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INTRODUCTION

Problem Statement

This dissertation is focused on the development of a smart composite material. The smart
materials field is a new emerging field of materials systems which combines materials
science with information science. In general a smart material is defined as a material that
is capable of reacting to stimuli or the environment in a prescribed manner[1].

Current study is focused on smart materials with the ability to sense and process
information about the environmental conditions and on its own structural health. Smart
materials have often embedded sensorics[1]. Embedding foreign structures inside a
composite causes structural mismatch and integrity problems. At the same time it has
many benefits, which makes embedding desirable for composites. The result of
embedment is a complex smart material system, which feasible realization can be
considered as the solution of a multicriteria and multilevel optimization problem.

The multicriteria optimization problem for design of smart composites can be
formulated as follows:

F(x)=(F(X), F,(X), F5(X)..., F, (X)) (1.1)
subjected constraints in form of equalities or inequalities

X, <x, =X <xp, (i=1,..,10), (1.2)

g, <0,(j=L...m), (1.3)

B (x)=0,(k=1,....0). (1.4)

In (1.1)-(1.4) x is the vector of design variablesand theobjective functions are given as

Fj(x) - stiffness characteristic (strain energy density, etc.)
F,(x) - strength characteristic (max stress, max strain, failure index, etc.)

F5(X) - collected information characteristic (values of acceleration, stress, strain,
humidity, etc.)

F,(x) - energy consumption characteristic

F5(X) - cost of the structure

F, 6 ()_C ) - life expectancy of the structure



Finding an effective solution to a posed problem means that the stiffness and strength
of the structure are maximized, the energy consumption is minimized and necessary
information acquired.

Main Objectives

Recent advances in sensors and related electronics, communication and signal processing
offer in-situ monitoring possibilities of the geometric, environmental, and structural
characteristics of composite structures[2],[3].

The main objective of the current study is the development of methodology for
design of smart composites with structural health and performance monitoring
capabilities. Such materials provide a non-destructive evaluationpossibility for detecting
damage in composite materials. The study is focused on design of composite structures
with fully integrated embedded systems (sensors/actuators) which are able to convey data
andinformation in real time.

Another issue of no lesser importance is validation on proposed methodology in
laboratory tests and real world applications. The laboratory tests performed include
fatigue tests of smart material with embedded electronics, sensor tests for energy
consumption and acquiring information, stiffness and strength test of the base material
and smart materials/structures.

Furthermore, wind turbine blades with embedded electronics are designed and tested
in field conditions (Estonian company “Goliath Wind OU”). The measured characteristic
was acceleration.

The main objective of the study can be achieved by completing several complex
subtasks which cover essentially quite different disciplines like material science,
mechanics, electronics, software development, etc. For that reason the author of the thesis
has made collaboration with researchers of the Seebeck Institute of Electronics.

In general, the manufacturing process of smart composite considered can be divided
into three main subtasks: manufacturing of base composites, design and manufacturing of
electronic components, embedding electronic components in base composites. These
subtasks can be performed separately, but are influenced by each other. A smart
composite with improved properties can be obtained by performing optimization for each
subtask, but not only. For example the electronic component with maximum information
acquiring capabilities has typically too large dimensions to perform well as an integrated
component. Due to conflicting objectives the optimization should cover also a global
level i.e. smart composite level.

Based on above discussion the sub-objectives of the study can be outlined as:

e minimization of the impact of embedded components on strength and stiffness
properties of the composite structure

e improvment of the embeddement process of electronic components in host
material

e minimization of manufacturing expences of the smart structure
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Obviously, the proposed sub-objectives uphold the main objective of the study.

Hypothesis

This research presents efforts to develop structural composite materials which include
networks of sensors that extend the functionality of the composite materials to beaware of
its own health condition.

The main hypothesis of the thesis can be outlined as follows:

H1: The impact of embedded electronics on strength and stiffness properties of the
composite material/structure can be minimized by properly performed design of base
composite and electronic components.

H2: Introducing of ALT technology for design of smart composites makes integration
of embedded electronics in host composites more flexible.

H3: Using ALT technology together with wireless electronic systems forms a new
environment and perspective in the design of smart composites.

H4: Smart composite with embedded electronics can be manufactured with reasonable
expenses.

The working hypothesis proposed can be regarded as confirmation of the fact, that the
aims of the study are attainable.
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ABBREVATIONS

AM
ANN
ALT
CAD
CFRP
CLT
DCB
DIC
DPC
GFRP
FRAM
FE
FEA
FEM
HDPE
HTCC
IC
ILSS
LTCC
MEMS
NCF
NDT
NDE
PCB
PET
PMI
PVDF
SAW
SEM
SHM
SLS
TSSOP
VQFN

additive manufacturing

artificial neural networks
additive layer technology
computer aided design

carbon fibre reinforced plastic
classical lamination theory

direct copper bond

digital image correlation

direct plated copper

glass fibre reinforced plastic
ferroelectric random access memory
finite element

finite element analysis

finite element modeling

high density polyethlyene

high temperature co-fired ceramics
integrated circuit

interlaminar shear strength

low temperature co-fired ceramics
micro electro-mechanical system
non-crimp fabric

non-destructive testing
non-destructive evaluation
printed circuit board
polyethylene therephtalate
polyimide

polyvinylidene fluoride

surface acoustic wave

scanning electron microscopy
structural health monitoring
selective laser sintering
thin-shrink small outline package
very thin quad flat non-leaded

11



SYMBOLS

tensile stress in i-direction

compressive stress in i-direction

shear stress in ij-plane

reduced stiffness coefficient

strain in i-direction

shear deformation in ji-plane

curvature constant for the middle surface of composite layer in i-direction
curvature constant for the middle surface of composite layer in ij-direction
distance from the middle surface of layer
Young’'s modulus

shear modulus

Poisson ratio

objective function of optimization
normalized objective function of optimization
design parameter

vector of design parameters

maximum deflection

energy

capacitance

power

voltage

i-th weight coefficient

height of resin pocket

length of resin pocket

maximal angle between resin pocket walls
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1. THEORETICAL BACKGROUND

1.1 Composite Materials and Structures

Composite materials have found a wide range of applications due to their unique
properties, of which perhaps high specific strength and resistance to fatigue and corrosion
are the most valued. Fibre composites are laminated anisotropic materials, in which
damage is often not easily detectable. Carbon fibre is the most promising structural
composite reinforcement type. It has very high mechanical strength, yet has low density.
Besides high specific strength it is corrosion resistant and extremly durable in fatigue
loading conditions. This makes carbon fibre appealing for aerospace andautomotive
structures. The biggest disadvantage of carbon fibre composites is their proneness to
catastrophic failure. One of the most famous catastrophic failure incidences occurred in
the 1995 America’s Cup sailing yacht race, where a yacht named “OneAustralia”
snapped in half and sank in the matter of few dozen seconds with the assistance of its
heavy keel [4], [5]. For carbon fibre it is critical to predict failure in advance. This
introduces the field of structural health monitoring. This field receives a more detailed
introduction in the next section.

1.2 Structural Health Monitoring Systems

Today structural health monitoring is a rapidly evolving field. Structural health
monitoring is defined by Farrar et al. [6]as a process of implementing a damage
identification and characterization strategy for aerospace, civil and mechanical
engineering. Damage is defined as a change of a material’s or structure’s mechanical or
physical properties, including the connectivity to boundary conditions, which causesan
adverse reduction ofthe system’s general performance.

Without the SHM system usually safety or failure critical structures are maintained
using time-based health or condition assesment. For example most aeroplane critical
structures have a pre-defined flight hours reserve after which they must be replaced. A
structural health monitoring system’s main purposeis to replace the time-based method
with condition-based life-expectancy assessment. A typical example is a sensor network
(e.g strain gauges) that will register unwanted change of structure or material and then
will notify the operator of the system of detected damage. Condition based monitoring
helps to reduce the probability of failure, especially in life-hazardous applications.
Besides that it has the side effect of helping to reduce excessive material usage. Safety
factors can be reduced, which in the longer term will benefit the environment.

SHM methods can be categorized under local and global monitoring methods. Local
methods detect the damage usually near the source. These methods are very often used in
non-destructive testing fields. The main problem with these methods is the requirement
for the measuring unit to be near the damage zone. Their benefitis high sensitivity to
damage. Global monitoring methods use indirect damage describing characteristics to
identify the occurrence of damage. The most used characteristics are stiffness, mass or
energy dissipation properties of a system, which will influence the dynamic response of
the whole structure.
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1.3 Advantages of Embedded Sensors

Surface mounted sensors are susceptible to damage and their protection form
environment is often noticeable extra weight increase. Embedding the sensors allows for
protection from harmful environmental conditions. It is also the only way for creating an
autonomous structure with a smooth, non-irregular surface. An example of strain gauges
with noise-proof analogue signal cabling is shown in Figure 1.1. Embedded sensor nodes
remove the need for heavily shielded long signal cables, especially if the primary signal
processing is done near the sensor. From the imageit can be also estimated that such
cabling is a noticeable weight-gain to the lightweight composite structure.

Figure 1.1 Strain gauge rosettes mounted on a ship’sunderwater appendage structure

Aside from cabling the second concern is sensor protection from environmental
influences. The most sensitive devices are those which have a mechanical bond with the
material in order to register strains. The interfaces between two materials are sensitive to
moisture attack. It is known, that moisture attacks the material interface between a sensor
body surface and the composite matrix [7-8]. In order to use strain sensing devices in
long-term applications the sensors must be well protected from environmental influences.
A feasibility study for a marine environment was conducted in 1990 by Green et al. [9].
They concluded that the performance of a strain gauge sensor in a marine environment is
strongly dependent of the adhesion quality and weather protection methods used. It was
found that if the device is joined correctly with the structure, then it can perform well,
reliably,for up to 20 years, depending on application. They also verified that general
polymer enclosed strain gauges perform better than weldable strain gauges.

Correct installation and isolation (from outer environment) of gauges needs a careful
adhering procedure with specific high quality adhesives. This is a labor intensive
procedure. Besides the aforementioned shortcomings extra time is consumed due to the
used adhesion material polymerization times.

Embedding sensors inside the structure allows the use of the composite matrix as the
environmental isolation material. This reduces the cost of SHM system application
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through reduction of different materials usage and also the assembly and material
preparation and polymerization times. Additionally the less different materials used, the
loweramount of two-material interface areas exist, which are prone to fail due to
hygrothermal attacks.

Composite structures are known to take advantage of using different plies with
different stiffness characteristics. Usually the heavily loaded layers or plies are hidden
underneath the surface to protect them from external damaging punctures or abrasion.
Due to differences in stiffness the outer plies strains may not represent precisely the inner
plies strains and stresses. This is typical when tensile and bending loads are applied
simultaneously on material. The simplified mechanical behavior can be described with
classical lamination theory as in [10]. The stress-strain relations in a plane stress state for
an orthotropic lamina with numbering index k are described by stress-strain matrices as
shown following equation:

01 Q11 Q12 0 €1 kq
[%]:[QlZ Q22 0 ] € |+z k2]. (1.1)
T12 0 0 Q66 Y12 klZ
Where the reduced stiffness's Q;; are defined as follows:
Ey
Oun = e (1.2)
E3
S (1.3)
VB v31Eq
Q12 = 1-v1aV21  1-V1pVa (1.4)
Qes = G12. (1.5)

The equations apply for a single ply. This can be transferred to a random ply with
number indication of k. From these laminas a laminate can be assembled. For a multi-ply
laminate the following simplificationsare made:

e  The laminas are bonded together with a virtual bond which has no thickness nor

shear deformations.

e The laminate is considered to be a few magnitudes longer in 12 plane compared

to the thickness plane 3.

e All the deformation in lamina happens without changing the laminas’ surface

normal direction. This excludes shear deformationsy;s and y23.

For composite laminate the reduced stiffness coefficients Qj have different values if
the layers are composed of different angled, different weaving pattern or different
materials. As a result the difference in elastic modulus values will cause stress
distribution to become discrete in a layer-wise direction. It is depicted in Figure 1.2. The
representative laminate is composed of four layers, from which two have different
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Young's modulus. The bending strain distribution in z-direction (same as direction 3 in
previously mentioned equations) is linearly varying. However the stresses in layers are
not necessarily distributed linearly, even though the strain variation is linear. Instead
typically the stresses are linear piecewise, but at the layer boundaries between layers they
are discontinuous.

R

- / R—
Laminate with 4 plies Strain distribution Elastic modulus Stress distribution
distribution

Figure 1.2 Theoretical variation of laminate stresses through thickness

If the strain gauge rosette is placed on the layer, which will not be critically loaded
during operation of structure, then it may not detect the catastrophic stress occurrence.

To summarize it is vital and feasible to embed layer stress measuring devices inside
the composite laminate instead of surface mounting. The main benefits of this approach
are the environmental protection advantages and also the need to detect and quantify the
layer stresses directly from the layer under the scope.

1.4 Sensor Size Concerns

Integration of sensors or MEMS devices into fibrous composites is usually achieved by
placing the device between the plies of composites during the manufacturing process.
The device becomes surrounded by the matrix and the continuous fibres are bent in order
to facilitate the embedded device matching with the surroundings. This leads to the
increase of interlaminar stresses near the inclusion and a local remissive stress
concentrator is created. Besides the weakening of the whole composite structure the
stress gradients around the embedded device distort its ability to sense the surrounding
environment. Therefore it is necessary to investigate and characterize the mechanical
interaction between the embedded device and the host composite structure.

Keeping the sensor very small minimizes perturbations in the normal stress field. The
less the foreign object bends the composite fibres out of their normal plane, the stronger
the resulting laminate will be. One good example of feasible sensor solution is developed
by Mohammed et al. [11]. They developed a high sensitivity MEMS piezoresistive strain
microsensor, which has good sensitivity, low power consumption and thermal stability.
This all has been achieved at the size of around 10mm times 0.5mm.
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1.5 The Influence of Foreign Objectson Mechanical Properties of
Composite Material

Embedded foreign objects can be considered to behave similarly to void inclusions.
They influence the stiffness and strength of composites negatively as shown by Bowles
[12] and Costa [13]. Costa determined that voids in composites may result in severe
reductions in matrix-dominated mechanical properties such as interlaminar shear, and
compressive and flexural strengths. Quantitative degradation of properties differs
strongly depending on the specific material or manufacturing method used. The main
contributor to the diversity of degradation is the morphology of voids [14]. Voids are
usually hollow gas volumes inside the host structure. Huang and Talreja describe voids as
a cutout from the composite material [4]. The voids differ from embedded devices by the
fact that embedded devices may not create such high stress concentrations due to their
geometry and can have the ability to carry mechanical loading. A controversy might be
created by the fact that embedded devices’ thermal and moisture expansion coefficients
will differ from that of the host materials. This can create extra stresses via expansion
mismatch at temperature change.Based on the assumption that voids can be considered as
representatives of embedded objects the literature study is conducted. From Liu et al. [15-
16] studies it turns out that for 0°/90° woven fabric based composites the ILSS reduces
around 30% for void concentration of 3% in case of carbon/epoxy laminate.

Composite materials are known to have reduced compression properties compared to
isotropic materials. The void content inside the composite material influences the already
weaker compression properties further. Hapke et al. [17] investigated the failure of
unidirectional carbon-fibre composites with scanning electron microscope. He concluded
that the damage mechanism at compression failure is caused by local microscopic fibre
kinking and ensuingfibre fracture which leads to a catastrophic event. From his
conclusions it can be assumed that foreign inclusion caused macroscopic fibre
misalignment is a precondition to enhance fibre kinking proneness.

Czichon [14] has conducted an extensive literature review and research on the void
content influence on the properties of composite laminates with different production
methods. He summarizes that the influence of void content on the properties is strongly
material, laminate and manufacturing method dependent. To conclude this section it can
be said that the foreign object inside a laminate has complex interaction with the
structure.It is feasible to determine the characteristic properties of a composite
experimentally for specific material and embedded device combination.

1.6 Physical Interfacing of Sensor Node Body and Composite Matrix

Composite materials in windturbine and marine applications work in harsh outer
environment. Unlike aerospace structures they are not stored in protective hangars to
allow recovering from moisture attacks or icing. Moisture influences composites
negatively in multiple aspects.

Tsenoglou et al. [18] investigated the water absorption properties of polyester resin
based glass fibre laminate. They concluded that moisture diffuses along the
microchannels surrounding the fibres. The moisture sorption and drying cycles cause the
size of the microchannels’ volume to increase, which leads to an almost logarithmic
increase of diameter of channels.
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Zafar et al. [19] proposes that fibre-resin interfacial properties are decreased due to
chemical degradation and mechanical degradation.Chemical degradation is the result of
hydrolysis of the bonds at the interface. It is a function of the environment temperature
and pH value. Mechanical degradation is the result of matrix swelling causing stresses
large enough to pull the matrix apart from the fibre. Amer et al. [20] estimated that
swelling is the main reason for interfacial damage. The complex mechanical radial tensile
stress state pulls the matrix off the fibres.

Zafar et al. [19] determined experimentally that absorbed water destroys the crosslinks
inside the epoxy structure and by doing that segments rigidity. Pure epoxy resin lost its
properties 15%-18% on average after being conditioned 40 and 300 days.

It can be concluded that two material adhesion suffers severely under moisture attack.

1.7 Methodology for Development of Smart Composite

As pointed out above the embedded sensors have several advantages with respect to
surface mounted sensors:

e sensors are protected from adverse environmental conditions,

e possibilityto create an autonomous structure with a smooth surface finish

Besides the aforementioned advantages, embedding the electronics inside the host
laminate has the benefit of reducing the signal noise issues related to long cabling and
enables the possibility to commit local primary signal processing. Thus, it is reasonable
to proceed with design of smart composites with embedded electronic components and to
consider surface mounted components based structures as an alternative solution for
particular situations.

However, based on literature overview and discussion given in sections 1.1-1.7 it can
be concluded that there are a number of key factors influencing structural health of the
smart composite with embedded electronics:

o stiffness characteristics of the structure,

o strength characteristic (max stress, max strain, failure index, etc.),

e acquired information characteristic (values of the acceleration, stress, strain,
humidity, etc.)

e energy consumption characteristic.

In the current study an attempt is made to consider the effects of all key factors in
design of smart composite. For that reason the following approach is proposed:

e The design problem of smart composite can be formulated as a multicriteria
optimization problem utilizing above mentioned key factors as objectives and
including the cost as an additional objective (see section 1.1):

o The stiffness of the smart structure is subjected to maximization. The
characteristics considered involve the elasticity tensor components.
Instead of maximizing components of the elasticity tensor certain
simplification was made —the strain energy density has been subjected to
minimization (providing stiff structure).

o The strength of the smart structure is subjected to maximization. The
considered characteristics —maximum stress and maximum strain, both
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are maximized. An alternative possible approach is to minimize the
maximum failure index (calculated for each element).

o The energy consumption has been subjected to minimization. For smart
composites with embedded systems energy consumption is especially
important, since powering or recharging is a more complicated task.
Reduction in energy use is provided by careful design of electronic
components, optimizing data exchange and management.

o The acquired information capacity is subjected to maximization.
However qualitative information capacity is meant here, not
quantitative. The information can be filtered in sensor nodes and only
selected information should be stored and sent during data exchange
sessions. The characteristics included are acceleration, stress, strain and
humidity.

o The cost is subjected to minimization.

e The solution procedure can be decomposed into subtasks, which have a
hierarchical structure and can be solved iteratively
Obviously, the posed multicriteria optimization problem contains conflicting
objectives, several technological, geometrical, etc. constraints, discrete
variables, local extremes and its solution is complicated. The solution procedure
can be decomposed in the following subtasks: design of host structure (stiffness,
strength), design of embedded electronics (data acquirement, shape, size), design
of embedding process.

e Design of smart composite structure includes iterative repetition of above
mentioned subtasks.

e An analysis of the usability of resistance strain gauges in local sensor nodes
should be performed.

e Possible loss of structural integrity of composite structure caused by the inclusion
of foreign objects in the material should be estimated.
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2. DESIGN OF BASE COMPOSITE MATERIAL

In the following an overview of Paper I (see Appendix Il for full paper) resultsis given.

2.1 Introduction

An example sandwich material design study was conducted with the purpose to optimize
its price performance.

The multicriteria optimization problem has been formulated and solved by applying
multicriteria analysis techniques[21-24] and genetic algorithms [25-28].

The main goal of the current study was to develop a new composite material with
optimal mechanical properties. The optimality criterion targets are mechanical strength
and cost.

2.2 Experimental Testing

The mechanical properties of experimentally manufactured sandwich composite
materials were tested. The sandwich composite panels were tested in 4-point bending
conditions according to ASTM C393/C393M. Three different core materials were
tested.The principal scheme of the 4-point bending test is described in Figure 2.1, where:
P is the load, S is thedistance between supports, L is the span. The span of the lower
supports was 560 mm and upper supports 100 mm.

