA,PRYZ,1,,0.415
 MPDATA,PRXZ,1,,0.044

!---G--------
 MPDATA,GXY,1,,4.458E3
 MPDATA,GYZ,1,,4.458E3
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 MPDATA,GXZ,1,,4.386E3

 !MPDE,ALPX,1
 !MPDE,REFT,1
 !UIMP,1,REFT,,,180   ! Specific Heat
 !MPDATA,ALPX,1,,55e-6   ! Thermal Expansion
!-----steel-ISO---------------

MPDATA,EX,2,,196E3  !steel
MPDATA,PRXY,2,,0.29

 MPTEMP,,,,,,,,
 MPTEMP,1,0
 UIMP,2,REFT,,,180
 MPDATA,ALPX,2,,16.8e-6 ! Structural -> Thermal Expansion -> Isotorpic

!------glue-ISO-----

MPDATA,EX,3,,1.46E3  !glue
MPDATA,PRXY,3,,0.33

 MPTEMP,,,,,,,,
 MPTEMP,1,0
 UIMP,3,REFT,,,180 ! Specific Heat
 MPDATA,ALPX,3,,57.5e-6 ! Structural -> Thermal Expansion -> Isotorpic

!plot keypoints and lines and areas

cx=60
cy=2.5

gx=10
gy=1

sx=60
sy=1.5

K,1,0,0,,
K,2,sx-gx,,,
K,3,sx-gx,sy,,
K,4,0,sy,,

K,5,sx,0,,
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K,6,sx,sy,,
K,7,sx-gx,sy,,
K,8,sx,sy,,
!!! Här definieras tjockleken för limen
!!K,9,sx,sy+gy/2,,  !! vid längde 10 tjocklek 0.5
K,9,sx,sy+gy,,
K,10,sx-gx,sy+gy,, !! vid längde 5 tjocklek 0.5
K,11,sx-gx,sy+gy,,
K,12,sx,sy+gy,,

K,13,sx,sy+gy+cy ,,    !! den övre platan
K,14,sx-gx,sy+gy+cy,,

K,15,sx+cx-gx,sy+gy,,
K,16,sx+cx-gx,sy+gy+cy,,

LSTR,       1, 2
LSTR,       2, 3
LSTR,       3, 4
LSTR,       1, 4

LSTR,       2, 5
LSTR,       5, 6
LSTR,       6, 3
LSTR,       2, 3

LSTR,       7, 8
LSTR,       8, 9
LSTR,       9, 10
LSTR,       7, 10

LSTR,       11, 12
LSTR,       12, 13
LSTR,       13, 14
LSTR,       11, 14

LSTR,       12, 15
LSTR,       15, 16
LSTR,       16, 13
LSTR,       13, 12

/PNUM,LINE,1
LPLOT

FLST,2,4,4
FITEM,2,1
FITEM,2,2
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FITEM,2,3
FITEM,2,4
AL,P51X

FLST,2,4,4
FITEM,2,2
FITEM,2,5
FITEM,2,6
FITEM,2,7
AL,P51X

FLST,2,4,4
FITEM,2,8
FITEM,2,9
FITEM,2,10
FITEM,2,11
AL,P51X

FLST,2,4,4
FITEM,2,12
FITEM,2,13
FITEM,2,14
FITEM,2,15
AL,P51X

FLST,2,4,4
FITEM,2,13
FITEM,2,16
FITEM,2,17
FITEM,2,18
AL,P51X

ALLSEL,all
AGLUE,all

!meshing

ESIZE,0.25,0,
ASEL,S, , ,7,8
MAT,1

AMESH,all  !free meshing
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ASEL,S, , ,1,2
MAT,2

AMESH,all  !free meshing

ASEL,S, , ,6
MAT,3

AMESH,all  !free meshing

ALLSEL
/PNUM,LINE,1

lplot
!B.C.

