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OPTIMISATION OF METAL-TO-COMPOSITE BONDED JOINTS WITH VARIOUS ADHESIVE
LAYER CONFIGURATIONS USING FINITE ELEMENT METHOD

Vaclava LaSova, Petr Bernardin, Frantisek Sedlacek

Original scientific paper
The purpose of this paper was to optimise several bonded joints using the optimisation cycle implemented in finite element analysis (FEA) software.
These bonded joints were compared to each other based on different geometry and strength obtained by the optimisation cycle. For these bonded joints the
bonded surfaces had various shapes and parameters. The impact of the length, thickness and cross-section angle of the adhesive layer on the resulting
stress level and the final relative twist angle between a composite tube and a steel flange have been investigated. Specimens with cylindrical bonding
surface were used as the reference shape, which influenced the calculated strength of the specimens. The shape of the bonded joint is in accordance with
the bonded joints used for transmitting torque to machine tool spindles in machine tool design and results of this research will be used for similar
applications.
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Usporedba izmedu veznih spojeva od metala i kompozita povezanih razli¢itim konfiguracijama veznog spoja primjenom
metode konacnih elemenata

Izvorni znanstveni ¢lanak
Cilj ovoga rada bio je optimizirati nekoliko veznih spojeva primjenom ciklusa optimizacije implementiranog u softveru analize kona¢nih elemenata. Ti
spojevi su medusobno usporedeni na osnovu razliCite geometrije i ¢vrstoce postignute ciklusom optimizacije. Za tako povezane spojeve vezne su se
povrsine usporedivale na osnovu razli¢ite geometrije i ¢vrtoce postignute ciklusom optimizacije. Kod tih spojeva vezne su povrsine bile razli¢itih oblika i
parametara. Ispitivao se utjecaj duzine, debljine i kuta poprecnog presjeka adhezijskog sloja na rezultirajucu razinu naprezanja i zavr$ni relativni kut
uvijanja izmedu cijevi od kompozita i prirubnice od ¢elika. Kao referentni oblik koriSteni su uzorci s cilindriénom veznom povr§inom $to je utjecalo na
proracunsku ¢vrstocu uzoraka. Oblik veznog spoja je u skladu s veznim spojevima rabljenim za prenosenje zakretnog momenta vretenima alatnog stroja
kod projekta alatnog stroja pa ¢e se rezultati ovoga istrazivanja primijeniti za sli¢ne aplikacije.

Kljucne rijeci: analiza konacnih elemenata; ciklus optimizacije; kompozitni materijal; spojevi metala i kompozita; vezni spojevi

1 Introduction related to Griffith's theory of fracture [8]. One can model

the two parts to be bonded by means of 3D or 2D

The use of composite materials in many industrial
sectors has been increasing steeply over the recent years.
The machinery industry is no exception [2]. Fabricated
structures typically consist of two or more parts. As high
demands are placed on the stiffness and strength of the
joints between them, the joining techniques are of key
importance. Joints tend to be the weakest point in a
structure, which is why designers must pay increased
attention to them when designing and sizing the fabricated
products, with respects to the environmental influences
[3]. The presented study deals with an adhesive-bonded
joint between composite material and metal. The
properties of this joint have been predicted with the aid of
FEA-based numerical simulations. Numerical simulations
of bonded joints can be carried out by multiple methods.
Some methods describe only the linear cohesive
behaviour of the joint. Others describe also the area of the
damage evolution. One can classify these methods
according to the way the adhesive layer is idealised and
according to the extent of idealisation of both adherents.
The adhesive layer can be represented by 1D, 2D or 3D
elements. Using 1D elements, the adhesive layer can be
idealised as spring elements or as a combination of spring
elements and infinite-stiffness 1D elements. This concept
of adhesive layer idealisation is employed in the
Tahmasebi model [4]. With 3D elements, the adhesive
layer can be defined as isotropic material. The problem
can then be solved in the elastic strain range using
Hooke’s law and cohesive surface contact [5], or with the
aid of 3D cohesive elements [6, 7]. These elements can be

elements. The purpose of this study was to find the
optimum configuration of the adhesive layer to facilitate
the transmission of torque between composite material
and metal. The findings will be used for developing an
experimental specimen on which the properties of the
joint and the results of the numerical model will be
verified.
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2 Shape of the specimen

Fig. 1 shows a bonded joint between a composite tube
and a steel flange. It also contains the dimensions of both
adherends (lengths, thicknesses and diameters).