P/2 P/2

(S-L/2 | L | (S-LI2

:

Figure 2.1 Loading scheme in 4-point bending

2.3 Finite element model of sandwich panel

Finite element analysis subjected to 4-point bending was conducted with ANSYS APDL
v12.1 software. A plane strain 2D assumption was used. A linear orthotropic material
model was used to define laminate properties. A linear isotropic material model was used
to define core properties (defined by elastic modulus £ and Possion's ratio v).

For FEA model validation the results of 4-point bending tests and virtual testing have
to be compared. As it follows from Table 2.1for the sandwich panels with PET and PMI
foam the deflection rates obtained by real and virtual tests are quite similar differentiating
only by 3% and 6 %, as the shear modulus of these foams (see Table 2.1) are in the
same range from 19 MPato 20 MPa. Regarding the sandwich panel with HDPE foam the
deflection rate obtained by real testing is differencing almost 40 % from the virtual result.
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This can be explained by relatively low shear modulus (11 MPa) and buckling with
plastic deformation of the tested panel.

Table 2.1 Comparison of the real and virtual 4-point bending test results

Type of Core Wax DY Wiax DY T by

material testing, mm FEA, mm FEA ,MPa
PET 342 32.0 0.97
HDPE 69.9 41.5 0.94
PMI 30.0 30.9 0.94

The obtained FEA analysis results were used for optimal design of the sandwich
panel. Three core materials from eleven were physically tested, other eight were
numerically tested.

2.4 Optimal Design of Sandwich Panel

In order to improve mechanical properties of the sandwich structure design optimization
has been performed. The aim was to design the sandwich structure with maximum
stiffness/strength properties while keeping expenses minimal. Behaviour of the different
strength characteristics of the sandwich structure has been analyzed and themaximum
stress was selected as an optimality criterion i.e. the aim was to find out the configuration
of the sandwich structure providing the highest failure load. Certain similarity in
behaviour of the stiffness/strength characteristics has been observed (proportional
relations). An alternative concurrent optimality criterion was the cost of the sandwich
structure.
Thus, the multicriteria optimization problem considered can be formulated as

F(x)= — max, F,(x) = Cost — min, 2.1

O-]TlaX

subjected to linear constraints applied to the design variables vector x

X <X, —X;S<Xp,i=1l,.,n, (2.2)

and non-linear constraints applied to the maximum deflection of the sandwich w,,

ax o

maximum stresses of the each layer o as

Winax (D) S, (2.3)
o (¥ <o, . (2.4)

In 2.2-2.4, the indexes * refer to the upper limit value of the corresponding variable.
The objectives 2.1 are normalized by taking use the following non-dimensional functions

f(®) = max F(X) - F;(X) 2.5)

max F}(X)—min F|(X) ’

£y(F) = F,(¥)—min F, (X) (2.6)

max F, (X)—min F, (X) ’
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Obviously, both concurrent objectives f;(x) and f,(x) are subjected to minimization
and the Pareto optimality concept can be applied.

2.4.1 Pareto Frontier

Repetitive evaluation of the objective function f;(x) and nonlinear constraints 2.3 and 2.4

during the optimization procedure is time consuming. For that reason, the FEA has been
performed for a fixed set of design variables and on the basis of obtained numerical
results the response surface has been constructed (most commonly used technique to
reduce the cost of the computational analysis and /or experimental tests). In the current
study the artificial neural network (ANN) has been employed for response surface
modeling. The surface constructed by the use of ANN does not normally contain the
given response values (similarity with least-squares method in this respect). An approach
proposed is based on the use of the MATLAB neural network toolbox (two layer network
with one hidden layer). The Pareto front of the maximum stress and cost of the sandwich
structure is given in Figure 2.2. It is composed of 3 separate curves. The reason for gaps
between curves is an un-continuous or discrete option for core materials. The gaps are
locations, where there is no physical core material option available.
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Figure 2.2 Maximum stress versus cost of the sandwich structure

First note that the minimum values of the objective function f;(x) in the Pareto front
correspond to maximum values of the original stress function F(¥)(see formulas 2.1

and2.5).The Pareto front depicted in Figure 2.2 contains discontinuities and is made up
from three parts corresponding to sandwich structures with different values of maximum
stress and cost. Obviously, the Pareto front can be made less gradual by design of the
neural network model, but this is not the target desired. The main aim is to provide as
much information as possible for decision making i.e. for selection of an optimal point
on the Pareto front. Points before a sudden rise of the cost function seem most
appropriate. However, all points on the Pareto front are optimal (Pareto optimality) and a
final decision depends on the particular case.

2.5 Conclusions

Optimal design of the light-weight sandwich panel has been performed. Different
combinations of the core material and layer thicknesses are considered. The study
involved experimental investigation and numerical simulation for determining
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mechanical properties of the layer materials of the sandwich structure. In order to reduce
computational time the metamodeling technique has been employed (ANN). Finally,
relying upon the obtained response surface the Pareto optimality concept is applied and
optimal solutions are determined. It can be concluded that:

e the solution appears more sensitive with respect to core material selection than
core layer thickness (it was assumed that the total thickness on the sandwich
structure remains unchanged, i.e. core thickness can decrease with increasing
facing layers thickness);

e the use of certain expensive core materials like PMI leads to a sudden increase in
cost, but does not provide significant improvement of the mechanical properties;
thus in most cases use of such core materials is not reasonable;

e the sensitivity of the solution function with respect to design variables is times
higher in points neighbouring the discontinuity points of the Pareto front.

The Pareto optimality chart describes the price performance of the sandwich structure
in this specific application. It can be seen, that the cost response is non-linear. Using
structural health monitoring in order to reduce the reserve factors can justify the cost of
the SHM system and also lead to general material consumption reduction. This also leads
to environmental saving benefits.
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3. DESIGN OF ELECTRONIC COMPONENTS

In this chapter the design of electronic components is studied in the point of view of:

e information acquiring capabilities,
e embedding possibilities of components in composite structure.

3.1 Electronics Miniaturization Possibilities

Embedded device dimensions are dominated mainly by the size of integrated electronics.
Printed circuit boards and microchips and components are all options for size reduction.
It was decided at first to focus on available commonly used electronic devices’ casings.
Economical methods that could be used without interfering with the chip design’s
fundamental technologies are the following:

e Selection of minimum size chips casing. This means searching for the smallest
available casing design that is easy to assemble on to the system.

e Bare integrated circuits. This design is simply a semiconductor device, which has
no moulded protective casing.

o Flexible substrate electronics[29].
Ceramic substrate technology.

3.1.1 Small Size Chips and Bare Integrated Electronics

Most IC’s have multiple packaging options. The core of the SHM system under
development is a Texas Instruments produced FRAM based ultra-low power
consumption microcontroller MSP430FR5379. The easiest and cheapest way to decrease
the size of electronics is simply selecting components packaging that has the smallest
dimensions. For the available MSP430FR5379 integrated circuit it means choosing
between TSSOP and VQFN type packaging. Their designs are depicted in Figure 3.1 and
Figure 3.2. From the longitudinal and height dimension comparisons it can be concluded
that the size reduction of selecting VQFN type packaging reduced the dimensions of this
controller simply by approximately one third. This is an economic decision to reduce the
size of the electronics of the prototype.
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Figure 3.1 TSSOP packaging of MSP430FR5379 microcontroller
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Figure 3.2 VQFN type packaging of MSP430FR5379 microcontroller

The main limit to reducing the chip size is its manufacturability. The smaller devices
get, the more difficult it is to reliably assemble them on a PCB.

Bare integrated circuits (also known as bare die) are used in the author’s first study of
experimental embedment of electronics. Semiconductor devices are cut out from
semiconductor wafers. The small parts on which a single integrated circuit lies are called
dies. See Figure 3.3 for further explanation. Integrated circut’sbare die is the smallest
possible conventional electronics option, which does not need the alteration of basic
semiconductor design. Modifying or redesigning the silicon wafer cost is approximately
twice as costly as simple PCB based electronics development [30].

Wafer

Die

Figure 3.3 Wafer is composed of dies

A bare IC design is used sometimes, when there is a need for high packaging density
of electronics. The advantages of bare dice technology is well summarized by Al-Sarawi
et al. [31]. The most important factors to point out in the context of embedded devices are
compactness, noise resistance, power consumption and speed. Removing the discrete
housings from microchips reduced the size of integrated circuits from between 5 to
approximately 20 times. Noise resistance is increased based on the reduction of
interconnection lengths. This reduces crosstalk noise, reflection noise and
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electromagnetic interference. Reduction of noise leads to increased reliability. Power
consumption is reduced due to reduction or interconnect parasitic capacitance C. An
electronic system dissipates energy according to the equation[31]:

E=CVv? 4.1)
where V is the voltage swings along the interconnect.

The power consumption P process of energy dissipation is a function of voltage
swings across the interconnections and f'is the frequency of swings. The equation is as
follows:

P = fCV? 4.2)

The speed gain is achieved through taking advantage of reduced energy dissipation:

lower parasitic capacitance enables increase of the clock frequency of integrated circuits
without extra power consumption.

The main disadvantage of a bare integrated circuit is its vulnerability. The ceramics
are very brittle and conductor junctions are extremely thin. They are generally too fragile
to be handled by a human being. Therefore a prerequisite for their usage are automated
assembly and manufacturing methods for the structure.

3.1.2 Flexible SubstrateTechnology

Flexible substrate electronics are a high potential material choice for embedded devices.
The biggest advantage of flexible substrate electronics is their high strain resistance.
Lacour et al. [32] developed an elastomeric substrate with in-built compressive stress
pretension which creates wavy buckled conductors. This material could be stretched to
22% tensile strain before its gold conductors fractured. This value exceeds typical
structural epoxy resin maximum strain value by around fivetimes. Kim et al. [33] review
the current state of the art in making inorganic high rigidity materials flexible for flexible
electronics. Different authors use different geometrical patterning to make rigid
semiconductor materials like Si, GaAs, GaN etc. flexible. Various physical effects are
used: buckling strategy, stretchable metal interconnects, stretchable strain isolated
systems etc.

Besides inorganic materials an emerging field is so-called organic and also printed
nanocomposite thin film transistors. An example of the latter is developed by Hsieh et al.
[34]. Hsieh develops carbon nanotubes enriched polythiophene active transistor channel,
which is produced by ink-jet printing. This technology is relatively cheap and
additionally has the ability to work under a high strain environment.

Under the flexible substrate technology are also characterized multifunctional
structural batteries. Liu et al. [35] developed a deformable lithium ion battery, which has
material properties tuneable from elastic to rigid. The battery’s design is based on
polyvinylidene fluoride (PVDF) matrix carbon fibre composites. It achieved modest
energy density (35Wh/kg) while being able to withstand tensile strain up to 10%. This
battery can be successfully embedded inside a smart composite structure. The current
state of the art is well documented in [36] and [37].
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The latest developments and trends in thin film flexible electronics are reviewed by
Nathan et al. in [38]. Its biggest strength is its high variety of application possbilities. The
examples are from energy harvesting, energy storing (super capacitors, flexible batteries)
to novel sensor types (strain tuneable antennas etc.). Flexbile substrate technology is
closely related to development of nanomaterials. Flexible substrate technology is perhaps
the only technology from this paragraph’s technologies, which is truly able to cooperate
with the high strains of composite structures.

3.1.3 Ceramic Substrate Technology

Under ceramic substrate technology there are categorized multiple different
manufacturing methods. Among others the most versatile are direct copper bond (DCB),
direct plated copper (DPC), thick film substrates and thin film substrates. Ceramic
substrate technology based electronics are generally at least of a magnitude more
expensive than simple PCB based electronics according to Bethold [30]. Nevertheless
they have certain advantages which make them desirable for fully embedded devices.

Ceramic substrate technology allows for high miniaturization. The ceramic board can
be produced with thicknesses starting from 0.254mm [39]. The most economical
thickness is 0.635mm [39]. Conductive copper, silver or gold layers can have thicknesses
from Spum to 20pum and width around 50um [40]. An example power electronics module
is depicted in Figure 3.4.

ol B "' ‘fﬁf

Figure 3.4 Hybrid circuit composed of silicone semiconductors printed on a ceramic board[30]

According to Bechtold [30] LTCC and HTCC technologies can guarantee a life
expectancy of more than 20 years. This is feasible since the electronics cannot be
removed after the host material has been finalized. Predicted PCB life expectancy is,by
comparison, around 3 years.

The thermal expansion coefficients are small, around 6um/m/K. This fact makes
ceramic substrate technology thermal expansion more compatible to carbon fibre
polymer composites, which also have very small thermal expansion coefficients. One
relevant property is the high difference of the thermal coefficient of expansion with a
PCB. It is a magnitude lower compared to PCB technology. Composites are sensitive to
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thickness direction strains. Avoiding extra strains from thermal loading in that direction
makes the smart composite structure more robust.

Perhaps the most important characteristic of ceramic substrate technology based
devices is their mechanical strength. LTCC technology has flexural strength around
200MPa and HTCC devices have it around 350MPa [30]. This allows them to withstand,
to at least some extent, mechanical loading and also shock-loading. These stress levels
are close to the permitted stresses for GFRP laminates.

The ceramic substrate devices have 0% water absorption property. Ceramic substrate
devices are therefore hydrophobic. This is a strong advantage in moisture filled
environments.

3.2 Low Cost Strain Sensor Experimental Testing
This section is a short summary of Paper IV (see Appendix II for full paper).

3.2.1 Introduction

The research topic of this article is the fatigue testing of fully embedded semiconductor
strain gauges (see Figure 3.5) in order to check their potential in embedded structural
health monitoring system applications. In the testing procedure two different composite
materials are used. Different matrixes were used for specimen manufacturing: vinyl ester
and epoxy resins. Epoxy resins have very high adhesion properties while vinyl esters are
widely used medium cost polymers for wind turbine and seaborne industries.

2000 pm
| I
Figure 3.5 Silicon semiconductor strain gauge embeded in glass fiber laminate

Strain sensitive characteristic dependability from local defects has oftenbeen utilized
to identify damage in structures [41]. Semiconductor strain gauges have a good potential
for embedded structural health monitoring applications. The sensors usually have a
rectangular thin bar shape, with thickness around tenths of a millimetre. The shape
similarity to fibres and material similarity to glass fibres make this sensor appealing to
composite SHM. The proportions of the sensor are close to the typical fibre: the length
dimension is magnitudes higher than width or thickness.

Semiconductor strain gauges have high piezoresistivity. The resistance change occurs
in all conditions of static and dynamic strain. The gauge factor for semiconductor strain
gauges are 50- 60 times higher compared to metallic foil gauges [42]. This removes the
necessity to use high gain voltage amplifiers associated with metallic strain gauges.

The main advantage of a semiconductor strain gauge is its high fatigue life. Since the
gauges are single-crystal elements, they have no measurable hysteresis or creep[42]. This
makes them attractive for long-term installations or for use in unique transducer
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applications.

Distributed wireless sensor node networks are good examplesof where to apply
semiconductor strain gauges [43]. Nodes are able to measure the temperature locally near
the strain sensors. This allows compensation of the non-linear behaviour of the strain
sensor.

Hygrothermal conditioning is used to imitate the real application conditions. It is
known, that moisture attacks the material interface between the semiconductor and the
matrix [44], [45]. Vinyl ester has a magnitude lower interfacial strength than epoxy. It is
also more susceptible to damage caused by humidity [45].

3.2.2 Method

The performance of embedded semiconductor strain gauges was estimated using fatigue
testing similar to the ASTM E1949 standard. This standard describes the experimental
measurement procedure of the fatigue performance of metallic foil resistance strain
gauges.The shape of the specimen was developed similarly to ASTM E251 standard. A
cantilever constant stress body with linearly decreasing cross-section was developed
based on a requirement to maximize the uniformity of longitudinal strain field
distributions. The cyclical load to be applied had R = -1 fatigue ratio value. The strains
were generated by the use of high stiffness machine tool with crank mechanism. Principal
schematic of loading is depicted on Figure 3.7. This mechanism could generate stroke
radius between 10 mm to 40mm.

The analytical calculation was numerically verified with ANSYS Workbench V14.0.
The used body was generated as shell-type geometry and orthotropic material properties
were determined. First results showed that the free edge shear stresses concentration and
the bolt hole structure at the free end cause perturbations in the uniformity of laminate
surface major strain values. A response surface was created in the ANSYS Workbench
Design of Experiments module to find a sufficiently uniform stress field. The
longitudinal strain gradients values difference minimization was set as a design criterion.
The optimal shape of laminate was searched in the near region of the preliminary
designed laminate. An example of the final design of the geometry is depicted in Figure
3.6.

Figure 3.6 Vlnylester specimen during wire soldering process
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Figure 3.7 Loading method with machine tool and crank

3.2.3 Results

The fabrication process damaged most of the sensors. From 20 sensors only 7 survived to
the fatigue testing stage.After the environmental conditioning the vinylester type
specimens copper extension wires laminated under the first layer were severely corroded.
Therefore it is concluded that at this salinity level direct seawater access through
sufficient cracking near the sensors will damage the electronics through corrosion. Also
the strain sensor polymer contact adhesive had a darkening change of colour.

The fatigue life of the sensors is summarized on Figure 3.8. It is interesting to note
that the sensors did not have any sensitivity declination or hypersensitivity occurrence
until failure. Also the temperature increase due to mechanical strains was negligible. The
temperature curves were constant and had no correlation with change of excitation speed.
The average environmental temperature was 26.6°C.

It is obvious that despite the low amount of sensors the fatigue life of sensors is
severely shortened with environmental conditioning. Due to limited amount of data from
fatigue testing no statistical numerical conclusions can be drawn, yet the following
conclusions can be made as qualitative:

e Epoxy resin specimen fatigue performance is difficult to analyze since the
first virgin structure loading was not progressively conducted. From the epoxy
resin fatigue results can be concluded that the breakdown strain value will be
decreased 56% (from 0.22%-0.26% to 0.06%-0.15%).

e From vinylester testing results it is difficult to estimate the sensor strength
reduction values because the damaged specimen had only one operational
sensor left. Nevertheless it is evident that is decreased on the scale of 70%
(from 0,17%-0.26% to 0.065%).
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Figure 3.8 Sensors fatigue breakdown

The breakdown of sensors is probably caused by the separation of one contact from
the surface of the sensor. This is estimated based on the fact that the sensors stopped
working normally in tension mode, but restored electrical circuit continuity in
compression mode (see Figure 3.9).
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Figure 3.9 Sinus signal shape change due to loss of electrical contact(matched from two
measurings)

The breakdown in most cases did not start as an abrupt change, instead the shape of
the sine curve at the peak strain values lost its smoothness at first(see Figure 3.10) and
progressively the shape of the sine function was totally lost.
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Figure 3.10 Abruption of sine function continuity — the first sign of sensor failure

3.2.4 Summary and Outlook for the Strain Gauge

Fully embedded semiconductor strain gauge testing revealed that the surrounding
composite material matrix phase reduces the sensor strength appreciably. Environmental
aging damages the sensor thorughcorrosion and also significantly reduces sensor’s
fatigue performance. It is critical to protect sensors from moisture attack, especially in the
area of junction crystal-joint. The weakest link seems to be the electrical junction contact
point to the silicon plate. The strains in these regions should be relieved by some stress
relieving geometrical solution. Aside from reduced strength properties the semiconductor
strain gauges worked fairly well: no noticeable zero point drift, increased sensitivity or
other anomaly was detected before the first signs of total failure. The used copper wires
suffered severly from environmental aging. Therefore it is suggested to use extra caution
by environmental insulation of wiring. It is useful to perhaps use more corrosion resistant
wire material like silver alloys for long-term applications. Using silicon strain gauges
seems to be a good solution for detecting strains: the gauges have strong signal output,
which is easily measureable using a simple voltage divider.
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4. DESIGN OF SMART COMPOSITE

This section is composed of three sub-sections. Firstly a summary of Papers Il and 111 is
given. Then the content of Paper V is summarized. Finally a development based on the
content of Paper Vis documented starting from paragraph 4.15. There the DIC scanner
results are analyzed and a finite element model is developed and validated.

4.1 First Attempt of Full Embedment

A case study was conducted in order to determine the possibility to embed naked
microelectronics containing printed circuit boards into composite materials. Experimental
study is concentrated on manufacturing, testing and examination of the smart composite
structure obtained by embedding complex geometry of a naked electronics circuit inside
a carbon fibre composite. The base material was woven carbon fibre prepreg.

A printed circuit board (PCB) with low thickness and bare die microchips was chosen
for the electronics placeholder. The PCB is depicted in Figure 4.1 on the left. The height
of the board was 0,6mm. The thickness with at the thickest point of the PCB was
2.45mm. The PCB was 22mm long and 15mm wide.