 DL,4, ,all,
 DL,17, ,all,

!SFL,17,PRES,-33.3,

!FK,15,FX,500
!FK,16,FX,500
!DL,17, ,UY,

!SFL,4,PRES,-33.3,
!DL,4, ,UY,
!DL,4, ,ALL,

!DK,5, , , ,0,ALL, , , , , ,  !BC3

/solve
solve
! to find the reaction force FX
allsel
lplot
LSEL,S, , ,      4
lplot
NSLL,S,1
NPLOT
PRRSOL,FX     ! kraften FX
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! Defining path on the line
/POST1
ALLSEL
LSEL,S, , ,      10
NSLL,S,1
NPLOT
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APPENDIX 2 - SINGLE LAP JOINT BONDED IN STEEL FRAME.

/CLEAR,START

/FILNAME,shear test,0
/TITLE,shear test

/Prep7
!element type

ET,1,PLANE182      !!!!Solid->Quad 4 node 182

KEYOPT,1,3,2  !palne strain

!R,1,2*ax+bx,  !thickness

!!!kolla definera material egenskaper om komposit

!Material properties of vasa oak
!---UX//////////////////: fiber direction---CL-PL and deck planks----------------
!! Material Model-> Structural ->linear ->Elastic -> Orthotopic
MPTEMP,,,,,,,,
MPTEMP,1,0

!----------------CFRP Isothotropic case

!----E--------
!MPDATA,EX,1,,79.9855E3  !CFRP
!MPDATA,PRXY,1,, 0.415

!----------------CFRP orthotropic

!----E--------
 MPDATA,EX,1,,79.9855E3  !LONGITUDINAL DIRECTION
 MPDATA,EY,1,,16.128E3    !R
 MPDATA,EZ,1,,79.9855E3   !T
!----NU----------
 MPDATA,PRXY,1,,0.415
 MPDATA,PRYZ,1,,0.415
 MPDATA,PRXZ,1,,0.044

!---G--------
 MPDATA,GXY,1,,4.458E3
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 MPDATA,GYZ,1,,4.458E3
 MPDATA,GXZ,1,,4.386E3

 !MPDE,ALPX,1
 !MPDE,REFT,1
 !UIMP,1,REFT,,,180   ! Specific Heat
 !MPDATA,ALPX,1,,55e-6   ! Thermal Expansion
!-----steel-ISO---------------

MPDATA,EX,2,,1196E3  !steel
MPDATA,PRXY,2,,0.29

 MPTEMP,,,,,,,,
 MPTEMP,1,0
 UIMP,2,REFT,,,180
 MPDATA,ALPX,2,,16.8e-6 ! Structural -> Thermal Expansion -> Isotorpic

!------glue-ISO-----

MPDATA,EX,3,,1.46E3  !glue
MPDATA,PRXY,3,,0.33

 MPTEMP,,,,,,,,
 MPTEMP,1,0
 UIMP,3,REFT,,,180 ! Specific Heat
 MPDATA,ALPX,3,,57.5e-6 ! Structural -> Thermal Expansion -> Isotorpic

!plot keypoints and lines and areas

cx=80
cy=2.5

gx=10
gy=1

sx=80
sy=1.5

K,1,0,0,,
K,2,sx-gx,,,
K,3,sx-gx,sy,,
K,4,0,sy,,
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K,5,sx,0,,
K,6,sx,sy,,
K,7,sx-gx,sy,,
K,8,sx,sy,,
!!! Här definieras tjockleken för limen
!!K,9,sx,sy+gy/2,,  !! vid längde 10 tjocklek 0.5
K,9,sx,sy+gy,,
K,10,sx-gx,sy+gy,, !! vid längde 5 tjocklek 0.5
K,11,sx-gx,sy+gy,,
K,12,sx,sy+gy,,

K,13,sx,sy+gy+cy ,,    !! den övre platan
K,14,sx-gx,sy+gy+cy,,

K,15,sx+cx-gx,sy+gy,,
K,16,sx+cx-gx,sy+gy+cy,,

!! Frame coordinate
t1y= 7           ! thickness   mm  A1'
t1x=40
lx=  cx +sx -gx       ! length of frame mm