Fig. 1 also shows a detail of the adhesive layer with
dimensions (length, thickness and the cross-section angle
of the adhesive layer). These parameters are the input data
for the optimisation cycle [1]. The objective function
relates to the twist angle at the end of the composite tube.
The purpose of the optimisation is to minimise this twist
angle. The properties of the adhesive are given in Tab. 1.

Table 1 Material parameters of the adhesive Spabond 345 LV [§]

Parameter Value Unit
Mass density 1300 kg/m’
Young‘s modulus 3000 MPa
Poisson’s ratio 0,37 -
Yield strength 27 MPa
Type of material Isotropic -

Table 2 Material properties of composite layer
Matrix Vi
Epoxy resin 0,3
Fibre Ve
T700 0,7
E,/MPa E,/ MPa E;/ MPa
167662 6627 6627
Vip/ - o/ - v3y/ -
0,329 0,326 0,013
Glz/MPa G23/MPa G31/MPa
5116 2498 5116

Table 3 Description of layers of the composite tube

Layer number | Thickness / mm Fibre orientation /°
1 0,25 45
2 0,25 —45
3 0,25 45
4 0,25 —45
5 0,25 45
6 0,25 —45
7 0,25 45
8 0,25 —45
9 0,25 45
10 0,25 —45
11 0,25 45
12 0,25 —45
13 0,25 45
14 0,25 —45
15 0,25 45
16 0,25 —45
17 0,25 45
18 0,25 —45
19 0,25 45

20 0,25 —45

Tab. 1 also contains values which describe the
behaviour of the adhesive in the elastic region. These are
Young’s modulus and Poisson’s ratio. Yield strength
represents the limit value beyond which plastic
deformation occurs. Material properties of individual
laminae of the composite tube are listed in Tab. 2, where
Young’s modulus, Poisson’s ratio and Shear modulus are
given for the fibre direction and both directions
perpendicular to the fibres.

The matrix and fibre volume fractions in the lamina
and the type of fibres and the adhesive are listed as well.
These values have been derived from the volume fractions
and material parameters of the fibres and the adhesive.

The stiffness and strength of the bonded joint are
dictated primarily by the stiffness and strength of the
composite tube which is governed predominantly by the
composite’s structure. The description of the layers, the
fibre orientation and layer thickness are given in Tab. 3.
The orientation of fibres in individual layers has been
proposed with regard to the acting load.

3 Finite element analysis

Numerical simulations were carried out using finite
element method implemented in the Siemens NX 10.0
software with the NX NASTRAN 10 solver. The model
of the steel flange to which the composite tube is attached
was meshed using 3D CTETRA (10) elements with a size
of 12 mm. The flange is made of steel, the properties of
which are given in Tab. 4.

Table 4 Material parameters of steel

Parameter Value Unit
Mass Density 7829 kg/m’
Young’s modulus 210000 MPa
Poisson’s ratio 0,31 -
Type of material Isotropic -

Identical elements have been used for the adhesive
layer. However, the element size (1 mm) was adapted to
the adhesive layer thickness. In the composite tube, 2D
CQUAD (8) elements with a size of 3 mm were used. A
load of 300 N-m was imposed on the bonded joint. The
axis of rotation was the axis of the composite tube. The
torque was defined with respect to the centre of the
composite tube using infinite-stiffness RBE2 elements.
The bond between the adhesive layer and the composite
tube was defined by means of Surface-to-Surface Gluing.
The attachment constraint was defined on the front face of
the flange, see Fig. 2.

Fixed

Constraint 3D CTETRA

(10) Elements

3D CHEXA (20)
Elements 2D CQUAD (8)
Elements

Torque

iTigure 2 Application of boundary conditions and meshing of the model
of the bonded joint

The stress and the twist angle determined by the finite
element analysis are input into the optimisation cycle.