Three configurations of PCBs were considered. They are depicted in Figure 4.1 on the
right. The PCB was placed longitudinally and transversely to the loading direction for
tensile and compression testing. The printed circuit boards were placed in three
configurations: longitudinally, transversely and tilted at an angle of 45°. The different
angle of sensor placement was chosen in order to simulate the compatibility of node
orientation with possible sensors that might be aligned in shear fibre locations.

Figure 4.1 Appearance of the electronic circuit on the left and the orientation of the circuit
inside the specimens on the right

Chips were placed on the neutral axis. The material was fabricated on a glass plate to
imitate a production mould that ensures a smooth continuous surface on one side. This
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formed a structure that has asymmetry in the z-direction and it can be concluded that near
the foreign object a resin-rich zone is formed (analogical results are obtained in[46]).

The tensile and compressive testing specimens failed similarly for the whole test lot:
through the gauge zone occurred a delamination crack which was followed by a lateral
crack on the curved surface side of the specimen. Only one specimen from tensile testing
had a pure delamination failure. Also in case of compressive specimens one specimen
failed only through a pure lateral crack. The shear specimens did not show visually
identifiable failure modes. The results from mechanical testing are summarized in Table
2 of Paper II. The strength properties decreased on average by 14.9%. The highest
reduction occurred in compressive strength properties. The compressive strength
decreased by 32.6%, tensile strength by 14.7% and shear strength by 3.3%, respectively.
It is interesting to note that the maximum compressive strain and tensile strain increased
by 28.8% and 35.9%, respectively.

4.2 Examination of Specimens After Testing

The most intact specimens were chosen as suitable to examine the internals of the
specimens after their failure. In all cases the failure cracks started from resin rich pockets
at the edges of the circuit boards. Example specimens are depicted in Figure 4.2and in
Figure 4.3.

Figure 4.3 Compression testing specimens after crushing type failure and after delamination type
failure

The specimens of shear testing were deformed to a shear strain value of 5%. The
specimens did not show any signs of mechanical failure although the electronics had a
large amount of fractures in their structures.

It should be noted that the electronics have large amount of cracks in the components.
Examination of compression testing specimens shows that the printed circuit board has
buckled. It is clearly distinguishable by the buckled copper layers that lie inside the PCB.
The primary source of failure of electronics functionality is the micro-cracking of
soldered junctions (or lead-free adhered junctions) as is stated in[47]. Thus, it can be
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concluded that the circuit in real application context would have been destroyed long
before the detected PCB and semiconductor breakdown.

4.3 Finite Element Analysis Model and Validation

In this section the FEA model is introduced and validated. The obtained results are
discussed. A 2D plane stress finite element model was developed. The models strain
information was compared with DIC scanning results.

Two different geometries are simulated in ANSYS V14.0 software. First is the
tensile/compression specimen with transversal orientation and second with longitudinal
orientation, respectively. The CAD geometry was directly derived from microscope
images. The geometry of the simulation model is depicted in Figure 4.4.

Figure 4.4 Geometry used for simulation

Both structures were analyzed with a finite element method in tension and
compression. Structures were loaded to the tensile and compressive limits. The stress
distribution was evaluated through the use of von Mises stress and von Mises stress based
factor of safety values. Tensile loading condition for von Mises stress distribution in the
cross-section of the specimens is shown in Figure 4.5. The factor of safety
distribution among the various materials is shown in Figure 4.6.

The most critical zone in both specimen types is at the edges of the resin-rich pockets.
SAW filter and resin interface have the highest stress concentration.

400 3L 16 222,33 133,49 44651
B63.52Max 35358 266,74 17741 89,07 0.23222 Min
B: Static Structural (ANSYS)

Equivalent Stress

Type: Equivalent fvan-Wises) Stress
Unit: MPa *

Figure 4.5 Von Mises stress values in the cross-section of tensile specimen
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Figure 4.6 Factor of safety values in the cross-section of tensile specimens

Compression loading simulation results are depicted in Figure 4.7 and Figure 4.8. The
simulation gives an overall impression that the most critical regions are resin pockets at
the end of a foreign object and also high modulus materials, especially steel, quartz or
copper (see in Figure 4.6 and Figure 4.8 factor of safety based contour charts).
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Figure 4.7 Von Mises stress values in the cross-section of compression specimens
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Figure 4.8 Factor of safety values in the cross-section of compression specimens

The finite element analysis model was validated through comparison with the strains
occurring on the surface of real specimens. Comparison was made for tensile and also
compression testing specimens. The measurements were taken from the middle of the
specimen around the circuit. The specimens with embedded electronics were monitored
by the DIC scanner during their loading to failure.

Figure 4.9depicts snapshots of tensile strain field distribution surrounding the foreign
object in case of tensile loading condition. The compressive strain distribution is shown
in Figure 4.7 and 4.8 . For numerical comparison with FE model strain values were
extracted from the middle of the specimen. The sectioning surfaces are visible in Figure
4.9 and Figure 4.10 as the black dotted lines.

Figure 4.9 Tensile strain distribution on the surface of longitudinally placed PCB specimen at
359MPa tensile stress on the left and transversely placed at 353MPa on the right
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Figure 4.10 Compressive strain distribution on the surface of longitudinally placed PCB specimen
at 222 MPa compressive stress and with transverse PCB at 237MPa

The comparison of the strain distributions are depicted in Figure 4.11 and Figure 4.12.
The experimental values of the compressive strains differ from corresponding simulation
results less than the tensile testing results. This can be explained by the fact that
compression results are taken from a much lower mechanical stress level, where the
signal-to-noise ratio of of the scanner is worse. The waviness of the experimental curve
might be caused by the woven fabric repeating structure. The tensile testing specimens
have high strain differences in the regions where the SAW filter device ends and resin
pockets begin. The maximumdifferenceoccurs in the transversely placed PCB specimen
at longitudinal coordinate Y = 7 mm. The experimental strain value is 1.35% while the
FE simulation value is 0.1%. This could be caused by the void bubbles near the edges of
the SAW device.
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Figure 4.11 Tensile strain distribution comparisons. Left transverse and right longitudinal
specimen

The compression results have a maximum difference also in the transversely placed
PCB specimen at longitudinal coordinate Y = 21mm. The experimental strain value is
0.35% while the FE simulation value is -0.05%. In both loading condition types the
biggest differences between the simulation and experimental results are observed at the
edges of the SAW device.
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Figure 4.12 Compressive strain distributions comparison. Left transverse and right
longitudinal specimen

4.4 Summary of the Results of First Embedment

An experimental study on the fully embedded complex circuit placeholder inside carbon
fibre laminate has been performed. The mechanical performance of the laminate with the
embedded system is examined. The most critical zones in the specimen are found to be
the resin-rich pockets at the end of the circuit boards and high-stiffness metallic
structures e.g. SAW filter.

The FEA model for simulating the behaviour of the laminate with embedded
electronics has been developed and validated against experimental data. In most
simulation cases the resin-rich pockets were the first to fail the test of factor of safety.

4.5 Design and Optimization of Embedded Foreign Object Geometry

Selective laser sintering (SLS) is technology which permits a layer-wise build-up of very
complex geometrical shapes. It is an additive layer technology (ALT). SLS is a
technology which is a feasible solution for manufacturing an enclosure around electronics
which are to be integrated inside the main material.

This study section is focused on embedding SLS produced components inside the
main structure. An SLS built enclosure around the composite reduces the elasticity
mismatch or even isolates the incompatible materials from each other.

Inserting a foreign object inside the laminate is similar to the effect of a void on the
composite structure. The change of geometry causes fibre undulation around the object
and locally increased waviness. This change significantlyaffects structural performance
of the composite [48]. Besides undulation, the embedded object has a different elasticity
—if it is electronics, then it is much stiffer and causes extra stresses. In this article an SLS
produced PA-12 nylon enclosure for electronics is inserted in the host material. The
mechanical properties of PA-12 nylon are very similar to polyester resins and epoxy
resins. Additionally SLS produced PA-12 nylon could weaken by hygrothermal
influences [49]. A phenomenon called plasticization occurs. This further reduces the
mechanical strength of the two material interface.

39



4.6 Methodology

Embedding the electronic components directly in composite may lead to impairments of
the components during fabrication or exploitation of the composite structure (mechanical
defects, overheating, etc.). For that reason additive layer technology has been employed
for manufacturing housings which can host the electronic components.

Any embedded components have an impact on the mechanical, thermal, etc.
properties of the composite structure. Thus, the design of housings is necessary. First the
design of the experiment has been performed. Next the specimens with ALT
manufactured embedded structures are fabricated and mechanical tests performed.

The finite element (FE) model has been developed for modeling the stress-strain
behaviour of the composite structure with embedded components. The finite element
model is validated through a comparison with digital image correlation scanner results.
Also, the results obtained from mechanical tests and the FE model are compared. The FE
model developed covers fibre undulation caused by embedded objects.

Based the experimental results amathematical model is developed.Finally the size and
shape optimization of the embedded structure has been performed. The size of the
pockets formed at ends of the embedded structure and the mechanical stresses around the
embedded structure are considered as objective functions. The multicriteria optimization
problem posed has been divided into a multistage optimization procedure and solved by
use of a weighted summation technique.

4.7 Specimen Design

It is correct to point out that in the current context the design of the specimen contains
mainly a housingdesign for electronics which will be mounted in the specimen (in
addition to specimen dimensions, the shape and dimensions of the housing are considered
as design variables).

The strength characteristics of the specimen have been analyzed. The following
optimality criteria were selected:

Fy = H(xy, . xp) - min,
Fy = L(x;,_x,) = min,

F3 = amax (%1, xy) = min, 4.1
Fy = 07 (x4,., %) = max,

where H, L, @pqy and oy stand for the height and length of the pocket, maximal angle of
the pocket diagonal side and failure stress, respectively. Parameters x; x, stand for
design variables.

Before selection of multicriteria optimization strategy it is important to understand
general characteristic behaviour of the optimality criteria used [26],[50],[51]. Preliminary
analysis of the optimality criteria 4.1 allows to conclude, that in general:
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— The optimality criteria F;, F,, F5 given by 4.1 are not contradictional (decrease or
increase for the same dataset).

— The optimality criterion F, increase with decreasing values of criteria F;, F,, F; and
vice versa. However, criterion F, is subjected to maximization, and there is not
contradictional with criteria F;, F;, F5.

Thus, there is no need to apply the Pareto optimality concept to handle conflicting
objectives. In the following the weighted summation technique is employed. The
objectives 4.1 should firstbe normalized, due to their different magnitude. The
normalization is performed by formulas2.5for objectives subjected to minimization
(F1, F5,F3) and by formulas2.6 for objectives subjected to maximization (F).In 4.1
to4.4i = 1,2,3 and x stands for the vector of design variables.

According to weighted summation technique the combined objective can be written as

f= % w.f, > min. (4.4)
i=1

where W, stand for the weights of the objectives 4.1 to 4.4 and are evaluated as
i.e. all are considered to have the same importance.

The housings for embedded electronics with different shapes have a different number of
design parameters x; _x,. For that reason the two level optimization strategy has been
introduced[52 -54].

4.8 Higher Level Design

In the higher level design stage the most suitable shape and size of the housing have been
determined. Rectangular, trapezoid, round and ellipse shapes are considered. The size of
each shape has been varied. The full factorial design of the experiment has been
employed for shapes except trapezoid. In the latter case the Taguchi design of experiment
was applied. The size range was chosen to accommodate the structure to a specific
electronic device. Circular cross-section has no real application potential. It was used in
order to investigate the fibre undulation around a short object. The variables are discrete
values as shown in Table 4.1.

Table 4.1: Variables of geometrical shapes

Shape Length, Height, Side angle, °
mm mm

Ellipse 10; 25; 40; 1;2;3; -

Circular diameter 1.5mm; 2mm; 4mm;

Rectangular | 10; 25; 40; 1;2; 3; -

Trapezoid 10; 25; 40; 1;2;3; 50; 53; 56;
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The level values for Taguchi method is 3. Taguchi design matrix is depicted for
trapezoid shape in Table 4.2.

Table 4.2 Parameter values for trapezoid

Nr. Width, mm Height, mm Angle, °
1 10 1 50
2 10 2 53
3 10 3 56
4 25 1 53
5 25 2 56
6 25 3 50
7 40 1 56
8 40 2 50
9 40 3 53

The performed numerical analysis permitsthe conclusion that the ellipse appears to be
the most suitable shape of the housing. Also the optimal values of the height and width of
the housing are found to converge to 1 and 25, respectively. However, the results depend
on selected values of weights 4.5, also from accuracy of the measured values of
objectives functions. The smaller height of the housing is obviously better — causing less
damage of the structure by not influencing the straightness of fibre bundles. Actually
there are a lot of options for the selection, design of embedded electronics depending on
cost, aptitude, etc. Unfortunately, not all variants of embedded electronics can by fitted in
a housing with height values equal to Imm and even to 2 mm. Thus, different heights
should be considered for future analysis (cost can be included).

4.9 Lower Level Design

In lower level design the selected elliptic shape of the housing is assumed, but certain
improvement of the shape is introduced. Namely, the elliptic shape is divided into two
parts, consisting from two ellipses with different half-axes (see Figure 4.13).

Length 25mm

S —

Figure 4.13 Design variables: minor half-axes and length

First minor axis 1,25mm
_Second minor axis 0,75mm

The minor half-axes of the ellipse are considered as design variables. For fixed values
of the minor half-axes the major half-axes values are determined by total length of the
ellipse and continuity conditions. The remaining design variable considered in lower
level design is the length of the specimen.
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Obtained preliminary numerical results include optimal design where the value of the
length of the specimen is near the considered value and the minor half-axes of the lower
ellipse (see Figure 4.13) is substantially smaller than the minor half-axes of the upper
ellipse (1/2...1/4 depending on total height of the ellipse).

4.10 Specimen Manufacturing

The reinforcement is biaxial 0°/90° non-crimp type glass fibre with surface density
600g/m?andthe matrix is vinylester resin ATLAC 580 ACT. The mechanical properties of
the laminate are depicted in Table 4.3.

The foreign objects are manufactured with a EOS GmbH Formiga P100selective laser
sintering machine. Selective laser sintering technology allows creation of complex shapes
with almost no geometrical limits. The base material is PA-12 polymer. The foreign
objects were laminated between 6 plies of laminate on the mid-plane, the lay-up notation
is [0°/0°/0°/ ForeignObject /0°/0°/0°]. The specimen was laminated at 0.8 bar vacuum
and post-cured after manufacturing at 60°C for 16 hours.

Figure 4.14 Example of resin pocket measurable parameters

Table 4.3 Mechanical properties of laminate

Property Value
Ex, Ey 19.6GPa
E, 5GPa
Uxy 0.26
Vyz 0.01
Vxz 0.01
Gyy 3.28GPa
Gxz, Gyz 1.6GPa
ox’, 0y 215.9MPa
Ox, Oy 304.7MPa
T 23.1MPa
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4.11 Examination of Preliminary Specimens

The undulation size and shape will be estimated from sectioned specimens by the method
of microphotography. The measurable parameters are depicted in Figure 4.14. It is known
from various authors that fibre waviness is one of the most critical parameters of
composite mechanical properties[48],[55]. In this study simple waviness parameters like
amplitude and wavelength are not sufficient to describe the resin pocket properties. This
is because the resin pocket around a foreign object is a single event, not a repeating
pattern. Lemanski and Sutcliffe [56] measured fibre misalignment angle influence on the
mechanical properties of unidirectional laminate. In this research the measurable
parameters are as mentioned in the methodology section, the height H and length L of the
pocket, maximal angleand average angle of the pocket diagonal side and failure stressog,
respectively. All the parameters except those of failure stress can be measured from
microcope images. The data from these measurements was inserted intothe weighted
summation optimization procedure. The weight values are taken from equation 4.5.

4.12 Design of New Specimens

Based on the results of the weighted summation optimization method the smallest
influence on fibre undulation was an ellipse with dimensions 25 mm x 2 mm. It was
discovered during the microscopic examination procedure that some slender ellipses tried
to conform to the flat manufacturing mould surface by bending the closer surface
curvature to collinearity with the mould surface. Therefore it is proposed that the most
suitable shape for the foreign object should instead be composed of two half ellipses with
different minor radii. A batch with different half ellipse combinations was manufactured.
The length of ellipse remained at the same 25 mm value, but the minor radius
combinations were varied as depicted in Table 4.4. Two possible thicknesses for the
whole foreign object were chosen. Also aspecial combination of half-ellipse and straight
line was used (the sharp ends were rounded by fillet with radius 0.18 mm).

Table 4.4 Dimensions of new specimens

Minor Minor Total
Length, |radius 1, | radius 2, | thickness,

mm mm mm mm
25 2.75 0.25
25 1.5 0.5
25 3 flat

25 1.75 0.25
25 1.25 0.75
25 2.5 0.5

W N|[W W

4.13 Examination of new specimens

The new batch of specimens had microphotography based measurements repeated
analogically to the previous batch. The results are in Table 4.5.
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Table 4.5 Results for new specimens

Shape | Pocket | Pocket Avg. Max.
No. [ length, | height, | undulation | undulation

pm pm angle, angle,

degrees degrees

1 4117 806 8.3 12.8
2 9203 1827 10.8 15
3 3650 764 8.8 12
4 14543 | 1653 5.5 11.3
5 1773 664 16.6 24
6 5705 | 1154 9.9 14.5

4.14 Mechanical Testing

The specimens with embedded object were tested only for tensile loading. It was
concluded from previous research [56] that the main source of failure is delamination
initiated from resin pockets at the interface surface of the foreign object and the matrix.
The failure mechanisms are similar for compression and tension, the only difference
being the reduction magnitude of the properties. Tensile testing is less sensitive to
manufacturing faults, therefore it was chosen as a more reliable method. Testing was
carried out with a tensile testing machine coupled with a digital image correlation (DIC)
scanner. The base standard for test settings was ISO 527-4(equivalent to ASTM D3039).

The testing results are depicted in Figure 4.15 and summarized in Table 4.6.

400

350

w
(=}
o

[a]
wu
(=]

200

150

Tensile stress, MPa

100

50

0,5

1

15 2
Tensile strain, %

2,5

Figure 4.15 Tensile testing results chart
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Table 4.6 Tensile testing results

Thickness [ Thickest 1st 2nd

. | of undist. | point at | minor | minor |Failure

2 section, |for.object,| radius, | radius, | stress,
min mm mm mm MPa
SLS1 3.12 6.4 2.75 0.25( 155.6
SLS2 2.93 5.3 1.5 0.5] 231.6
SLS3 3.1 6.6 3 0 236.1
SLS4 3 5.3 1.75 0.25( 202.8
SLS5 3 5.1 1.25 0.75 261.2
SLS6 3 6.3 2.5 0.5] 2523
Average: | 223.28

Specimen number Shad the highest strength which was 16.9% higher than the
average. This specimen also had a very small resin pocket which was tightly packet by
three 90° fibre yarns. Cross-section image is shown in Figure 4.16.

The actual tensile strength was determined from DIC scanning images. The laminate
was considered to have failed after the occurrence of first macrocrack.

Figure 4.16 Specimen number 5 cross-section image. Foreign object visible at the right side of the
image.

4.15 Digital Image Correlation Results

The strain distribution around and inside the embedded part was measured in the
thickness direction at the side of the specimen using a GOM ARAMIS 2M digital image
correlation scanner similarly to the method used in Paper III. The measuring volume was
set to 35 mm x 25 mm. The computation type was set to total strain method and plane
stress.
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A post analysis for failure initiation and progression was conducted based on digital
image correlation scanning results combined with microscope visual analysis. It is known
that micro-damage development in NCF composites starts with transverse intra-bundle
cracking as found in [58]. This was confirmed when gradient zones.For example, under
the foreign object were investigated by microscope after the specimen failure.

The analysis of specimen failure from DIC results is a partially difficult task. This is
due to image noise, lack of image resolution of the scanner to capture each micro defect
and due to the fact that the scanner can see only the surface of the specimen instead of the
full volume. The internal failures are not detectable. The used method to detect the failure
is a procedure as follows:

1. Facet size was decreased to 12 pixels with 10 pixels overlap. This was conducted
in order to increase the local defects detectability. Other settings for DIC
scanning were left as they were before: validity quote 55% and computational
size 3.

2. Defects were detected using von Mises strain gradients.

Strain level for failure was determined firstly using contour plot with a colour
range of three times the standard deviation of all captured image data. All
detected cracks with length approximately above 0.25mm were gathered. Crack
initiation was considered as a change of gradient in two following images which
had a size above the 0.25mm length value and the change of strain was visually
identifiable in the measured location stress versus strain plot (see Figure 4.18 for
further information).

First 10 failure points were chosen for evaluation. The average failure von Mises
strain for transverse bundle cracks was 0.976% with standard deviation of
0.295%.

3. Contour plot strain range was set to 2% upper value based on average failure
strains found in the previous point. This enables a good detectability of
occurring cracks.