K,17,t1x,0,,      !!! Frame A1
K,18,0,-t1y,,
K,19,t1x,-t1y,,

t2y= 40-t1y           ! thickness   mm A2

K,20,0,-t2y,,    !A2
K,21,lx,-t2y,,
K,22,lx,-t1y,,

t3y= 10          ! thickness   mm A3

K,23,lx-t1x,-t1y,,    !A3
K,24,lx-t1x, gy+sy,,

LSTR,       1, 2
LSTR,       2, 3
LSTR,       3, 4
LSTR,       1, 4

LSTR,       2, 5
LSTR,       5, 6
LSTR,       6, 3
LSTR,       2, 3
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LSTR,       7, 8
LSTR,       8, 9
LSTR,       9, 10
LSTR,       7, 10

LSTR,       11, 12
LSTR,       12, 13
LSTR,       13, 14
LSTR,       11, 14

LSTR,       12, 15
LSTR,       15, 16
LSTR,       16, 13
LSTR,       13, 12

LSTR,       1, 17   !A1
LSTR,       1, 18
LSTR,       19, 18
LSTR,       17, 19

LSTR,       21, 22   !A2
LSTR,       20, 18
LSTR,       22, 18
LSTR,       20, 21

LSTR,       15, 24   !A3
LSTR,       24, 23
LSTR,       22, 15
LSTR,       22, 23

/PNUM,LINE,1
LPLOT

FLST,2,4,4
FITEM,2,1
FITEM,2,2
FITEM,2,3
FITEM,2,4
AL,P51X

FLST,2,4,4
FITEM,2,2
FITEM,2,5
FITEM,2,6
FITEM,2,7
AL,P51X
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FLST,2,4,4
FITEM,2,8
FITEM,2,9
FITEM,2,10
FITEM,2,11
AL,P51X

FLST,2,4,4
FITEM,2,12
FITEM,2,13
FITEM,2,14
FITEM,2,15
AL,P51X

FLST,2,4,4
FITEM,2,13
FITEM,2,16
FITEM,2,17
FITEM,2,18
AL,P51X

FLST,2,4,4   ! A1
FITEM,2,22
FITEM,2,19
FITEM,2,20
FITEM,2,21
AL,P51X

FLST,2,4,4   ! A2
FITEM,2,23
FITEM,2,26
FITEM,2,24
FITEM,2,25
AL,P51X

FLST,2,4,4   ! A3
FITEM,2,30
FITEM,2,27
FITEM,2,28
FITEM,2,29
AL,P51X

ALLSEL,all
AGLUE,all

!!! meshig
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/PREP7
FLST,2,5,5,ORDE,5
FITEM,2,2
FITEM,2,6
FITEM,2,8
FITEM,2,11
FITEM,2,13
AESIZE,P51X,0.75,

MAT,2

MSHKEY,0
FLST,5,5,5,ORDE,5
FITEM,5,2
FITEM,5,6
FITEM,5,8
FITEM,5,11
FITEM,5,13
CM,_Y,AREA
ASEL, , , ,P51X
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
!*
AMESH,_Y1
!*
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
!*

FLST,2,1,5,ORDE,1
FITEM,2,9
AESIZE,P51X,0.25,

MAT,3
MSHKEY,0
CM,_Y,AREA
ASEL, , , ,       9
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
!*
AMESH,_Y1
!*
CMDELE,_Y
CMDELE,_Y1
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CMDELE,_Y2
!*

FLST,2,2,5,ORDE,2
FITEM,2,10
FITEM,2,12
AESIZE,P51X,0.25,

MAT,1
MSHKEY,0
FLST,5,2,5,ORDE,2
FITEM,5,10
FITEM,5,12
CM,_Y,AREA
ASEL, , , ,P51X
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y
!*
AMESH,_Y1
!*
CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2
!*
ALLSEL
/PNUM,LINE,1

lplot
!B.C.

DL,26, ,all,

/solve
solve

/POST1
ALLSEL
LSEL,S, , ,     10
NSLL,S,1
NPLOT
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APPENDIX 3 - PICTURES.
The white line at the edges / sides shows the relative difference between geometry before and

after the thermal cycle.
Adhesive thickness of 0.5 mm

Adhesive thickness of 1 mm

Adhesive thickness of 1.5 mm
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