4  Optimisation of the bonded joint

The purpose of the optimisation cycle was to find an
optimum configuration of the adhesive layer. Such a
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configuration should minimise the twist in the bonded
joint caused by the torque, taking into account the stress
in the layer. The numerical simulation was a basis for the
subsequent optimisation. The optimisation was done
using the special Geometry Optimization cycle
incorporated in the Siemens NX 10 environment. The
optimisation variables included the length L, the adhesive
layer thickness B and its cross-section angle 4, as
recorded in step 1 of the optimisation cycle documented
in Tab. 5.

Table 5 Description of the optimised parameters of the layer of adhesive

Optimisation | Rotation | Angle | Length | Thickness | Shear stress
Cycle No. /° A/° | L/mm | B/mm / MPa
1 0,362 4,00 15,00 0,75 28,28
2 0,361 3,10 15,00 0,75 34,24
3 0,351 4,00 17,00 0,75 29,91
4 0,347 4,00 15,00 0,59 37,61
5 0,326 5,00 24,87 0,75 22,78
6 0,326 4,57 24,92 0,75 24,22
7 0,288 4,59 29,72 0,48 21,78
8 0,247 0,87 29,60 0,20 21,80
9 0,271 5,00 28,47 0,20 23,48
10 0,307 0,50 30,00 1,00 21,71
11 0,248 0,50 30,00 0,28 22,05
12 0,243 0,50 30,00 0,20 22,91
13 0,242 0,50 30,00 0,20 22,37

The objective function involves the resulting twist
angle of the bonded joint measured at the end of the tube
where the torque of 300 N'm is applied. The objective is
to minimise the twist angle. Another parameter of interest
is the resulting shear stress in the adhesive layer which
should not exceed the permitted value of (29 + 35 MPa
[8], depending on ambient conditions). It was necessary to
define the upper and lower limits of input parameters for
the optimisation cycle, see Tab. 6.

Table 6 Initial input parameters for the optimisation cycle

Symbol Description of | Initial U.pp.er Lf)w.er Unit
parameter value | limit | limit

Length of the

L bonded joint 27 20 30 mm
Minimal thickness

B of the bonded joint 0,75 ! 0.2 mm
Angle of the

A section area of the 4 5 0,5 °
bonded joint

Effects of individual input parameters and their
changes with optimisation cycle steps are plotted in Fig. 3
+ Fig. 6. These parameters include the bonded joint twist
angle, the adhesive layer cross-section angle (A4), the
length of the adhesive layer (L) and the adhesive layer
thickness (B). The lowest value of the final twist angle of
the bonded joint was found in step 12. In this step, the
monitored stress level was just below the permitted value.
The stress levels are shown in Tab. 5. The stresses, which
exceed the permitted value [8], are highlighted in bold
italics.
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5 Conclusion

In this study, a set of optimisation cycles has been
carried out to find the appropriate input parameters. These
input parameters should minimise the twist angle in the
bonded joint. In addition, the shear stress value should not
exceed the limit value specified by the adhesive producer
[8]. In the last optimisation step, optimum parameters
were found which minimise the twist angle in the bonded
joint. This optimum value is 0,242° and is valid for used
type of the bonded joint with specific geometry and for
used numerical model. The optimum input parameter
values are as follows: bonded joint length L = 30 mm,
cross-section angle of the adhesive layer 4 = 0,5°
adhesive layer thickness 7 = 0,2 mm. The stress in the
layer of adhesive under the above conditions is
22,37 MPa. This value is much lower than the limit value.
In the optimisation cycle, the input parameter values of A,
L and T were affected most strongly by the upper and
lower limits defined for the cycle. These limits were
derived from the process requirements for joint making
and from the design requirements for the bonded joint of
this type. The lower limit for the adhesive layer thickness
was influenced by the minimum thickness defined by the
adhesive manufacturer. The same holds for the minimum
angle of this layer which should guarantee uniform
distribution of the adhesive during the joint-making
process. The length of the bonded joint was also
influenced by the dimensional constraints of the bonded
joint design. The optimisation cycle shows a similar
sensitivity to changes in the cross-section angle of the
adhesive layer (4) and the change in the adhesive layer
thickness (7) all the way down to their lower limits; and
to changes in the bonded joint length (L) all the way up to
its upper limit. The effect of changes in the input
parameters on the total mass of the joint was neglected, as
it was very small. The 4, L and T parameters describe the
optimum configuration of the adhesive layer. They will be
used for designing the structure which transmits the
torque to machine tool spindles and that is the main
contribution of this research.
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