4. If the region of crack was noisy, a further refinement to the discrete values of
colour range 1.5% or 3% was used. The 1.5% value increased the sensitivity to
the crack occurrence and 3% value suppressed the neighbouring smaller defects
gradients compared to the crack of interest.

5. Occurred gradient must be present after first appearance in all following images.
Otherwise it is categorized under temporary image noise.

6. Crack length for cracks, that were bigger than bundle failure, was measured.
Length measurement was conducted based on original images. The crack
opening is usually easily visually distinguishable (see example in Figure 4.19).
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The locations of failures were categorized into five zones. The location of the zones is
depicted in Figure 4.17.

Zone4 ZOne2
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Figure 4.17 Locations of the failure zones
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Figure 4.18 The stress versus strain plot of a measurement point in specimen nr.4. The rapid
jump of strain is noticeable at stress of 125 MPa.

Figure 4.19 Visual crack identification example. Left row is without crack. Right has crack
(red line highlights it)
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According to the thickness of the foreign object the specimens can be categorized in
two lots: specimen thickness 3mmand 2mm (see Table 4.6 for dimensions).

The sequence of failure process for specimens 1 and 3 is similar. First the object slips
inside the specimen before cracking.Then a tip crack in zone 3 occurs before resin pocket
cracks in zone 4. Specimen 6 starts to fail through transverse bundles cracking. Atleast 5
bundles fail before a tip crack develops. Resin pocket cracks occur before final failure.

Specimens 2 and 5 develop similar failure propagation. The failure starts with 6
transverse bundles progressively failing under the foreign object in zones 1 and 5. After
that specimen 2 fails through a tip crack in zone 3. Specimen 5 has a tip crack, but before
failure three pocket cracks occur in the resin pocket. Specimen 4 receives a tip crack after
the first few transverse bundle failures. Right after the resin pocket cracks and transverse
bundle failures lead turnwiseinto final failure.
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Figure 4.20 Von Mises strain on specimen 5 at 117 MPa (upper image) and 173MPa tensile stress
(lower image)

The plots of strain distributions in all specimens are given in appendix [. Separate
attention is given to the best performing specimen number five. The contour plot of von
Mises strain distribution is depicted in Figure 4.20. Comparison of two stress levels
reveals that the increase of stress causes transverse bundles that are lying under the
foreign object to fail one-by-one. Also the resin pocket crack next to the embedded part
has already developed. It is also identifiable that the length of the transverse bundle
cracks increases in positive correlation with load. In Figure 4.21 shear angle distribution
for the same loading conditionsis depicted. The increase of shear strains right after the
foreign objectcan be identified. The strains also tend to concentrate near to the upper
surface of the specimen. Shear strains increase and saturate the whole in this region until
the failure of the specimen at 262MPa stress. The shear strains are compared to the
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strains of samples 2, 3 and 6 (appendix I, Figure 4). Base stress value is taken to be at the
170MPa level. The shear stress concentrates away from the embedded piece only for
sample number 2. In cases 3 and 6 it is partially expanding on to the foreign object.
Therefore it can be concluded that in the case of a 2 mm thick object the shear strains
tend to withdraw from the object to the nearby resin pocket.
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Figure 4.21 Shear angle on specimen 5 at 117MPa(upper image) and 173MPa tensile stress
(lower image)

The order of failure propagation events is graphically summarized in Figure 4.22. It is
identified that the longest failure propagation is for the strongest specimens: numbers 5
and 6. The best performing specimen 5 has the lowest ascent and distortion of failure
stress curve until event number ten. The previous finding that shear strains concentrate
away from the foreign object into the resin pocket is assumed to be the cause for similar
failure propagation in the first seven points in samples number 2 and number 5, where
transverse bundle cracking is the main source of failure.

The failure development events for all specimens are documented in Table 4.7 and
Table 4.8. From this data and previous DIC results examination the following pointsare
concluded:

e Failure in weakest specimens started from object slipping inside the specimen.

e First damage occurrences are transverse bundle cracks. Strongest specimens
get most transverse bundles under the foreign object damaged during the
tensile testing. Those transverse bundles that are in between the straightest
longitudinal fibres and near the embedded part are the weakest.

e Resin pocket always cracks during tensile failure. Resin pocket cracks are in
all instances perpendicular or near-perpendicular to the loading direction.
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In all cases, except specimen 2, a crack at the tip of the foreign object
occurred before the resin pocket cracked.

The strongest specimens 5 and 6 both developed multiple resin pocket cracks
during the failure process. This could mean that the stress intensity is
distributed on a larger area more evenly.

Samples 2, 5 and 6 receive their first macro-scale crack in the pocket around
the average value of 159.4MPa tensile stress. The length of crack shows a
high value of released fracture energy in this zone. Edgren et al. [58] have
used a calculation of stress times developed crack length to evaluate the
released G fracture energy. It means that in all three samples a noticeable
amount of potential elastic energy gathers near the foreign object tip at an
average distance of 1.48mm. The fracture is on average a 1.74mm long
vertical crack.
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Figure 4.22 Order of the failure events
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Table 4.7 Failure events of 3 millimetre thick specimens

Specimen Tensile Distance
nr [minor Crack stress on Location from
axis1;mino length, specimen, zone nearest
r axis2] Event mm MPa number tip, mm
1 Object slipping 18 1
[2.75;0.25] Object slipping 41.6 2
Tip crack 138.03 3
Pocket crack 1.43 147.3 4 2.56
Final delamination failure 155.6 3
3[350] | Object slipping 91.6 1
Object slipping 152.9 2
2 Transverse bundle cracks 158.7 1
Transverse bundle crack 0.57 163.23 4 0.93
Tip crack 1.2 195.5 3
Transverse bundle crack 1.12 195.5 4 3.29
Transverse bundle crack 1.2 195.5 4 2.56
Final delamination failure 231.6 -
6 [2.5;0.5] | Small vertical crack 89.6 2 0.75
Transverse bundle crack 95.4 5 4.3
Transverse bundle crack 106.3 5 3.5
Transverse bundle crack 111.4 1
Transverse bundle crack 121.6 1
Pocket crack 1.95 161.9 4 1.83
Pocket crack 0.4 170.9 4 7.61
Tipcrack 189.5 3
Tipcrack propagates to macro
crack and slipping 194 3
Slipping 194 2
Pocket crack 0.54 203.6 4 4.13
Pocket crack 0.37 213.2 4 5.52
Final delamination failure 252.3

52




Table 4.8 Failure events of 2 millimetre thick specimens

Specimen Crack Tensile Location Distance
nr [min'or Event length. stre.ss on zone from
axis1;mino specimen. nearest
r axis2] mm MPa number tip. mm
2[1.5;0.5] | Transverse bundle crack 85.8 5 2.28
Transverse bundle crack 110 5 3
Transverse bundle crack 112.9 1
Transverse bundle crack 117.4 5 6.5
Transverse bundle crack 122.6 1
Transverse bundle crack 132.26 5 4.16
Pocket crack 1.59 147.1 4 1.66
Transverse bundle crack 170.3 5 4.29
Tip crack surrounding tip, tip
slips 231.6 3
Final delamination failure 231.6
4[1.75;0.25] | Transverse bundle crack 118.6 5 49
Transverse bundle crack 123.8 1 8.9
Tipcrack 129 3
Transverse bundle crack 1.37 129 1
Pocket crack 1394 4 3.25
2 Transverse bundle cracks 160.1 1
Pocket crack 0.84 164.6 4 6.4
Transverse bundle crack 192.5 1 8.33
Pocket crack 1.94 206.8 5 3.26
Final delamination failure 206.8 -
5[1.25;0.75] | Transverse bundle crack 92 1 17.7
Transverse bundle crack 97.9 1 9.78
2 Transverse bundle cracks 102.4 1
Transverse bundle crack 112 5 4.8
Transverse bundle crack 116 5 1
Tip crack 134.6 5 0.86
Pocket crack 0.87 144.2 4 2.59
Pocket crack 0.83 144.2 4 3.93
Transverse bundle crack 152.6 1
Pocket crack 1.68 169.3 4 0.95
Above 3
previous
Major Longitudinal crack 260.1 4 cracks
Final delamination failure 299.4
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4.16 Microscale FE Model

A microscale finite element model has been developed in order to investigate stress
distribution inside the specimens. The model is a half symmetry in longitudinal direction
of the best behaving specimen number five. The width of the model is chosen to describe
the unit width of laminate which includes one warp fibre width. The length of the model
is 23.5 mm and the width is 3.65 mm. The simulation model basic geometry is an
assembly of 49 bodies. The bodies are categorized under fibre, matrix and foreign object.
Fibre bundle sizes are derived from measurements from a microscope cross-sectioning
procedure. Each yarn is composed of two ellipsoidal cross sections which in turns repeat
themselves with a pattern step of 3.65mm. Its ellipsoidal half-axes are 1.51 mm and 0.19
mm. The cross-section which corresponds to the flattened yarn part has ellipse half-axes
of 1.7lmm and 0.14mm. The flattened ellipse ends are rounded with a tip fillet of
0.09 mm. This removes the unnecessary sharpening of cross-section at the ends.

The mesh of the model consists of 1689564 elements with local refinements in critical
zones (see Figure 4.23). All solid-bodies are interfaced to each other with bonded
contacts.

9,000 ¢}

275N 750
Figure 4.23 Meshing density

The mechanical properties of the materialsused are listed in Table 4.9.Fibres have
orthotropic material properties. Local coordinate systems were used to define the
directional properties of fibre yarns. The resin and foreign object have isotropic material
models. The simulation model uses linear elastic material models for all materials.
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Table 4.9 Mechanical properties of materials used in FEM

Glass fiber yarn Resin ATLAC 580 AC 300 Polyamide PA-12
Ex 45| GPa E 3.5 GPa| |E 1.65| GPa
E, 10| GPa v 0.38 - v 0.45 -
E, 10| GPa
Vyy 0291] -
Vyz 0.42 -
Vxz 0.291 -
Gy 4.8| GPa
Gy, 3.8| GPa
Gxz 4.8 | GPa

The load steps used are chosen based on specimen 5 failure events summarized
inTable 4.8 at tensile stress 100, 115, 135, 150, 170 and 260 MPa. Loading scheme is
depicted in Figure 4.24. The first examination loadstep is at 115 MPa stress. It is depicted
in Figure 4.25. In experimental data already 6 transverse bundles under the foreign object
have failed at this state. The left image indicates that longitudinal fibres experience a
stress increase under the embedded object and also on the upmost layer away from the
foreign object. The simulation model depicts that the bundles under the object are under
high stress. Additionally it is noticed that the transverse fibres on the upper surface before
the foreign object are also exposed to the increased tensile stress.

Figure 4.24 Boundary conditions of FEM model
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Figure 4.25 Von Mises stress distribution inside specimen at 115 MPa tensile stress with different
contour map sensitivity.

The second load stepunder investigation is ata tensile stress of 170MPa, depicted in
Figure 4.26. From there can it be noticed that transverse bundles only above the foreign
object are less loaded than other surrounding fibres. The resin pocket under the tip of the
foreign object shows signs of a local increase of von Mises stress. The mechanical stress
or strain between the bundle ends transfers to the neighbouring bundles. It can be visually
identified that the von Mises stress intensity has a dependency of the distance between
bundles. Therefore it might be a good idea to allow extra space between the bundles that
are surrounding the foreign object.

Figure 4.26 Contour plot of simulation model at 170MPa tensile stress

The simulation model is also analysed with the use of von Mises equivalent elastic
strain (Figure 4.27 and Figure 4.28. ). The high strain zones are the same regions, which
have the most fractures occurring in experimental data. In DIC scanner results section it
was determined that the average failure von Mises strain for transverse bundle cracks is
0.976%. In Figure 4.27 it can be seen that the matrix areas surrounding the transverse
bundles that are cracking in experimental data at this stress state are in simulation already
tensioned with around 0.8% strain. This simulation model does not describe the interior
contents of fibre bundles. The bundle fibre and matrix content has been homogenized and
the output is homogenized elastic modulus.
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Figure 4.27 Von Mises equivalent strain distribution at 115MPa. Left image upper value for
colour range is 2% and right 0.976%.

The finite element model and digital image correlation scanning results are compared
in Figure 4.29. The average strain on the side-surface of the specimen is chosen for
comparison. In ANSYS software the area of each element on the measured surface is
used to weigh the influence of the nodal strain of the current elements on the average
strain value on the whole surface. The procedure is conducted using ANSYS APDL
language specific ARNODE() function. In the diagram the DIC scanning results standard
deviation in each measurement point is also shown. The slope of the stress-strain curve is
4.3% higher for the experimental result if the trendline is calculated based on the full
curve length. There is a noticeably higher slope at the beginning of the DIC stress-strain
curve until a stress value of 161MPa. The slope of the curve in this region is 39.8%
higher compared to FE model. For the whole range of two curves the stiffness has only
4.3% difference.

0,0065761
0,0043388
0,0021015 Min

Figure 4.28 Von Mises equivalent strain distribution at 170 MPa. Upper value range for
contour colors is 2%.

Table 4.8 reveals that around the 161MPa stress level a large pocket crack occurred
which probably led to loss of stiffness. The conclusion can be drawn from comparison,
that the DIC and FEM results are comparable for qualitative comparison. There is
noticeable non-linearity in the experimental result due to material cracking, which
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unfortunately the used FE model is unable to simulate. The validation was successful and
the results of the microscale model can be used for qualitative analysis of smart
composite structure.

From the FEM analysis the following points can be concluded for future analysis:

e The tip of the elliptical object still has some stress concentration occurring.
This region is not optimum in its design. It needs further development.

e The main stress concentration areas are under the foreign object and just next
to it. Shifting from laminate upper layers to lower layers.

e Thin layer of matrix around the foreign object helps to reduce stress gradients
near the fibres.
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Figure 4.29 DIC scanning results and FEM model results comparison
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5. CONCLUSIONS

The topic of this dissertation is the development of a smart composite material, which is
composed of composite material layers and embedded foreign objects. The novelty of
thesis can be listed as follows:

e optimal design of smart composites is formulated and solved as a multicriteria and
multilevel optimization problem,

e need for the interface layer between host structure and embeded electronic device
has been experimentallyverified,

e anovel concept of using additive layer technology to produce enclosure for
embedded electronics has been proposed,

e an optimization strategy for the determination of optimal geometry of the enclosure
has been developed(two half ellipses in considered case).

A literature study on electronic component miniaturization is conducted to compose a
review of realistic possibilities to reduce the size of embedded devices for industrial
application in the smart structure.

The main objective of the study has been achieved - the methodology for the
design of smart composites with structural health and performance monitoring
capabilities has been developed and valideted in laboratory tests and real world
applications (Goliath wind OU). The proposed methodology include formulation of
themulticriteria and multilevel optimization problem, development of solution
procedure and concepts. In the following the fulfilment of the sub-objectives of the
study is discussed in detail. The impact of embedded electronics on the mechanical
properties has been minimized.The shape of the embedded object has a strong
influence on the mechanical performance of the whole material. Therefore it is vital to
design and optimize it well to comply and cooperate with the strains and stresses inside
the host structure. The first attempt of full embedment was conducted with pure un-
encapsulated electronics. It was observed that the much more elastic host structure strains
deform the electronics strongly and lead to early failure of the electronics components.
The metallic components with a high modulus of elasticity are the most stressed. Visual
examination determined that the components fail through multiple location cracking
which leads to functional failure of electronics. The main locations of host structure
failure start from resin pockets at the end of the foreign object where multiple material
bonding points cause, through elasticity and Poisson ratio mismatch, an increase of stress
levels. It is concluded that embedding pure electronics into composite laminate has
severe performance issues for both components.Therefore it is feasible to isolate the
strains of host material from interior content. The mechanical properties of composite
laminate decreased roughly from 15% (average) to 33% (compression strength).

The integration of embedded electronics has been improved by introducing ALT
technology. A novel concept of using additive layer technology to produce optimized
encapsulation for the foreign object is proposed. Asymmetric ellipse cross-section is
found to be the most optimal shape for NCF fabric material. The encapsulation shape is
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optimized. The two level optimization procedure is developed for solving the
multicriteria optimization problem posed. An analysis of the optimality criteria is
performed and the weighted summation technique is applied. The multilevel optimization
strategy proposed allows decomposing the initial problem into two simpler tasks, which
can be solved sequentially. The obtained numerical results contain the optimal shape and
size of the housing for embedded electronics. The optimization procedure helps to
minimize the resin pocket dimensions,the criticality of which as a delamination starting
point has been verified by the digital image correlation scanning and FEM analysis. The
used linear elastic finite element model has been qualified as sufficiently accurate for
evaluating strain distributions inside the specimen in a qualitative manner.

The procedure for price performance optimization of the composite sandwich is
developed.As a result the composite structure with reasonable price has been
developed. A Pareto frontier is developed to estimate the price performance behaviour of
a structural material composed of discrete component materials. The response curve is
non-linear and has a variable sensitivity in various regions.

The results of this research contribute to the better understanding of successful foreign
object embedment inside composite laminate with the goal of influencing composite
integrity minimally. The methodology developed in this research helps to develop smart
composite materials with better mechanical performance and lower time-to-market.
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ABSTRACT

"Design Optimization of Smart Composite Structures with Embedded Devices"

The topic of this dissertation is the development of a smart composite material, which is
composed of layers of composite material and embedded foreign objects.

A literature study on electronic component miniaturization is conducted to compose a
review of realistic possibilities to reduce the size of embedded devices for industrial
application in the smart structure.

An experimental investigation of semiconductor strain gauge mechanical behaviour
under hygrothermal and fatigue loading is performed. The results reveal that the
performance of a mechanically loaded embedded device is severely compromised by
hygrothermal loading. The sea salinity corrosion process gets through the laminate
thickness to the device and affects it. Otherwise semiconductor strain gauges are
determined to be good candidates for fully embedded strain sensing.

The impact of embedded electronics on the mechanical properties of composite has
been exeprimentally verified with the aid of DIC scanning and with the use of
optimization minimized. The shape of the embedded object has a strong influence on the
mechanical performance of the whole material. Therefore it is vital to design and
optimize it well to comply and cooperate with the strains and stresses inside the host
structure. The first attempt of full embedment was conducted with pure un-encapsulated
electronics. It was observed that the much more elastic host structure strains deform the
electronics strongly and lead to early failure of the electronics components. The metallic
components with a high modulus of elasticity are the most stressed. Visual examination
determined that the components fail through multiple location cracking which leads to
functional failure of electronics. The main locations of host structure failure start from
resin pockets at the end of the foreign object, where multiple material bonding points
cause, through elasticity and Poisson ratio mismatch, an increase of stress levels. It is
concluded that embedding pure electronics into composite laminate has severe
performance issues for both components, therefore it is feasible to isolate the strains of
host material from interior content.

The integration of embedded electronics has been improved by introducing ALT
technology. A novel concept of using additive layer technology to produce optimized
encapsulation for the foreign object is proposed. Asymmetric ellipse cross-section is
found to be the most optimal shape for NCF fabric material. The encapsulation shape is
optimized. The two level optimization procedure is developed for solving the
multicriteria optimization problem posed. An analysis of the optimality criteria is
performed and the weighted summation technique is applied. The multilevel optimization
strategy proposed allows decomposing the initial problem into two simpler tasks. which
can be solved sequentially. The obtained numerical results contain the optimal shape and
size of the housing for embedded electronics. The optimization procedure helps to
minimize the resin pocket dimensions, the criticality of which as a delamination starting
point has been verified by the digital image correlation scanning and FEM analysis. The
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used linear elastic finite element model has been qualified as sufficiently accurate for
evaluating strain distributions inside the specimen in a qualitative manner.

The procedure for price performance optimization of the composite sandwich is
developed. As a result the composite structure with reasonable price has been developed.
A Pareto frontier is developed to estimate the price performance behaviour of a structural
material composed of discrete component materials. The response curve is non-linear and
has a variable sensitivity in various regions.

The main objective of the study has been achieved - the methodology for the design of
smart composites with structural health and performance monitoring capabilities has been
developed and valideted in laboratory tests and real world applications.
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KOKKUVOTE

"Integreeritud elektroonikakomponentidega targa komposiitmaterjali vilja-
tootamine"

Antud doktorit6o teemaks on targa komposiitmaterjali arendamine, mis koosneb kompo-
siitmaterjali kihtidest ning integreeritud elektroonikakomponentidest. Elektroonikakom-
ponentideintegreerimise probleem on sdnastatud multikriteriaalse ning mitmetasemelise
optimeerimisiilesandena.T60 konkreetseks eesmérgiks on minimeerida integreeritud
elektroonikakomponendi ning seda timbritseva komposiitmaterjali omavahelist negatiiv-
set vastastikmoju. To6s on kasutatud jargnevaid meetode:

e Probleemi dekompositsioon alamprobleemideks,
e Metamudelite kasutamine,
e Materjalide kéditumise lihtsustamine,

e Digitaalse pildikorrelatsiooni skanneriga 10plike elementide mudelite
valideerimine.

Elektroonika komponentide mddtmete vihendamise voimalikkuse uurimiseks sooritati
infootsing olemasolevate td0stuslike vdimaluste kaardistamiseks.

To60s katsetati pooljuht-tensoandurite sobilikkust komposiitmaterjalisse integreeritud
anduritena kasutamise seisukohalt. Sooritati hiigrotermiline vanandamine ning sellele
jérgnev viasimuskatsetus. Hiigrotermiline vanandamine imiteerib merekeskkonnas vana-
nemist. Katsetamise tulemuseks on jareldused, et hiigrotermiline koormamine kahjustab
korrosiooni jm mehhanismide 18bi tugevalt andurit, ent sellegipoolest on pooljuht-
tensoandur hea kandidaat komposiitmaterjalisse integreerimiseks.

Integreeritud objekti mdju loodud komposiitstruktuuri mehaanilisele suutlikkusele
maédratleti eksperimentaalkatsetusega ning seda minimeeriti. Esimene katse integreerida
voorkeha sooritati ilma viliskestata elektroonikaga. Katsest selgus, et palju elastsem
imbritsev komposiitmaterjal sunnib oma deformatsioonidega elektroonikat kaasa
deformeeruma, mis pohjustab elektroonikakomponentide varajase purunemise. Koige
enam on mehaanilise pinge poolt koormatud komposiidist kordades korgemate
elastsusmoodulitega metalsed komponendid. Visuaalvaatlus tuvastas, et purunemine
toimub rohkearvuliste mdrade ilmnemise néol. Komposiidist pdhistruktuuri kahjustumine
algab vaigutaskute vigastuste tekkimisega vOOrkeha otstes. Seal kontsentreeruvad
mehaanilised pinged mitme materjali kokkupuutepunktis tdnu elastsusmoodulite ning
Poissoni tegurite erinevuste tottu. Antud katsest jareldati, et kaitsmata kujul elektroonika
integreerimine pdhjustab nii iseendale kui ka timbritsevale komposiitstruktuurile tugevat
mehaaniliste ning funktsionaalsete omaduste langust. Seetdttu on vajalik isoleerida
komposiitmaterjali tooolukorras ilmnevad deformatsioonid integreeritud elektroonilistest
komponentidest.

Elektroonika integreerimist komposiitmaterjalisse on parendatud kasutades aditiivset
laserpaagutustehnoloogiat. Elektroonikakomponendi kaitsmiseks deformatsioonide eest
loodi aditiivse laserpaagutusseadme abil optimaalne elektroonika {imber paigutatav
kaitsekest. Kaitsekesta kuju optimeeriti mitmekriteriaalse kahetasemelise optimeerimise
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protseduuri abil. Optimeerimine sooritati kasutades kaalutud summeerimise meetodit.
Viljatootatud mitmetasemeline optimeerimise strateegia vOoimaldab uuritava probleemi
jaotada kaheks alamprobleemiks, mis lahendatakse jéarjestikkuliselt. Saavutatud
numbriline tulemus sisaldab kaitsekesta optimaalset kuju ning suurust. Optimeerimise
protseduur aitab minimeerida vodrkeha timber tekkiva vaigutasku modtmeid. Selle tasku
suuruse kriitiline moju laminaadi delamineerumis-vastupanule on eksperimentaalselt ning
numbrilisi meetodeid kasutades kontrollitud. Eksperimentaalne modtmine viidi 14bi
kasutades digitaalset pildi korrelatsiooni skannerit GOM ARAMIS 2M. Numbrilise
meetodina kasutati 10plike elementide meetodi. Loodud mikromehaaniline Ioplike
elementide mudel néditab, et voorkeha véliskesta optimaalset kuju on vdimalik veel
tdiustada pingete kontsentratsiooni vdhendamiseks. Optimaalseks loetud elliptilise
kaitsekesta otsades kontsentreeruvad von Mises’e deformatsioonid ning samuti on neil
siiski veel gradiendid ebasiimeetriliselt komposiidi laminaadi kiilgedel.

Protseduur sandwich komposiitpaneeli hinnasuutlikkuse optimeerimiseks on loodud.
Loodi Pareto front hindamaks diskreetsetest komponentidest valmistatud struktuurse
materjali hinnasuutlikkust. Saadud funktsiooni kdver on mittelineaarne ning katkev, olles
erineva tundlikkusega erinevate piirkondades.

T66 pohieesméirk on saavutatud. Loodi metodoloogia struktuuri seisundi
monitoorimiseks ettendhtud targa komposiitmaterjali projekteerimiseks ning see
valideeriti kasutades eksperimentaalkatseid nii laboris kui ka 16pprakenduses.
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Appendix 1

Digital image correlation results from tensile testing of specimens with embedded
elliptical foreign objects.
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Figure 1 Shear strains of specimens from up 1 to 6 at tensile stress 118MPa
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Appendix 1

Figure 2 Von Mises strains of specimens from up 1 to 6 at tensile stress 118 MPa
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Figure 3 Shear strains of specimen 2 at 170 MPa tensile stress
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Figure 4 Shear strains of specimen 3 at 170 MPa tensile stress

. [deo]
z 0.5
04
0.3
Ellips and 02
0.1
0.0
0.1

0.2

0.4

-0.3

0.5

Figure 5 Shear strains of specimen 6 at 171 MPa
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The purpose of this study was to design a light-weight sandwich panel for trailers. Strength calculations and selection of
different materials were carried out in order to find a new solution for this specific application. The sandwich materials
were fabricated using vacuum infusion technology. The different types of sandwich composite panels were tested in
4-point bending conditions according to ASTM C393/C393M. Virtual testing was performed by use of ANSYS software
to simplify the core material selection process and to design the layers. 2D Finite element analysis (FEA) of 4-point
bending was made with ANSYS APDL (Classic) software. Data for the FEA was obtained from the tensile tests of glass
fiber plastic (GFRP) laminates. Virtual 2D results were compared with real 4-point bending tests. 3D FEA was applied
to virtually test the selected sandwich structure in real working conditions. Based on FEA results the Pareto optimality
concept has been applied and optimal solutions determined.
Keywords: sandwich structures, 4-point bending tests, FEA, virtual testing, multicriteria optimization.

1. INTRODUCTION

Sandwich composites have high strength to weight
ratio (which results in increase of payload, provides greater
range and/or reduced fuel consumption), extended
operational life, lower maintenance cost (due to less
corrosion, and resistance to marine boring organisms), as
well as a range of integrated functions, such as thermal and
sound insulation, excellent signature properties, fire safety,
good energy absorption, directional properties of the face
sheets enabling optimized design and production of
complex and smooth hydrodynamic surfaces [1].

Simple theories exist to predict bending deflections of
low cost sandwich plates with a line load and specific
support conditions [2]. Several studies were focused on the
competing collapse mechanisms for simply supported
sandwich beams with composite faces and a PVC foam
core subjected to three point bending [2, 3]. Map of failure
modes or collapse mechanism depending on the core
thickness or materials with prediction of collapse loads
was studied in [3].

Micromechanical analysis with experimental valida-
tion is used to construct parametric and probabilistic
model. With this method the influence of randomness of
the manufacturing process can be discarded in respect to
the mechanical properties [4].

Numeric modeling and experimental test have been
completed to prove effect of shear keys to improve
stiffness and in plane shear strength properties of
composite sandwich panels [1].

The problem considered is consisting of the following
objectives: the mechanical properties of the sandwich
structure (tensile strength, elongation at break, maximum
stress at break) are subjected to maximization and the cost

*Corresponding author. Tel.: +372-620-32-70; fax.: + 372-620-32-64.
E-mail address: Henrik. Herranen@ttu.ee (H. Herranen)
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of the materials subjected to minimization. The
multicriteria optimization problem has been formulated
and solved by applying multicriteria analysis techniques
[5—8] and genetic algorithms [9—12].

The main goal of the current study is to develop a new
composite material with optimal physical and mechanical
properties.

2. EXPERIMENTAL
2.1. Preparation of GFRP for tensile test

The reinforcement fibres for glass fibre reinforcement
plastics GFRP are supplied in fabrics/mats. In Chopped
Strand Mat (CSM) the orientation of relatively short fibre
strands (~60 mm) is random and the used binder agent is in
form of powder or emulsion. Rowing mats are made of
long fibre strands, arranged in bundles with little or no
twist and joined in fabric form with stitching. To improve
the resin flow properties in vacuum infusion process the
CSM mats are used in combination of rowing mats or layer
of polypropylene fibres which are stitched together.

The prepared GFRP laminates consisted of following
materials:

The three layers of balanced stitched biaxial roving
mat 0°/90° (3 x 600 g/m’) reinforcement were used to
prepare GFRP laminate with polyester resin (413-568)
matrix by vacuum infusion process.

To obtain the shear modulus of the GFRP laminate,
the balanced stitched biaxial roving mat —45°/+45°
(3600 g/m?) reinforcement were used to prepare
GFRP laminate with polyester resin (413-568) matrix
by vacuum infusion process.

The second laminate was prepared in vacuum infusion
process. The polyester matrix resin 413-568 was
reinforced with three layers of flow mat consisting of
three layers of fibres: 450CSM/210PP/450CSM (in
total 3x 1110 g/m?).



After post-curing the laminates at the room
temperature the rectangular tensile specimens according to
ISO 527-4 (25 mm x 250 mm) were milled by 3D CNC
milling machine.

2.2. Preparation of sandwich panels for 4-point
bending test

Sandwich panel consists typically of two GFRP
facings and a lightweight thicker core material. The most
common core materials are structural foams and wood
products. Foams based on polyvinyl-chloride (PVC), high-
density polyethylene (HDPE), polyethylene-therephtalate
(PET) polyurethane (PUR), polymethyl-methacrylate
(PMI), and others. The most important mechanical
properties of reinforcement filling materials are the
compressive strength, shear modulus and shear strength at
failure. Stiffness and strength increases with the density of
core material (see Table 1). The used technique for
specimens manufacturing was vacuum infusion. Firstly the
mould was cleaned, and the vacuum tape was placed in the
edges of the mould, then 2 layers of wax were applied and
dried for polishing. The complete set of reinforcement
plies (see Table 2) with core material were applied to the
mould, the peel ply, vacuum and resin injection tubing
with connectors and finally the vacuum film were placed
on top mould and vacuum drawn. The resin was then
transferred via piping/hoses from a container of premixed
resin by the suction created by the vacuum. It is important
that the gel time is sufficiently long so that the resin has
time to infuse the whole mould before it gels.

the adhesion strength between the matrix and
reinforcement material. Tensile tests of composite plastic
materials were performed according to standard EN ISO
527-4:2000. During this process the mechanical properties,
such as tensile strength, elongation and modulus of
elasticity were determined. Specimens for tensile tests
were prepared according to EN ISO 527-4:2000 type 2
(rectangular without end tabs). The cross-sections of the
specimens were measured with calibrated calliper gauge
with measurement accuracy of 0.0l mm. The axial
extensometer with the gauge length of 50 mm (travel
+50 % to —10 %), was used to measure axial strain in the
specimen. Servo hydraulic testing machine Instron 8800
was used to conduct the testing. Bluehill 2 software was
used. The tensile tests were performed with loading rate
2 mm/min with a tolerance of = 20 %.

2.3.2. Bending tests of sandwich panels

For testing the bending strength and stiffness of
sandwich panels the 4-point bending test are typically
used. The different types of sandwich composite panels are
tested in 4-point bending conditions according to ASTM
C393/C393M. 4-point bending tests were performed by
using electro-mechanical testing system Instron 5866
(PV005688) equipped with the video extensometer and
Bluehill software. The principal scheme of 4-point bending
test is described in Fig. 1, where: P is the load, S is the
distance between supports, L is the span. The span of the
lower supports was 560 mm and upper supports 100 mm.

P2 P2
Table 1. Material specification of the sandwich panel
(S-L/2 L (S-L/2
. Mass of 1m?, Layer thickness,
Material

kg mm
Gelcoat GS 0.6 0.5 | J
Flowmat 450/210/450 1.1 1.5 1
Biaxial 0/90, 600g 0.6 1.0 g
Flowmat 450/210/450 1.1 1.5
ggf 551 ET 20 mm) 1.60 200

g Fig. 1. Loading scheme in 4-point bending
Flowmat 450/210/450 1.1 1.5
Polyester resin 3.9 - 2.4. Finite element model of sandwich panel
Total 10.0 26.0 FEM procedures have been successfully employed in

The three different sandwich panels were manufac-
tured according to materials specification in Table 1. The
three different core materials were used (PET and HDPE
having density of 80 kg/m’, PMI having density of
52 kg/m’).

2.3. Mechanical testing of composites
2.3.1. Tensile testing of GFRP laminate

The mechanical properties of experimentally
manufactured sandwich composite materials were tested.
Mechanical properties of the GFRP laminate are mainly
defined by tensile strength of the material. The tensile
strength of the composite materials strongly depends on
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research studying the performance of composite structural
sandwiches [13 —15]. Generally a complex failure criterion
is used to assess the performance of sandwich structure,
e. g. Hou failure criteria [24] or Hashin failure criteria [25].
However, in this study von Mises stress in facings and
shear stress in core are chosen to assess the strength of the
sandwich. The end application of this development is not
strength critical. Failure will not have catastrophic
consequences.

Finite element analysis subjected to 4-point bending
was conducted with ANSYS APDL v12.1 software. A
plane strain 2D assumption was used. Parametric 2D
elements with eight nodes (planel83) were chosen to
model the sandwich test specimen [16]. Linear orthotropic
material model was used to define laminate properties



(defined by elastic modulus £, Poisson’s ratio v and shear
modulus G). Linear isotropic material model was used to
define core properties (defined by elastic modulus £ and
Possion’s ratio v). Mechanical properties of used core
materials and GFRP facings and are presented in Table 2
and Table 3 respectively.

Table 2. Mechanical properties of core materials [18 —21]

Comp-
ressive Shear Shear
Core Thick- Density, strength strength | modulus
material | 755 | ko/m? (perpen- |(parallel to](parallel to
mm & dicular to the|the plane),|the plane),
plane), MPa MPa
MPa
Atlas
PURF 20 60 0.6 0.55 6.5
Atlas
PUR F 20 80 0.95 0.7 11
Atlas
LDPE 20 100 1.3 0.9 17
Atlas
HDPE 20 80 0.8 0.6 13
PET
ACR0 20 80 1.0 0.6 20
PMI
S1IG-F 20 52 0.9 0.8 19
PVC
160 20 60 0.9 0.76 20
PVC
HS0 20 80 1.4 1.15 27

2.5. Optimal design of sandwich panel

In order to improve mechanical properties of the
sandwich structure the design optimization has been
performed. The aim is to design the sandwich structure
with maximum stiffness/strength properties while keeping
minimal expenses. Behaviour of the different strength
characteristics of the sandwich structure has been analyzed
and the maximum stress was selected as optimality
criterion i.e. the aim is to find out a configuration of the
sandwich structure providing highest failure load. Certain
similarity in  behaviour of the stiffness/strength
characteristics has been observed (proportional relations).
An alternative concurrent optimality criterion is the cost of
the sandwich structure.

Thus, the multicriteria optimization problem
considered can be formulated as
F(X) = 0o = max, F,(x)=Cost— min, nH

subjected to linear constraints applied to the design
variables vector x

* .
X <x;, =X <X, i=l..,n,

@)
and non-linear constraints applied to the maximum
deflection of the sandwich w, maximum stresses of the

max °
each layer o, as

- *

x¥)<w,

(3

Wmax
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o (¥ <o, .

“4)

In (2)—(4), the indexes * refer to the upper limit value of
the corresponding variable.

The objectives (1) are normalized by taking use the
following non-dimensional functions

max £ (%)~ F, (%)

o ’ 5
HE) max £, (X) —min F} (X) ©)
. F(®-minF (%)
= . 6
53 max F, (xX) —min F, (X) ©)
Obviously, both concurrent objectives f,(x¥) and

f>(X) are subjected to minimization and the Pareto
optimality concept can be applied.

3. RESULTS AND DISCUSSION
3.1 Tensile test results

To determine the required mechanical properties of the
laminates used in facings of sandwich material, the tensile
tests were performed.

Elastic modulus was calculated according to standard
ISO 527. Longitudinal elastic modulus £, and transverse
elastic modulus E, values were obtained from tensile tests
(see Table 2 and Fig. 2).

As E-Glass fiber properties are similar in 0° and 90°
directions, then E, = E,. Same idea is used for determining
the E. value for CSM. It was assumed to be 50 % of the
polyester resin elastic modulus [17]. Poisson’s ratios v of
facing materials were obtained from tensile tests (see
Table 2).

Shear modulus (G) for E-Glass fiber was calculated
according to standard ASTM D3518. E-Glass fiber shear
modulus was obtained from tensile tests with +45° test
specimens. As fiber properties are same in x- and y-
direction, then G,. = G,.. As CSM aligned with 45° fibers
is not available, shear modulus was obtained from
literature [22, 23].

Fig 2. Tensile test of the GFRP laminate



Table 3. Mechanical properties of GFRP laminates

E-Glass fibre 0°/90°, GPa CSM, GPa
E, 19100 E, 9400
E, 19100 E, 9400
E. 1800 E. 1800
Viy 0.11 Viy 0.26
V2 0.30 Ve 0.33
Vir 0.30 Vir 0.33
Gy 2900 Gy 2200
G,. 1600 G,. 800
G, 1600 G, 800

Mechanical properties presented in the Table 2 are
important data for performing virtual 2D bending tests
with ANSYS software.

3.2. Bending test results

The flexural strength and stiffness of the three
sandwich panels which had similar GFRP facings and
different core materials (see Table 1) were determined.
4-point bending tests showed that the sandwich panel
which had PMI foam core (see Table 4, Fig. 3) achieved
best results as regards to stiffness.

Table 4. Average results of the 4-point bending test

Fig. 4. Shear failure of sandwich panel with PET core in 4-point
bending test

3.3. FEA model validation

For FEA model validation the results of 4-point
bending tests and virtual testing have to be compared. As it
follows from the Tabel 5 for the sandwich panels with PET
and PMI foam the deflection rates obtained by real and
virtual tests are quite similar differentiating only by
3%—-6%, as the shear modulus of these foams (see
Table 2) are in same range 19 MPa—20 MPa. Regarding
the sandwich panel with HDPE foam (80 kg/rn3 ) the
deflection rate obtained by real testing is differencing
almost 40 % from virtual result. It can be explained by
relatively low shear modulus (11 MPa) and buckling with
plastic deformation of the tested panel.

Fig. 3. Shear failure of sandwich panel with PMI core in 4-point
bending test

The cost of PMI foam exceeds 5-times the cost of
HDPE and PET foams. Thus, the second option for core
material selection is PET foam having lower flexural
stiffness, similar global modulus of elasticity and higher
flexural strength than PMI. The cost of PMI foam exceeds
5-times the cost of HDPE and PET foams. Thus, the
second option for core material selection is PET foam
having lower flexural stiffness, similar global modulus of
elasticity and higher flexural strength than PMI.
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Global Table 5. Comparison of the real and virtual 4-point bending test
Max . Flexural
Core modulus of | Deflection results
X force, .. stress,
material kN Elasticity, (mm) MPa
GPa Tvpe of Maximal Maximal Shear stress of
}c,l;reo deflection deflection the core material
PET 21 24 482 17 e | obtained by | obtained by obtained by
HDPE 23 2.1 64.1 19 testing, mm FEA, mm FEA, MPa
PMI 1.6 2.5 26.1 13 PET 342 320 0.97
HDPE 69.9 41.5 0.94
PMI 30.0 30.9 0.94

3.4. FEA analysis results

The sandwich materials were loaded with 2000 N
force (1000 N per single loading nose). First support point
had both horizontal and vertical directions fixed and
second support had only vertical direction blocked.
Meshing density was set to the element size with 1 mm
edge length.

Von Mises stress distributions in facings are depicted
in Fig. 5 and Fig. 6 respectively.

The values of the von Mises stress on lower facing are
significantly higher than that in upper facing. The
distribution of the xy-shear stress is depicted in Fig. 7.

After number of tests with nine core materials with
different thicknesses (15, 18, 20 mm) combined with
different number of biaxial reinforcement layers (1 —6) in
the GFRP laminate. It was noticed that all core and sheet
material combinations had a failure occurring firstly in
core due to shear stresses exceeding the limit value. The
obtained FEA analysis results were used for optimal design
of sandwich panel. The problem considered is consisting of



the following objectives: the mechanical properties of the
sandwich structure (tensile strength, elongation at break,
maximum stress at break) are subjected to maximization
and the cost of the materials subjected to minimization.
The material and production costs were calculated for each
design of sandwich panel.

\

21.339 42.676
32.007

001344 64.013
10.67

85.35
53,344 74,682 96,

Fig. 5. Stress distribution in GFRP upper facing.

Fig. 6. Stress distribution in GFRP lower facing
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Fig. 7. Shear stresses in core material

3.5. Pareto frontier

Repetitive evaluation of the objective function f;(x)

and nonlinear constraints (3)—(4) during optimization
procedure is time consuming. For that reason, the FEA has
been performed for fixed set of design variables and on the
basis of obtained numerical results the response surface
has been constructed (most commonly used technique to
reduce the cost of the computational analysis and /or
experimental tests). In the current study the artificial neural
network (ANN) has been employed for response surface
modeling. The surface constructed by the use of ANN does
not normally contain the given response values (similarity
with least-squares method in this respect). An approach
proposed is based on the use of the MATLAB neural
network toolbox (two layer network with one hidden

49

layer). The Pareto front of the maximum stress and cost of
the sandwich structure is given in Fig. 8.
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Fig. 8. Maximum stress vs cost of the sandwich structure

First note, that the minimum values of the objective
function f|(X) in Pareto front correspond to maximum

values of the original stress function F(X) (see formulas

(1), (5)). Pareto front depicted in Fig.8 contains
discontinuities and is made up from three parts
corresponding to sandwich structures with different values
of the maximum stress and cost. Obviously, the Pareto
front can be made less gradual by design of neural network
model, but this is not the target desired. Main aim is to
provide as much information as possible for decision
making i.e. for selection optimal point on Pareto front.
Points before sudden rise of the cost function seem most
appropriate. However, all points in Pareto front are optimal
(Pareto optimality) and final decision depends on particular
case.

4. CONCLUSIONS

Optimal design of the light-weight sandwich panel has
been performed. Different combinations of the core
material and layer thicknesses are considered. The study
involves experimental investigation and numerical
simulation for determining mechanical properties of the
layer materials of the sandwich structure. In order to
reduce computational time the metamodeling technique
has been employed (ANN). Finally, relying upon the
obtained response surface the Pareto optimality concept is
applied and optimal solutions are determined. It can be
concluded that:
the solution appears more sensitive with respect to
core material selection than core layer thickness (it
was assumed that the total thickness on the sandwich
structure remains unchanged, i.e. core thickness can
decrease with increasing facing layers thickness);
the use of certain expensive core materials like PMI
leads to sudden increase in cost, but does not provide
significant improvement of the mechanical properties;
thus in most of cases use of such core materials is not
reasonable;



the sensitivity of the solution with respect to design
variables is times higher in points neighbouring the
discontinuity points of the Pareto front.

In future studies, the sensitivity analysis needs special

attention. Based on ANN model used, the closed form
analytical expressions can be derived for computing the
sensitivities with respect to design variables.

Acknowledgments

This study was supported by Estonian Science

Foundation targeted financing project SF0140062s08 and
Estonian Science Foundation grant ETF8485.

REFERENCES

1.

Mitra, N. A Methodology for Improving Shear Performance
of Marine Grade Sandwich Composites: Sandwich
Composite Panel with Shear Key  Composite Structures
92 (5) 2010: pp. 1065—-1072.

Glenn, C. E., Hyer, M. W. Bending Behavior of Low-cost
Sandwich Plates Composites Part A  Applied Science
and Manufacturing 36 (10) 2005: pp. 1449 —1465.

Steeves, C. A., Fleck, N. A. Collapse Mechanisms of
Sandwich Beams with Composite Faces and a Foam Core,
Loaded in Three-point Bending. Part II: Experimental
Investigation and Numerical Modeling International
Journal of Mechanical Sciences 46 (4) 2004: pp. 585—608.

Guilleminot, J., Comas-Cardona, S., Kondo, D.,
Binetruy, C., Krawczak, P. Multiscale Modelling of the
Composite Reinforced Foam Core of a 3D Sandwich
Structure  Composites Science and Technology 68 (7—8)
2008: pp. 1777 —1786.

Gerald, C. F., Wheatly, P. O. Applied Numerical Analysis.
Fifth edition. California Polytechnic State University, 1994.

Rowe, M. D., Pierce, B. C. Sensitivity of the Weighted
Summation Decision Method to Incorrect Application
Socio-Economic Planning Sciences 16 (4) 1982:
pp. 173-177.

Zeleny, M. Compromise Programming. In: Multiple Criteria
Decision Making. University of Southern Carolina Press,
Columbia, 1973.

Bassir, D. H., Zapico, J. L., Gonzales, M. P., Alonso, R.
Identification of a Spatial Linear Model Based on
Earthquake-induced Data and Genetic Algorithm with
Parallel Selection International Journal of Simulation and
Multidisciplinary Design Optimization 1 2007: pp. 39—48.

Pohlak, M., Majak, J., Eerme, M. Optimization of Car
Frontal Protection System International Journal of
Simulation and Multidisciplinary Design Optimization 1
2007: pp. 31-38.

http://dx.doi.org/10.1051/ijsmd0:2007004

50

16.
17.

20.

21.
22.

23.

24.

25.

. Pohlak, M.,

. Kers, J.,

Majak, J., Karjust, K., Kiittner, R.
Multicriteria Optimization of Large Composite Parts
Composite Structures 92 2010: pp. 2146—2152.

. Kers, J., Majak, J. Modelling a New Composite from a

Recycled GFRP  Mechanics of Composite Materials 44 (6)
2008: pp. 623 -632.
http://dx.doi.org/10.1007/s11029-009-9050-4

Majak, J., Goljandin, D., Gregor, A.,
Malmstein, M., Vilsaar, K. Extremes of Apparent and Tap
Densities of Recovered GFRP Filler Materials Composite
Structures 92 (9) 2010: pp. 2097 -2101.
http://dx.doi.org/10.1016/j.compstruct.2009.10.003

. Borsellino, C., Calabrese, L., Valenza, A. Experimental

and Numerical Evaluation of Sandwich Composite
Structures Composites Science and Technology 64 (10—11)
2004: pp. 1709-1715.

. Mines, R. A. W., Alias, A. Numerical Simulation of the

Progressive Collapse of Polymer Composite Sandwich
Beams under Static Loading Composites Part A: Applied
Science and Manufacturing 33 (1) 2002: pp. 11-26.
http://dx.doi.org/10.1016/S1359-835X(01)00082-3

. Russo, A., Zuccarello, B. Experimental and Numerical

Evaluation of the Mechanical Behaviour of GFRP Sandwich
Panels Composite Structures 81 (4) 2007: pp. 575—-586.
http://dx.doi.org/10.1016/j.compstruct.2006.10.007

ANSYS, Inc. ANSYS 12.1 Manual, 2009.

Topplast AS, Product Datasheets http://www.Topplast.ee,
19.10.2011

. Soteco Foam Technical Datasheet http://www.Sotecospa.it/,

19.10.2011.
. Armacell Product Data Sheet: www.Armacell.com,
01.12.2010.
Rohacell Product Datasheet: www.Rohacell.com,
01.12.2010.

Divinycell H Manual: www.diabgroup.com, 01.12.2010.

Guidlines for Design of Wind Turbines. 2nd Edition. Det
Norske Veritas, Copenhagen: Scanprint, 2009.

Military Handbook: Composite Materials Handbook -
Polymer Matrix Composites Materials Usage, Design and
Analysis. MIL-HDBK-17/3F (Vol. 3 of 5). U.S. Department
of Defense, 2002 group.

Hou, J. P., Petrinic, N., Rui, C., Hallett, C. R. Prediction
of Impact Damage in Composite Plates Composite Science
and Technology 60 (2) 2000: pp. 228 —-273.
Hashin, Z. Failure Criteria for Unidirectional
Composites Journal of Applied Mechanics 47 (2)
pp- 329-334.

Fiber
1980:

Presented at the 20th International Baltic Conference
"Materials Engineering 2011"
(Kaunas, Lithuania, October 27-28, 2011)



Appendix 2

Paper 11

H. Herranen, J. Kers, J. Preden, R. Talalaev, M. Eerme, J. Majak, M. Pohlak, H. Lend,
G. Allikas, "Embedded Electronics Influence on the Strength of Carbon Fiber Laminate"
in Advanced Material Research, Trans Tech Publications, vol. 905, pp.239-243, 2014.

87






Advanced Materials Research Vol. 905 (2014) pp 239-243
Online available since 2014/Apr/28 at www.scientific.net
© (2014) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/AMR.905.239

Embedded Electronics Influence on the Strength
of Carbon Fiber Laminate

Henrik Herranen'?, Jaan Kers?® , Jiirgo S. Preden®*, Robert Talalaev??,
Martin Eerme’®, Juri Majak™', Henri Lend’?, Georg Allikas®"

'Department of Machinery
’Department of Materials Engineering
3Department of Computer Control
23T allinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia

®henrik.herranen@ttu.ee, jaan.kers@ttu.ee, jurgo.preden@ttu.ee, “robert.talalaev@ttu.ee,
®*martin.eerme@ttu.ee, fjuri.majak@ttu.ee, °henri.lend@ttu.ee, "georg.allikas@ttu.ee

Keywords: composite, embedded electronics, CFRP, structural health monitoring, FEM analysis.

Abstract. A complex electronics circuit placeholder is embedded in the carbon fiber laminate. The
reduction of the material mechanical strength is assessed. The strain interaction between electronics
and carbon fiber laminate is measured with digital image correlation based deformation scanner
GOM ARAMIS 2M. A finite element analysis model is developed and validated. Based on FEA
results the response model for prediction of the mechanical properties of laminate is introduced.

Introduction

Surface mounted sensors are susceptible to damage. Their protection from environment pays a
weight penalty. Embedding the sensors allows for protection from adverse environmental
conditions. In [1-6] the structural behavior of the composite laminate has been analyzed in the case,
where a simple geometry sensor is embedded in the host structure. In [1] a field effect transistor is
embedded in a structure and is tested to electronics functionality failure. In [2] 3-point bending and
compression tests with embedded sensors are conducted. The performance of laminate with
embedded sensors which interface to host structure is reinforced with interlacing is described in [3].
The mechanical behavior of laminates with simple piezoelectric actuators is analyzed in [5-6].

Current paper is focused on study of issues related to embedding complex geometry naked
electronics circuits inside a carbon fiber composite. Paper consists of experimental study including
testing of virgin structures, manufacturing of smart composite with embedded electronics, testing
and examination of smart structures and development of numerical models.

Experimental study

Experimental study is concentrated to manufacturing, testing and examination of the smart
composite structure obtained by embedding complex geometry naked electronics circuits inside a
carbon fiber composite. The virgin structure has been tested as a reference structure.

Testing of Virgin Structure

The base material is GURIT supplied carbon fiber woven pre-preg fabric SE84 LV. The material
was cured under lbar vacuum in an oven at around 80°C according to supplier provided curing
cycle. The laminate with 16 layers has been considered. The thickness of the laminate was
approximately 3,5mm. The tensile, shear and compression testing were conducted according to ISO
527-4, ASTM D3518 and ASTM 6641 standards, respectively. The mechanical properties of virgin
carbon fiber structure measured are shown in Table 1.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Table 1: Virgin laminate experimentally determined properties

Property Value Unit

Tensile strength o', = o', 625,65+ 39,8 MPa
Maximum tensile strain s‘,(:s‘y 0,987 + 0,188 %

Compressive strength 6% = 6°y 347+ 16 MPa
Maximum compressive strain £°=¢", 0,49 £+ 0,097 %

Youngs modulus E,=E, 57,88 £28,2 GPa

Shear strength 1, 92,27 +4,74 MPa
Maximum shear strain vy, 4,74 + 0,456 %

Shear modulus G, 7,065+ 1,73 GPa

Manufacturing of the Specimens with Embedded Electronics

Printed circuit board (PCB) with low thickness and casing-less microchips was chosen for the
electrons placeholder. The PCB is depicted in Figure 1 on the left. The height of the board was
0,6mm. The thickness with at the thickest point of PCB was 2,45mm. PCB was 22mm long and
15mm wide.

The PCB was placed longitudinally and transversely to the loading direction for tensile and
compression testing. The printed circuit boards were placed in three configurations for shear testing:
longitudinally, transversely and tilted at an angle of 45 degrees. The different angle of sensor
placement was chosen in order to simulate the compatibility of node orientation with possible
sensors that might be aligned in shear fiber locations. The chips were placed between the 8th and
9th layer to ensure that they were on the neutral axis. The tensile and compressive testing specimens
failed similarly for the whole test lot: through gage zone occurred delamination crack which was
followed by lateral crack on the curved surface side of the specimen. Single specimen from tensile
testing had a pure delamination failure. Also in case of compressive specimens one specimen failed
only through pure lateral crack. The results from mechanical testing are summarized in Table 2.
The strength properties decreased averagely 14,9%. The highest reduction occurred in compressive
strength properties. The compressive strength decreased 32,6%, tensile strength 14,7% and shear
strength 3,3%, respectively. It is interesting to note that the maximum compressive strain and tensile
strain increased 28,8% and tensile 35,9%, respectively.

Table 2: Mechanical properties of the specimens with embedded electronics

Property Value Unit Change compared to
virgin structure, %

PCB embedded longitudinally

Tensile strength o', = c‘y 490,66+48,08 MPa -21,6
Maximum tensile strain 8',(:8‘), 1,186+0,12 % 20,2
Compressive strength 6% = 6°; 237,73+£18,76 MPa -31,5
Maximum compressive strain £°,=¢"y 0,533+ 0,068 % 8,77
Shear strength 85,58+ MPa -7,3
Maximum shear strain yy, 4,25+1,11 % -10,3

PCB embedded transversely
Tensile strength ¢, = o', 576,44+11,84 MPa -7.9

Maximum tensile strain &'=¢', 1,496+0,03 % 51,6
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Compressive strength 6% = 6° 229,85+39,49 MPa -33,8

Maximum compressive strain Scxzscy 0,730+0,40 % 48,9

Shear strength T, 96,01+2,89 MPa 4,1

Maximum shear strain yy, 3,685+0,728 % -22.3
PCB embedded at angle 45°

Shear strength 1, 86,05+5,11 MPa -6,7

Maximum shear strain yy, 4,998+0,01 % 5.4

During the measurement a loud sharp noise was noticed at these step points. It can be assumed
that some electronic component had failed due to loading.

Numerical Modeling

In this section the FEA model is introduced and validated. The obtained results are discussed. An
ANN model for prediction of the stiffness/strength properties is proposed.

Finite Element Analysis Model Development

A 2D plane stress finite element model was developed. The models strain information was
compared with DIC scanning results. In the cross-section of the PCB the most space consuming
parts are a surface acoustic wave (SAW) filter and the circuit board. SAW filter is the rectangular
hollow object which is made of cap and bottom. SAW device consists of two materials: metallic cap
and quartz wafer on to which the filter circuit is etched. Quartz is also known as silica and has
chemical composition of SiO2. The epoxy of resin-rich pocket is assumed to have the following
properties: E = 3,8GPa, v=0.4, ot = 98MPa and cc = 172MPa. Only anisotropic material used in the
finite element model is the carbon fiber laminate with orthotropic properties as measured on the
virgin structure mentioned in Table 1. Two different geometries are simulated in ANSYS V14.0
software. First is the tensile/compression specimen with transversal orientation and second with
longitudinal orientation, respectively. PCB cross-section was divided between copper and FR-4
layers. Mesh was refined at the resin rich pockets and singularities were avoided with the
geometrical modification of the resin-pockets sharp edges to avoid spike-shaped contours.
Minimum element side length which was used in the stress concentration areas near the edges of the
resin pockets was 1um (0,001 mm). Both structures were analyzed with finite element method in
tension and compression. Tensile specimens were loaded with tensile strain 0,6% which would
create approximately tensile stress 350MPa in virgin structure. Compressive specimen simulation
was loaded with compressive strain 0,5%.

The factor of safety distribution among the various materials is shown figure 1. The most critical
zone in both specimen types is at the edges of the resin-rich pockets. SAW filter and resin interface
have the highest stress concentration. On both snapshots in figure 9 of the rainbow diagram color
values are equivalent. Therefore it is possible to compare the diagrams directly. It can be pointed out
that the specimen with longitudinally oriented circuit has more red zones: the area in the resin
pockets on the left and right side of the foreign object are bigger and the copper layers in the circuit
board have deformed plastically. The source of the stress concentration is the stiffness and Poisson
ratio mismatches of different materials in the specimens.
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15 Max 5 L5 0,34242 Min
10 H 101 0

B: Static Structural (ANSYS)

Safety Factor

Type: Safety Factor

15Max 5 15 0.17504 Min
w2 w0
D: Copy of Static Structural [ANSYS]
Safety Factor v
Type: Safety Factor A

Figure 1: Factor of safety values in the cross-sections of tensile specimens

Finite Element Analysis Model Validation

The finite element analysis model was validated through comparison with the strains occurring
on the surface of real specimen. Tensile testing had cracking occurring around 350MPa as sharp
stiffness reduction steps. Compression testing validation value was set to be the maximum
compressive stress of the weaker type (transversely placed PCB) specimen. The value used was
229MPa. In figures 2 are depicted snapshots of tensile strain field distribution surrounding the
foreign object in case of tensile loading condition.

19 Z4+ (5]

-1.20
-133

Figure 2: Tensile strain distribution on the surface of longitudinally placed PCB specimen at
359MPa tensile stress

The tensile testing specimens have high strain differences in the regions where SAW filter device
ends and resin pockets start. The maximum difference occurs in the transverse placed PCB
specimen at longitudinal coordinate Y= 7mm. The experimental strain value is 1,35% while the FE
simulation value is 0,1%. This could be caused by the void bubbles near the edges of the SAW
device. The compression results have maximum difference also in the transverse placed PCB
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specimen at longitudinal coordinate Y= 21mm. The experimental strain value is 0,35% while the FE
simulation value is -0,05%. In both loading condition types the biggest differences between the
simulation and experimental results are observed at the edges of the SAW device. The optimization
algorithms include several iterations and the evaluation of objective functions is needed to perform
in large number of points in design space. The numerical analysis is resource consuming
independent on used methods (less or more for different methods [7-10]). For that reason in the
following an ANN model is introduced for describing relation between stiffness/strength properties
of the laminate and the location parameters of the embedded electronic component(s).

Summary

An experimental study on the fully embedded complex circuit placeholder inside carbon fiber
laminate has been performed. The mechanical performance of the laminate with embedded system
is examined. The most critical zones in the specimen are found to be the resin-rich pockets at the
end of the circuit. The FEA model for simulating the behavior of the laminate with embedded
electronics has been developed and validated against experimental data. In most simulation cases
the resin-rich pockets were the first to fail the factor of safety test.
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Abstract. The paper addresses the issue of embedding the rectangular printed circuit board (PCB)
— the placeholder for a complex sensor system circuit — in the glass fibre laminate during the
lamination. The change of the material mechanical properties due to the presence of foreign objects
in the laminate is assessed by experimental testing through standardized methods ASTM D3039,
ASTM D6641 and ASTM D3518. Local stress—strain relationship near the PCB in the out-of-plane
direction of the specimen are monitored through the use of GOM ARAMIS 2M digital image
correlation method scanner. Based on the scanned model, a finite element simulation is generated
and validated.

Key words: composite, laminate embedded printed circuit board, carbon fibre, digital image
correlation.

1. INTRODUCTION

Surface-mounted sensors are susceptible to damage and their protection form
environment is often accompanied by noticeable extra weight increase. Embed-
ding the sensors allows for protection from adverse environmental conditions. If
high environment protection enclosures like IP67 are removed, a noticeable
weight saving occurs. It is also the only means suitable for creating an auto-
nomous structure with a smooth surface finish.
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Estimation of the structure behaviour in the case when a simple geometry
sensor is embedded in the host structure, has been analysed earlier ['°]. In['], a
field effect transistor is embedded in a structure and is tested to electronics
functionality failure. Main difference from the current article is the simplicity of
the circuit and that the laminas have inclusions. In[*], limited tests (3-point
bending and compression) with embedded sensors are conducted. Paper [*]
describes the performance of a laminate with embedded sensors, which interface
to host structure is reinforced with interlacing. Papers [*] and [°] handle the
mechanical behaviour of a laminate with simple piezoelectric actuators.

This article describes the mechanical issues, related to embedding naked
electronics circuits of complex geometry inside a carbon fibre composite. A finite
element model is generated. It is validated through strain field comparison with
the results of digital image correlation scanner GOM ARAMIS 2M.

2. EXPERIMENTAL SET-UP AND RESULTS

The base material is GURIT supplied carbon fibre woven pre-preg fabric with
designation SE84 LV. The material was cured under 1 bar vacuum in an oven at
around 80°C according to the supplier provided curing cycle. The fabric has
surface density of 200 g/m* The number of lamina layers in the laminate is 16.
The thickness of the laminate is 3.5 mm.

Host material was tested for in-plane properties only. Tensile testing was
conducted according to ISO 527-4, shear testing according to ASTM D3518 and
compression testing according to ASTM 6641. All three tests were conducted by
using 10 identical specimens.

The virgin carbon fibre structure has in-plane properties as stated in Table 1.
Directions x and y are equivalent.

For the electronics placeholder, an available printed circuit board with low
thickness and casingless microchips was chosen. The PCB is depicted in Fig. 1. It
is 22 mm long and 15 mm wide. The height of the board is 0.6 mm. The thick-
ness at the widest section is 2.45 mm.

The circuit board was embedded in 5 specimens with orientation as shown in
Fig. 2.

Table 1. Mechanical properties of the host laminate virgin structure

Property Value Unit
Tensile strength, o', = o', 625.65+£39.8 MPa
Maximum tensile strain, &', = & 0.987+0.188 %
Compressive strength, ¢°; = ¢°, 347+16 MPa
Maximum compressive strain, &°, = &°, 0.49+0.097 %
Youngs modulus, E, = E, 57.88+28.2 GPa
Shear strength, z,,, 92.27+4.74 MPa
Maximum shear strain, y,, 4.7410.456 %
Shear modulus, G,, 7.065+£1.73 GPa
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Fig. 1. Embedded electronics circuit.

Fig. 2. Orientation of the embedded circuit.

Chips were placed between the 8th and the 9th layer to ensure that they were
on the neutral axis. Dipping the PCB-s inside acetone to remove any traces of dirt
or grease was the only pre-treatment that was done before the lamination process.
The material was fabricated on a glass plate to imitate a production mould that
ensures a smooth continuous surface on one side. This formed a structure that has

asymmetry in the z direction.

The specimens with embedded electronics were tested to failure with tensile,
compressive and shear loads. The results are summarized in Table 2.
Compressive properties of the material were most affected: compressive
strength was reduced by 31.5% and compressive strain by 66.8%

Table 2. Mechanical properties of the specimens with electronics

Property Value Unit Change compared to
virgin structure,
%
Tensile strength, o', = o', 490.66+48.08 MPa -21.6
Maximum tensile strain, &', = & 1.186£0.12 % 16.8
Compressive strength, ¢°, = 6°, 237.73+18.76  MPa -31.5
Maximum compressive strain, &°, = &°, 0.491+0.149 % —66.8
Shear strength, 7, 85.58+11.4 MPa -7.3
Maximum shear strain, y,, 425+1.11 % -10.3
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3. FINITE ELEMENT MODEL

A 2D plane stress finite element model is constructed using software
ANSYS V14.0. The CAD geometry was directly derived from pictures of the
microscope (Figs 3 and 4). The scale was determined based on the microscope
scale ruler on the original pictures and was double-checked, based on the
measurements made earlier on the electronics board (length, width, thickness of
the PCB board, height of the surface acoustic wave device). Simulation model
mesh is depicted in Fig. 5. It has 32 032 elements.

In the cross-section of the PCB, the most space consuming parts are the
surface acoustic wave (SAW) filter and the circuit board. The SAW device
consists of two materials: steel cap and quartz wafer onto which the filter circuit
is etched. The mechanical properties of used materials are listed in Table 3. The
properties of electronics are derived from literature. The printed circuit board is
composed of copper layers and of glassfibre/epoxy composite FR-4. FR-4
properties are taken from ["*]. Quartz and copper are both taken from ['].

Fig. 3. Cross-sectional view of the specimen after failure.

Fig. 4. Constructed finite element model.

Fig. 5. The mesh of the model had 32 032 elements with refinements at the edges of the interfaces
of the materials.
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Table 3. Mechanical properties of materials used in simulation

Material Material model Elasticity properties Strength properties
Quartz Isotropic, linear E=7GPa,v=0.17 o, =100 MPa,
o.= 1100 MPa
Steel Isotropic, bilinear E=200GPa,v=0.3, Oyiela = 250 MPa,
kinematic hardening Eangent = 40 GPa o, =510 MPa
Copper Isotropic, bilinear E =130 GPa, v=10.34, o, =45 MPa,
kinematic hardening Eangent = 25 GPa o, =210 MPa
FR-4 glassfibre Isotropic, linear E=20GPa,v=0.20 o, = 345 MPa,
laminate o, =415 MPa
Epoxy resin Isotropic, linear E=38GPa,v=04 0,=98 MPa,
o.= 172 MPa

The only anisotropic material in the finite element model is the carbon fibre
laminate with orthotropic properties as measured on the virgin structure,
mentioned in Table 1.

Virtual model of the specimen cross-section was loaded with 0.6% strain. At
this strain level a loud cracking sound occurred, which indicates the structural
failure of some embedded circuit board components. At this point the average
stress in the tensile specimen is 353 MPa. Simulation results are depicted in
Figs 6 and 7. The stress distribution in the cross-section of the specimen is shown
in Fig. 6. Highest stress levels occur at the edges of the steel cap and under the
printed circuit board. From these points the failure is initiated.

The factor of safety for materials, based on their ultimate strength, is plotted
in Fig. 7. The lowest values are at the edges of the steel cap, quartz wafer and
ends of PCB. Therefore the lowest strength in this application occurs in the
region where the high-stiffness steel cap is adhered to the carbon fibre laminate.

4. VALIDATION OF THE FINITE ELEMENT MODEL

The finite element model is validated through the comparison with digital
image correlation scanner results. The surface strains of the specimens were
measured with a digital image correlation system (DIC) GOM ARAMIS 2M. The
measuring volume was set to 35 X 25 mm. Project parameters are as follows: the
computational size is set to 3, validity quote 55%, the calculation method is set to
total strain method and computation type is set to plane stress. Scanner data is
taken from the stage, where tensile strain is 0.6% (equals to 32080 N tensile force
and 353 MPa tensile stress). The tensile strain distribution on the curved surface
of the specimen is depicted in Fig. 8.

The FEM top surface strain distribution is compared with the DIC scanner
data in Fig. 9. The curves of strain distributions are close to each other, with
strain difference 0.35% at the even surface (between longitudinal coordinates 10
to 20 mm). In physical specimens the tensile strains are higher up to 1.0%.
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Fig. 8. Tensile strain distribution on the surface of the transversely placed PCB specimen,
measured with the digital image correlation scanner. The black vertical line shows the location of
the section where the strain is compared with the FEM model results.
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Fig. 9. Comparison of the tensile strain distributions.

This can be explained by the impurities, located at the edges of the SAW device.
One such example is seen in Fig. 3 as a void or air bubble at the edge of the steel
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cap. Waviness of the DIC measured strain distribution is probably caused by the
weaving pattern of the fabric. The FEM model uses homogenized material for the
composite laminate, which has much more smoother strain distribution.

5. CONCLUSIONS

A finite element method simulation was made in order to investigate the inner
stresses of a composite structure with embedded electronics. The simulation was
validated with tensile strain data from experimental testing. The strain distribu-
tion shows good correlation, which is influenced strongly by the impurities of the
real material. Failure of the whole structure starts from the mismatch of the
stiffness properties between steel and the composite material. This creates stress
concentration that reduces the mechanical properties of the host material up to
32% of ultimate compressive strength. Future research direction would be the
development of a suitable casing and multicriteria optimization procedure, like
in [*'°] for optimizing the host structure and electronics to smoothen the stress
gradients. The interaction between the host structure and the electronics can be
influenced by multiple variables such as thickness of the electronics, thickness of
the laminate, orientation of the laminas, geometrical shape of the electronics, etc.
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Suhteliste deformatsioonide visualiseerimine
siisinikkiudkomposiidis neljakandilise objekti iimbruses

Henrik Herranen, Georg Allikas, Martin Eerme, Karl Vene, Tauno Otto,
Andre Gregor, Maarjus Kirs ja Karl Madamiirk

On uuritud pingejaotust siisinikkomposiidist katsekeha ristldikes, millesse on
integreeritud dhuke elektroonika triikkkplaat. Pingete kontsentratsiooni analiiiisi-
takse, kasutades loplike elementide meetodi tarkvara ANSYS V14.0. Simulat-
siooni korrektsust kontrollitakse tulemuste vordlemisega digitaalse pildi korrelat-
siooniskanneri GOM ARAMIS 2M abil mdiédratud tdmbedeformatsioonidega.
Simulatsioonist selgub, et kdige tugevamini mdjutavad komposiitmaterjali sinna
lamineeritud jdigad metalsed kehad. Skaneerimise andmeid mdjutavad koige
enam pooride olemasolu ja siisiniklaminaadi kiududest tingitud mikrotaseme
mitteisotroopsus.
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Summary. Semiconductor strain gauges have good potential for embedded structural health
monitoring (SHM) applications. Silicon mechanical and thermal properties are similar to
glass fiber. In this paper the high cycle loading of specimens with embedded and surface
mounted semiconductor strain gauges is conducted. The base material is glass fiber laminate.
Two different matrixes are used.: polyester and epoxy resins. Hygrothermal loading is
introduced to weaken the sensor-matrix interface and to imitate real application conditions.

1 INTRODUCTION

Strain sensitive characteristic dependability from local defects has been often utilized to
identify damage in structures [1]. Semiconductor strain gauges have good potential for
embedded structural health monitoring (SHM) applications. The sensors usually have
rectangular thin bar shape, with thickness around tenths of millimeter. The shape similarity to
fibers and material similarity to glass fibers make this sensor appealing to composite SHM.
The proportions of the sensor are close to the typical fiber: length dimension is magnitude
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higher than width or thickness.

The semiconductor strain gauges have high piezoresistivity. The resistance change occurs in
all conditions of static and dynamic strain. The gauge factor for semiconductor strain gauges
are 50...60 times higher compared to metallic foil gauges [2]. This removes the necessity to
use high gain voltage amplifier associated with metallic strain gauges.

The main advantage of semiconductor strain gauge is its high fatigue life. Since the gages are
single-crystal elements, they have no measurable hysteresis or creep. This makes them
attractive for long-term installations or for use in unique transducer applications.

Distributed wireless sensor node networks are good example where to apply the
semiconductor strain gauges [3]. Nodes are able to measure the temperature locally near the
strain sensors. This allows to the compensation of the non-linear behavior of the strain sensor.
This article research topic is fatigue testing of fully embedded semiconductor strain gauges in
order to check their potential in embedded structural health monitoring system applications. In
the testing procedure two different composite materials are used. Different matrixes were used
for specimen manufacturing: vinylester and epoxy resins. Epoxy resins have very high
adhesion properties while vinylesters are widely used medium cost polymers for wind turbine
and seaborne industries.

Hygrothermal conditioning is used to imitate the real application conditions. It is known, that
moisture attacks the material interface between semiconductor and matrix [4,5]. Vinylester
has a magnitude lower interfacial strength than epoxy. It is also more susceptible to damage
caused by humidity [5].

The further challenge is to improve aging performance of the composite structure with
embedded components. Thus, special attention should be paid on optimal design of composite
materials and structures [6-8]. The global optimization and meta-modeling techniques can be
combined in order to overcome complexities related with design of real world structures [9-
11]. Different simplifications, including reduced order models, etc can be employed [12-13].

2 MATERIALS AND PREPARATION

The laminate had two types of setups. The reinforcement was the same for each type, but
the matrixes were chosen different. The reinforcing fabric is biaxial 0°/90° non-crimp type
glass fiber with surface density 600g/m>. The matrix resins were epoxy LARIT L285 with
hardener L286 and vinylester resin ATLAC 580 ACT with hardener Butanox M50 (3%
volume fraction of resin). The mechanical properties of the laminates are depicted in Table 1.
For the sake of simplicity the mechanical properties of both materials are set the same for
current testing. The epoxy resin based laminate has 8 symmetric layers and total thickness of
4,5mm. Vinylester has 12 layers and total thickness of 7,5mm. Materials are made with
vacuum bagging at room temperature and post-cured at 60°C for 16 hours.

The specimens were cut-out from workpiece with high speed milling machine at 32000 RPM
with low feed rat in order to minimize the specimen edge delamination probability.
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E, E, 20GPa
E, 5GPa
Uy 0,26
Uy 0,01

Uy, 0,01

Gyy 2,9GPa

Gz

Gy, 1,6GPa

Table 1 : Mechanical properties of GFRP laminate

From each type of material two specimens are made. One specimen is tested as virgin
material and the other is tested after environmental conditioning. For environmental
conditioning the specimens were held at 60°C for 9 days (216 hours) in seawater filled
chamber. The salinity was chosen to be 30%o.

In all specimens 6 silicon resistance strain gauges were embedded under the first layer. Three
are on one side and three on the other side of specimen. The silicon strain gauges are
sensitive to temperature variations. Therefore a thermistor from Vishay was adhered to the
surface of the specimens. The strain gauges are naked type semiconductor strain gauges made
by BCM Sensor Technologies Ltd. The properties of both sensors are given in

Table 2 and Table 3.

Semiconductor strain gauges SN5-1000-3.8-P-2 SN5-1000-5-P-2

Internal resistance 1000Q2 1000Q2

Gauge factor 150 + 5% 150 + 5%

Temperature factor of resistance 0,4%/°C 0,4%/°C

Temperature coefficient of gauge factor  0,3%/°C 0,3%/°C

Dimensions Smm x 0,24mm x 0,03mm 3,8mm x 0,2mm x 0,03mm

Table 2 : Properties of used semiconductor strain gauges

Thermistor NTCLE100E3332JB0
Internal resistance 3300Q

Beta value 3977K

Operating range -40°C...+125°C
Tolerance 5%
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Table 3 : Properties of used thermistor

Figureﬂl: Vinylester specimen during wire soldering process

Data acquisition was conducted with National Instruments Daqpad-6259 and for supply
voltage a precision voltage supply was used. The measuring procedure was conducted with
simple voltage divider circuit, where one element is the semiconductor strain gauge and the
other 1kQ resistor with 1% accuracy resistance value.

3 METHOD

The performance of embedded semiconductor strain gauges was estimated using fatigue
testing similar to the ASTM E1949 standard. This standard describes the experimental
measurement procedure of the fatigue performance of the metallic foil resistance strain
gauges.The shape of specimen was developed similarly to ASTM E251 standard. A
cantilever constant stress body with linearly decreasing cross-section was developed based on
a requirement to maximize the uniformity of longitudinal strain field distributions. The
cyclical load to be applied had R = -1 ratio value. If the body is loaded with point load vector
at free end then for the stress uniformity it is vital to decrease sectional modulus of body
according to the variation of bending moment along the span of body. For composite material
it is difficult to design linearly variable thickness # since to material is created ply-wise with
discrete thicknesses. The only feasible variable can be the width of the beam &. Therefore the
width becomes a function of longitudinal coordinate X:

b(X) =KX (t=const) (1)

The stresses at cross-section are constant:

6FX

= — = 2
KXtZ - K2 const 2

o(X) =

And in case of isotropy the strain € also would be constant:
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6F
— — 3
X)) = oh const. (3)

Based on the strain equation (3) the aspect ratio K was calculated to achieve strain value of
0,55%. The strain value is roughly equal to the glassfiber laminate tensile strain limit divided
by factor of safety value of four. Additionally it is near the semiconductor fatigue strain limit
500p¢ at which the sensors should have life expectancy of 2-10°[14].

The design parameters were constrained in the ranges as summarized in Table 4.

Parameter Value range
Thickness 4mm to 8mm
Length 150mm to 250mm
Width 100mm to 300mm
Deflection Smm to 40mm
Bending force 150N to 670N

Table 4 : Properties of used thermistor

The parameters were determined based on the testing machine geometrical limits and
thickness was constrained in the range in which are marine laminates average properties. The
testing machine was a chosen to be heavy duty machining centre with the fly cutter holder.
The analytical calculation was numerically verified with ANSYS Workbench V14.0. The
used body was generated as shell-type geometry and orthotropic material properties were
determined (see Table 1). First results showed that the free edge shear stresses concentration
and the bolt hole structure at the free end cause perturbations in the uniformity of laminate
surface major strain values. In Workbench Design of Experiments module response surface
was created to find sufficiently uniform stress field. The longitudinal strain gradients values
difference minimization was set as design criteria. The optimal shape of laminate was
searched in the near region of the preliminary designed laminate. The most suitable body
layouts for both materials are depicted on Figure 2 and Figure 3. Mechanical testing of one
specimen ins depicted on figure 4.
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Figure 2: Constant stress body with epoxy resin
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Figure 3: Constant stress body with vinylester resin
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Figure 4: Hygrothermally conditioned epoxy specimen in fatigue bench

Sufficient uniformity of longitudinal strain values are depicted on Figure 5 and for transverse
strain on Figure 6. Transverse strains uniformity is important because strain gauges have small
transverse strain sensitivity. The location of semiconductor strain gauges is noted on Figure 5.

~1,6701e-5

| 00025052
-0,0033347
-0,0041642
-0,0048936

Figure 5: Longitudinal strain contour plot

Figure 6: Transverse strain contour plot

4 RESULTS

Fabrication process damaged most of the sensors. Probably resin application process with
hand tools deformed some of the sensors until failure. Atleast 6 sensors were damaged during
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soldering process: the junctions protruding from composite surface were difficult to solder
because their melting point was low at 215°C and the diameter of the wire was extremely
small — any mechanical tension broke the junction off. In virgin non-damaged structures
epoxy resin type specimen had two working sensors left and in vinylester specimen 4 sensors.
The environmental conditioned specimens were not separately measured before the
conditioning. After the salt water bathing two sensors were functional in epoxy specimen and
only one in vinylester. The cause of failure for these sensors might have been moisture
expansion combined. In vinylester type specimens copper extension wires laminated under
the first layer were severely corroded. Therefore it is concluded that at this salinity level direct
seawater access through sufficient cracking near the sensors will damage the electronics
through corrosion. Also the strain sensor polymer contact adhesive had a darkening change of
color.

The fatigue life of the sensors is summarized in Table 5. It is interesting to note that the
sensors did not have any sensitivity declination or hypersensitivity occurrence until failure.
Also the temperature increase due to mechanical strains was negligible. The temperature
curves were constant and had no correlation with the change of the excitation speed. The
average environmental temperature was 26,6°C.

Epoxy virgin

Cycles/min 200 400
Cycles count, N 10970 124306
Strain value, % 0,24 0,24

Vinyester virgin
Cycles/min 800 560 560 560 560
Cycles count, N 85200 91920 203080 368700 384800
Strain value, % 0,019 0,123 0,123 0,172 0,262

Epoxy damaged
Cycles/min 800 800 800
Cycles count, N 153698 318938 357818
Strain value, % 0,066 0,121 0,15

Vinyelster damaged

Cycles/min 800
Cycles count, N 8465
Strain value, % 0,0643

Table 5 : Loading history of sensors

The epoxy resin specimen was tested first. The designed deformation value was to high: first
sensor failed at 0,45% after 1800 cycles. The second failed after 8-10° cycles. This is far away
from the strength limit of the sensor at 6000ue and also below at the fatigue strength value of
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500ue [14]. After the first specimen the other were loaded stepwise with stroke length values
10, 20, 30 and 40mm. The loading history of specimens is depicted on Error! Reference
source not found.. The fatigue breakdown is described with chart in Figure 7. It is obvious that
despite the low amount of sensors the fatigue life is severely shortened with environmental
conditioning. Epoxy resin specimen fatigue performance is difficult to analyze since the first
virgin structure loading was not progressively conducted. From the epoxy resin fatigue results
can be concluded that the breakdown strain value will be decreased from virgin structure
0,22% and 0,26% to 0,06% and 0,15%. From vinylester testing results is difficult to estimate
the sensor strength reduction values because damaged specimen had only one operational
senor left. Nevertheless it is evident that the virgin structure strength is decreased from 0,17%
and 0,26% to 0,065%.

0,3
*
0,25 "
*
0,2
X = .
N @ Epoxy virgin
-§ 0,15 T pOXy virg
= B Vinylester virgin
0,1 Epoxy damaged
Iz X Vinylester damaged
0,05 2
0
1000 10000 100000

Cycles, N, logarithmic scale

Figure 7: Sensor fatigue breakdown

The breakdown of sensors is probably caused by the separation of one contact from the
surface of the sensor. This is estimated based on the fact that the sensors stopped working
normally in tension mode, but restored electrical circuit continuity in compression mode (see
Figure 8).
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Figure 8: Sinus signal shape change due to loss of electrical contact(matched from two measurings)

The breakdown in most cases did not start as a abrupt change, instead the shape of sine curve
at the peak strain values lost its smoothness at first(see Figure 9) and progressively the shape
of sine function was totally lost.
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Figure 9: Abruption of sine function continuity — the first sign of sensor failure

After mechanical testing the strain gauges were examined. On the aged specimens some of the
electrodes had corrosion signs. The glue that originally joined the golden electrode to the
silicon has corrosion signs. Two edges of the same sensor are compared on the Figure 10 and
Figure 11. This specimen was made of epoxy resin.

10
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Figure 10: Normal junction

Figure 11: Corroded and delaminated junction

The corroded junction example has also easily distinguishable junction peel-off zone that
probably caused the electrical failure. See Figure 12.

Figure 12: Delamination peel-off zone clearly identifiable on the left by white color

11
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One specimen had aside visible junction peel-off signs also mechanical cracking of silicon
crystal (see Figure 13). Based on that finding it is concluded the sensors, which were exposed

to 0,15% strain could also fail due to semiconductor crystal cracking.
J L)

Figure 13: Sensor failure due to cracking

5 CONCLUSIONS AND FUTURE WORK

Fully embedded semiconductor strain gauge testing revealed that surrounding composite
material matrix phase reduces the sensor strength appreciably. The environmental aging
damages the sensor by corrosion and also reduces significantly sensors fatigue performance. It
is critical to protect sensors from moisture attack, especially in the area of junction crystal-
joint. The weakest link seems to be electrical junction contact point to the silicon plate. The
strains in these regions should be relieved by some stress relieving geometrical solution.
Aside the reduced strength properties the semiconductor strain gauges worked fairly well: no
noticeable zero point drift, increased sensitivity or other anomaly was detected before the first
signs of total failure. Using the silicon strain gauges seem to be good solution for detecting
strains: the gauges have strong signal output, which is easily to measureable using simple
voltage divider.
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1 General Introduction

Composite materials have found a wide range of
applications in engineering due to their high
strength-to-weight ratio, resistance to fatigue and
environmental influences. Fiber composites are
laminated anisotropic materials, which damage is
often not easily detectable. The increasing demand
for structural health monitoring has stimulated
efforts to integrate self-sensing capabilities into
materials and structures. Surface mounted sensors
are susceptible to damage and their protection from
environment is often noticeable extra weight gain.
Embedding the sensors in housing allows for
protection from adverse environmental conditions. It
is also the only means suitable for creating an
autonomous structure with a smooth surface finish.
Previous efforts to integrate sensors and MEMS
devices into fiber-reinforced composites have often
required that such a device be placed between the
fiber layers of a composite as it is being fabricated.
As a result, the device is usually surrounded by the
matrix phase, typically a polymer, which is generally
the weaker phase within the composite. Interlaminar
stresses arise at or near the inclusions and could
result in delamination, which in turn reduces load
carrying capability and further reduces the ability of
an embedded sensor to detect its surrounding
environment. Therefore, it is necessary to
characterize the effects of embedding sensors on the
mechanical properties of the host structural
composite material.

The main sources of problems are caused by elastic
properties mismatch, specifically high difference of
the modulus of elasticity.

ICCM19

Embedding electronics inside mechanically working
composite creates a controversy. The metallic and
semiconductor parts with high stiffness do not
comply with the strains of operating composite and
composite materials on the other hand do not match
with the embedded foreign objects, which generate
severe stress concentrations in the host structure.
Selective laser sintering (SLS) is technology, which
allows layer-wise build-up of very complex
geometrical shapes. It is an additive layer
technology (ALT). SLS is technology which is
feasible solution for manufacturing a enclosure
around electronics, which are to be integrated inside
the main material.

This article is focused on embedding SLS produced
components inside main structure. SLS built
enclosure around composite reduces the elasticity
mismatch or even isolates the un-compatible
materials from each other.

Inserting foreign object inside the laminate is similar
to the effect of void on the composite structure. The
change of geometry causes fiber undulation around
the object and locally increased waviness. This
change affects significantly structural performance
of the composite [1]. Beside the undulation the
embedded object has different elasticity — if it is
electronics, then it is much stiffer and causes extra
stresses. In this article SLS produced PA-12 nylon
enclosure for electronics is inserted in the host
material. The mechanical properties of PA-12 nylon
are very similar to polyester resins and epoxy resins.
Additionally SLS produced PA-12 nylon could
weaken by hygrothermal influences [2]. A
phenomenon called plasticization occurs. This
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further reduces the mechanical strength of the two
material interface. In order to simulate that, the
foreign objects had no friction enhancing or room
interlocking features to increase contact zone
rigidness.

2 Methodology

Embedding the electronic components directly in
composite may lead to impairments of the
components during fabrication or exploitation of the
composite structure (mechanical defects,
overheating, etc). For that reason the additive layer
technology has been employed for manufacturing
housings which can host the electronic components.
Any embedded components have impact on
mechanical, thermal, etc properties of the composite
structure. Thus, the design of housings is necessary.
First the design of experiment has been performed.
Next the specimens with ALT manufactured
embedded structures are fabricated and mechanical
tests performed.

The finite element (FE) model has been developed
for modeling the stress-strain behavior of the
composite structure with embedded components.
The finite element model is validated through
comparison with digital image correlation scanner
results. Also, the results obtained from mechanical
tests and FE model are compared. The FE model
developed covers fiber undulation caused by
embedded objects.

Based the experimental results the mathematical
model is developed.

Finally the size and shape optimization of the
embedded structure has been performed. The size of
the pockets formed at ends of the embedded
structure and the mechanical stresses around the
embedded structure are considered as objective
functions. The multicriteria optimization problem
posed has been divided into multistage optimization
procedure and solved by use of weighted summation
technique. Due to presence of integer variables the
genetic algorithm (GA) was employed.

3 Specimen design

It is correct to point out that in current context the
design of specimen contains mainly design of
housing for electronics which will be mounted in
specimen (in addition to specimen dimensions, the
shape and dimensions of the housing are considered
as design variables).
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The strength characteristics of the specimen have
been analyzed. The following optimality criteria
were selected

Fy = H(xy, ., xn) > min,

FZ = L(xl,...,xn) - mina

F3 = tmax(x1,.,%n) = min, (D
Fy = 05 (xq,.,%n) = max,

where H, L, @pqy and oy stand for the height and

length of the pocket, maximal angle of the pocket

diagonal side and failure stress, respectively.

Parameters x;, _ x, stand for design variables.

Before selection of multicriteria optimization

strategy it is important to understand general

characteristic behaviour of the optimality criteria
used [3,4,5]. Preliminar analysis of the optimality
criteria (1) allows to conclude, that in general:

— The optimality criteria Fy, F,, F3 given by (1) are
not contradictional (decrease or increase for the
same dataset).

— The optimality criterion F, increase with
decreasing values of criteria F;, F,, F; and vice
versa. However, criterion F, is subjected to
maximization, and there is not contradictional
with criteria Fy, F,, F3.

Thus, there is no need for applying Pareto optimality
concept for handling conflicting objectives. In the
following the weighted summation technique is
employed. The objectives (1) should be first
normalized, due to their different magnitude. The
normalization is performed by formulas

- _  F@-minF )
i) = i E i E ) @)

for objectives subjected to minimization (Fy, F,, F3)
and by formulas

oL maxF(D)-F ()
fa(X) = X Fy () —mmin Fy (%) ° 3)

for objectives subjected to maximization (Fy).

In (2)-(3) i = 1,2,3 and Xx stands for the vector of
design variables.

According to weighted summation technique the
combined objective can be written as
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m
f= X wf; > min, “4)
i=1

where w; stand for the weights of the objectives (2)-

(3) and are evaluated as
Wy =w, =wy =w, =0.25, %)

i.e. all are considered to have the same importance.
The housings for embedded electronics with
different shapes have different number of design
parameters x; X, . For that reason the two level
optimization strategy has been introduced [6,7,8].

3.1. Higher level design
In higher level design stage the most suitable shape
and size of the housing have been determined. The
following geometrical shapes were considered:

— rectangular

— trapezoid

— round

— ellipse
The size of the each shape has been varied. Two
parameters have been considered for each shape
with the exception of trapezoid and circle. Circular
cross-section has only diameter as variable and
trapezoid has three parameters: height, width and the
angle of sides relative to base. The full factorial
design of experiment has been employed for shapes
except trapezoid. In latter case the Taguchi design of
experiment was applied. The size range was chosen
to accommodate the structure to specific electronic
device. Circular cross-section has no real application
potential. It was used in order to investigate the fiber
undulation around short object. The variables are
discrete values as shown in Table 1.

Table 1: Variables of geometrical shapes

full factorial testing 3° or 27 combinations. Taguchi
design matrix is depicted in

Table 2. P1, P2 and P3 are parameters. Based on that
methodology the trapezoid shape dimensions are
derived as shown in Table 3.

Table 2 Parameter values and experiment

Experiment | P1 | P2 | P3

O [0 |2 [ | | (W[ ==
L2 1L W ||| [ — [ — [ —
W N [— | [N | = [W [ [—
DO [—= [ = W[ [W [N —

Table 3 Parameter values for trapezoid

Nr. Width, mm | Height, mm | Angle, °
1 10 1 50
2 10 2 53
3 10 3 56
4 25 1 53
5 25 2 56
6 25 3 50
7 40 1 56
8 40 2 50
9 40 3 53

Length Height Side angle
Shape [mm] [mm] [°]
Ellipse 10; 25; 40, 1;2;3; -
Circular diameter 1.5mm; 2mm; 4mm;
Rectangular [ 10; 25; 40, 1;2;3; -
Trapezious 10; 25; 40; 1;2;3; 50; 53; 56;

The level values for Taguchi method is therefore 3.
Three parameters and three levels would require in
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In the case of full factorial design, three parameters
and three levels are needed 3° = 27 testing
combinations instead of 9 used for Taguchi design.

Numerical analysis performed allows concluding
that the ellipse appears to be most suitable shape of
the housing. Also the optimal values of the height
and width of the housing are found to converge to 1
and 25, respectively. However, the results depend on
selected values of weights (5), also from accuracy of
the measured values of objectives functions. The
smaller height of the housing is obviously better —
causing less damage of the structure by not
influencing the straightness of fiber bundles.
Actually here are a lot of options for the selection,

839



FOREIGN OBJECT INDUCED FIBER UNDULATION INFLUENCE ON
MECHANICAL PROPERTIES OF COMPOSITE LAMINATE

design of embedded electronics depending on its
price, aptitude, etc. Unfortunately, not all variants of
embedded electronics can by fitted in housing with
height values equal to Imm and even to 2 mm. Thus,
different heights should be considered for future
analysis (cost can be included).

3.2. Lower level design

In lower level design the selected elliptic shape of
the housing is assumed, but certain improvement of
the shape is introduced. Namely, the elliptic shape is
divided into two parts, consisting from two ellipses
with different half-axis (see Figure 1).

8
R~
= &
S
S E
£
- Length 25mm 2SI
| vy

e |

Figure 1 Design variables: minor half-axes

The minor half-axes of the ellipse are considered as
design variables. For fixed values of the minor half-
axes the major half-axes values are determined by
total length of the ellipse and continuity conditions.
The remaining design variable considered in lower
level design is the length of the specimen.
Preliminary numerical results obtained include
optimal design where the value of the length of
specimen is near minimal value considered and the
minor half-axes of the lower ellipse (see Figure 1) is
substantially smaller than minor half-axes of the
upper ellipse (1/2...1/4 depending on total height of
the ellipse).

The mathematical model introduced for data fitting
is based on use of artificial neural networks and is
satisfactory. However, in order to improve the
accuracy of the obtained results, the dataset used
need to be completed, the design area enlarged
(limits of design variables extended).

4 Experimental testing
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4.1 Specimen manufacturing

The reinforcement is biaxial 0°/90° non-crimp type
glass fiber fabric type Saint-Gobain ELT 600 125
FMA 5008 C with surface density 600g/m’. The
matrix is vinylester resin ATLAC 580 ACT with
hardener Butanox M50 (1,5% volume fraction of
resin). The mechanical properties of the laminate are
depicted in Table 4.

The foreign objects are manufactured with selective
laser sintering machine EOS GmbH Formiga P100.
Selective laser sintering technology allows to create
complex shapes with almost no geometrical limits.
The base material is PA-12 polymer (EOS PA2200).
The foreign objects were cleaned with pressurized
air and acetone before the lamination process to
remove any residue from laser sintering process.

The foreign objects were laminated between 6 plies
of laminate on the mid-plane, the lay-up notation is
[0°/0°/0°/ ForeignObject /0°0°/0°]. The specimen
was laminated at 0.8 bar vacuum and post-cured
after manufacturing at 60°C for 16 hours.

The specimens were cut-out from workpiece with
high speed milling machine at 32000 RPM with low
feed rate in order to minimize the specimen edge
delamination probability.

Figure 2 Resin pocket example
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Table 5 measured parameters for 1 mm thick foreign
objects. 1-ellipse, 2-rectangular, 3-trapezoid.

E,, Ey 19,6GPa
Avg. Max.
E, 5GPa Pocket | Pocket | undulation | Undulation
Shape | Length | height | length angle angle
Vyy 0,26
[mm] | [pm] | [um] © ©
Vyz 0,01 1| 10 | 689 | 5204 7 10,2
Uxz 0,01 1 10 | 546 [ 3169 9,3 10,6
Gyy 3,28GPa 1 25 648 | 8820 4 7,8
Gy, Gy, 1,6GPa 1 40 | 642 110790 3,6 8,4
o5, 0, 215.9MPa 1 40 | 995 11669 54 12
2 10 | 1184 [ 9451 5 6,9
oy, 6y 304,7MPa -
o 23 1MP 2 10 | 1257 {10480 4,6 8,4
L = 2 | 25 [1077]11087] 32 7
Table 4 Mechanical properties of laminate 5 25 1256 | 11662 5 5
2 40 [ 1248 113984 3 3.8
4.2 Examination of preliminary specimens 3 10 926 | 7119 8 10,7
3 25 986 | 9473 54 10,5
The undulation size and shape will be estimated 3 25 | 1063 | 9444 6.2 13.5
from sectioned specimens with microphotography. ; -
The measurable parameters are depicted in Figure 2. 3 4 1057 | 7264 6,7 8,5
It is known from various authors that fiber waviness
is one of the most critical parameters of composite Table 6 Results for 2mm thick foreign objects
mechanical properties[11,12,]. In this article simple
waviness parameters like amplitude and wavelength Avg.  [Max.
are not sufficient to describe the resin pocket Pocket | Pocket | undulation  Undulation
properties. This is because the resin pocket around Shape | Length | height | length angle | angle
foreign object is single event not repeating pattern. [mm] | [pm] | [um] © ©
Lemanski and Sutcliffe [10] measured fiber 1 1 1520 110280 4 7,3
misalignment angle influence on the mechanical 1 1 1747 | 9984 33 57
properties of unidirectional laminate. In this research > >
the measurable parameters are as mentioned in 1 2,5 | 1027 | 9036 4,6 6
methodology section the height H and length L of 1 4 1846 [ 13830 6,4 9,8
the pocket, maximal angle a,,,, and average 5 2232 | 9976 98 177
anglea,,,g of the pocket diagonal side and failure - :
. 2 1 2097 | 11546 9 14,5
stress o, respectively. All the parameters except of
failure stress can be measured from microcope 2 2,5 | 2195 112760 9.6 16
pictures. The examination results are shown for all 2 4 2241 (10582 7.8 12,1
glrbele ;hicknesses accordingly in Table 5, Table 6 and 3 1 1822 | 13736 6.8 10,1
aple /.
The data from these tables was inserted in weighted 3 2,5 | 1779 | 10533 8,3 14,6
summation optimization procedure. The weight 3 4 1576 111467 9 16,6
values are taken from equation (5).
5
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Table 7 Results for 3mm thick foreign objects

Ave. Max. Table 8 Dimensions of new specimens
Pocket | Pocket | undulation | undulation B B
Shape | Length | height | length angle angle M“!M M“}M thal
Length radius 1, | radius 2 thickness
[mm] | [um] | [pm] ©) © [mm] [mm] [mm] [mm]
1 1 2501 [ 16746 5,2 8,6 25 2,75 0,25 3
1 1 2262 [ 15335 6,7 10 25 1,5 0,5 2
1 2,5 | 951 | 8417 11,3 19,1 25 3 flat 3
1 2,5 | 1301 | 8018 12,6 21 25 1,75 0,25 2
1 4 1544 118560 4 8,4 25 1,25 0,75 2
2 1 3151 13220 10 13,3 25 2,5 0,5 3
2 1 3420 [ 13732 7,4 12,2
) 25 | 3000 | 11494 11 20 4.4 Examination of new specimens.
The new batch specimen had microphotography
2 4 3069 | 11573 10,4 13,8 based measurements repeated analogically to the
3 1 2483 [ 13116 12,5 17,3 previous batch. The results are in Table 9.
3 2,5 | 1722 | 8843 17 29
3 2.5 1596 | 6417 19 31 Table 9 Results for new specimens
3 4 2643 | 13908 8,4 11 Avg. Max.
Pocket | Pocket | undulation | undulation
. . length | height angle angle
4.3 Design of new specimens
Shape | [um] [pm] ©) ©)
Bas'ed' on the results of weighted summation 1 4117 306 8.3 12.8
optimization method the smallest influence on fiber
undulation has ellipse with dimensions 25mm x 2 9203 | 1827 10.8 15
2mm. It was discovered during the microscopic 3 3650 | 764 8,8 12
e)famination procedure that some slendgr ellipses 4 14543 | 1653 5.5 113
tried to conform to the flat manufacturing mould
surface by bending the closer surface curvature to 3 1773 664 16,6 24
collinearity with mould surface. Therefore it is 6 5705 | 1154 9,9 14,5
proposed that most suitable shape for foreign object
should be instead composed of two half ellipses with 4.5 Mechanical testing

different minor radiuses. Batch with different half
ellipse combinations was manufactured. The length
of ellipse stood the same 25mm value, but the minor
radius combinations were varied as depicted in

Table 8. Two possible thicknesses for the whole
foreign object were chosen. Also an un-common
combination of half-ellipse and straight line was
used(the sharp ends were rounded by fillet with
radius 0,18mm).
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The specimens with embedded object were tested
only for tensile loading. It was concluded from
previous research [9] that the main source of failure
is delamination initiated from resin pockets at the
interface surface of foreign object and matrix. The
failure mechanisms are similar for compression and
tension, only difference is the properties reduction
magnitude. The tensile testing is less sensitive to
manufacturing faults, therefore it was chosen as
more reliable method. Testing was carried out with
tensile testing machine Instron 8516 coupled with
digital image correlation (DIC) scanner GOM
ARAMIS 2M. The base standard for test settings
was ISO 527-4(equivalent to ASTM D3039). The
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testing results are depicted on Figure 3 and
summarized in Table 10.

g
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Tersile stress, MPa
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o
ol (1 1 1,5 o
Tensile strain, %

Figure 3 Tensile testing results chart

& | Thickness | Thickest | Minor

Z. | of undist. | pointat [radius| Minor | Failure
section | for.object 1 radius 2 | stress

[mm] [mm] |mm] [mm] [MPa]
SLS1 3,12 64| 275 0,25 155,6
SLS2 2,93 5,3 1,5 0,5 2316
SLS3 3,1 6,6 3 0] 236,1
SLS4 3 5,3 1,75 0,25 2028
SLS5 3 5,1 1,25 0,75 261,2
SLS6 3 6,3 2,5 0,5 2523
Average: | 223,28

Table 10 Tensile testing results

The highest strength had specimen number 5, which
was 16,9% higher than the average. This specimen
had also very small resin pocket which was tightly
packet by three 90° fiber yarns. Cross-section image
is shown in Figure 4. The tensile strength was
determined from DIC scanning images. The
laminate was considered to failed after the first
macrocrack occurrence.

Figure 4 Specimen number 5 cross-section image.
Foreign object visible at the right side of the picture.
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4.6 Digital image correlation results

The strain distribution around and inside the
embedded device was measured in thickness
direction at the side of the specimen using
digital 1image correlation scanner GOM
ARAMIS 2M similiarly to one of the authors
previous works [9]. The surface strains of the
specimens were measured with a digital image
correlation system (DIC) GOM ARAMIS 2M. The
measuring volume was set to 35 mm x 25 mm.
System measuring parameters were as follows: the
computational size was set to 3, validity quote to
55%. The computation type was set to total strain
method and plane stress.

Figure 5 The strain distribution of specimen 5 at
failure stress

The major strain distribution around on the specimen
edge is shown in Figure 5. It is evident that the
delamination starts from the resin pocket, although it
is quite small.
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5 Conclusions

The two level optimization procedure is developed
for solving multicriteria optimization problem
posed. An analysis of the optimality criteria is
performed and the weighted summation technique
applied. The response modeling is utilized by use of
artificial  neural networks. The  multilevel
optimization strategy proposed allows decomposing
initial problem into two simpler tasks, which can be
solved sequentially. The obtained numerical results
contain optimal shape and size of the housing for
embedded electronics. The optimization procedure
helps to minimize the resin pocket dimensions,
which criticality as a delamination starting point has
been verified by the digital image correlation
scanning.
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