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Chapter 1. Introduction

Chapter 1. Introduction

1.1. Foam core sandwich structures

Composite foam core sandwich structures consist of foam core and composite face sheets
that are relatively thin compared to the core, often made of fiber reinforced plastics as
shown in Figure 1.1. The core is light weight and weak, while the faces are stiff and strong.
The faces can be connected to the core by adhesive or by the resin of the face sheets. As the
core separates the faces the structure can be thought to be analogous with an [-beam, where
the core works as the web and the faces as the flanges. This way the core carries shear in the
structure and supports the faces against wrinkling and buckling, while the faces carry the
bending moments and in-plane loads [1].

Compared to solid composite laminates, composite sandwich structures offer stiffness and
especially improved bending strength and stiffness properties while retaining the same low
weight. Also under in-plane loading as the core supports the faces, buckling strength of the
structure is improved. Therefore no stiffeners need to be added to the structure afterwards,
thus leading to lower part count and simpler structure. Depending on the core material,
sandwich structure can also provide thermal or acoustic insulation. Compared to
honeycomb core materials, foams are easy to machine and due to their solid like structure
and isotropic response, complicated shapes are also possible. Resin transfer molding

'CFRP face sheets

Figure 1.1 Foam core sandwich panel with CFRP face sheets.
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methods besides typical adhesion or prepreg co-cure methods are also possible with
closed cell foams and the sandwich structures can thus be manufactured with single

curing process.

Due to their attractive properties, sandwich structures have been widely used in
automobile, train, boat, aerospace, airplane, civil engineering, and wind energy
applications. Lately increasing interest has been shown in using foam core sandwiches in
the primary structures of aircraft structures [2, 3, 4, 5] which requires that improved
performance and damage tolerance requirements are met. Many researchers have
therefore studied the damage mechanisms in sandwich structures and ways to verify the
integrity of the structures.

1.2. Indentation and damage detection of sandwich structures

Due to the thin faces and relatively weak core, sandwich structures are however rather
weak against transverse loading. While high velocity and energy impacts can leave
notable damage in the core and faces, and also lead to perforation of the structure, they
are easy to detect as notable damage is left visible from outside. In airplane applications,
for example, tool drop, hail, or contact with ground vehicles can cause indentation
loadings or low-velocity impacts on the sandwich structures. These localized indentation
loadings or low-velocity impacts can leave only barely visible damage on the outside,
while the core and core-face sheet interface can be notably damaged, as shown in Figure
1.2. Even though the damage is barely visible, it can still significantly reduce the
compressive strength of the sandwich structure [6].

The residual dent depth after impact or indentation has been used as a measure of severity
of the damage, and thus barely visible impact damage (BVID) has been used as a
threshold of the detectability of the damage. There is no general rule defining the depth of
the indentation caused by BVID, and its definition varies from 0.2 to 2.5 mm based on

Residual face sheetdent

Core crushing 5mm

Possible interface
damage / debonding

Figure 1.2 Cross section of indentation loaded foam core sandwich structure.
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the literature source. The compression after impact (CAI) strength of a indentation or
impact loaded sandwich panel cannot however be accurately estimated by using the
residual dent depth [7, 8]. Even when the residual deformation on the face sheet is barely
visible or not visible at all, debonding or significant damage in the core reducing the
sandwich structures CAI can exist [9, 10]. It has also been shown that similar damage
with barely visible residual dent occurs even if high density foam core or thicker face
sheets are used [11]. The residual strength of the structures should therefore be evaluated

using the damage area.

Figure 1.3, for example, shows the typical response of a structure when considering the
relation of the energy of the impact and the detectability of the impact damage. Low
energy impacts leave mostly damage below the BVID threshold. When the impact energy
increases, the damage becomes visible. Relaxation of the core of the sandwich structure
can however reduce the depth of the residual dent, which makes the damage barely

visible.

A damage monitoring system is thus needed to detect the damages inside the sandwich
structures. Conventional non-destructive inspection (NDI) methods take time and cannot
always be used at hard to reach locations. Structural health monitoring systems (SHM)
embedded into the structures have therefore gaining interest and in recent years various
SHM systems for composite structures have been proposed and studied. The purpose of
the SHM system is to monitor the condition of the structures and assess their integrity
before the damage becomes critical. This can also extend the operation time of the
structures between maintenances as repairs could be done when needed.

A Impact damage detectability
Limit load
capability Visible damage
Moderate energy impact
BVID Relaxation

Not visible damage /O

Low energy impact

Detectability J

Response
of structure

v

Impact energy

Figure 1.3 Detectability of impact damage based on impact energy.
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Due to the various applications, foam core sandwich structures can also experience wide
range of temperature and humidity conditions during operation and already during the
manufacturing phase. The conditions can notably affect the behavior of the core material
and thus negatively affect the performance of the whole structure. More information is
however needed on the loading response and damage formation of sandwich structures
under various temperature and humidity conditions. This information can be taken into
account when designing sandwich structures to be used in various conditions, and also the
effect of the environment on the damage formation is important for damage monitoring
purposes, so that the monitoring system can accurately detect the damage at any
operation conditions.

1.3. Objective and methods

There are now two main objectives for this thesis:

- Study on the indentation response and residual state of foam core sandwich structures,
and the effect of temperature and humidity conditions.

- Monitoring of indentation and low-velocity impact damage in sandwich structures.

The indentation response is studied experimentally and by finite element analysis. As the
indentation response of the sandwich structures depend on the loading response of the
core material which can be significantly affected by the environmental conditions, the
loading response of the foam material under various hygrothermal conditions needs to be
also studied. This information can then be used to explain the indentation response and
also utilized in the finite element analysis. The numerical analysis focuses on predicting
the indentation response under the set environmental conditions. Also prediction of the
residual state of the sandwich structure after indentation is of importance for damage
detection purposes.

To monitor damage in sandwich structures, a distributed strain monitoring system using
embedded optical fiber sensors is applied. Monitoring of damage in the sandwich
structures is then studied experimentally by indentation loading tests. As the damage
detection ability depends on the residual state of the sandwich structures, the
experimental and analysis results of the indentation behavior can be then used in
assessing the capability of the monitoring system. The system is then verified by

low-velocity impact tests on real-life demonstrator specimen.
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1.4. Outline of thesis

This thesis consists of seven chapters. Excluding the introduction in Chapter 1 and
conclusion in Chapter 7, the contents can be mainly divided into three parts. In the first
part (Chapter 2 and 3) the loading response of foam material and indentation response of
its sandwich structures are studied experimentally. The loading response of the foam is
observed under various temperature and humidity conditions. Based on these tests, the
effect of the conditions on the foams loading response and mechanical properties is
evaluated. Indentation tests are then conducted under various temperature and humidity
conditions and the results are then related to the foams loading response.

The second part (Chapter 4 and 5), uses finite element analysis to predict the indentation
and unloading response of sandwich structures at various humidity conditions. The
properties of the core material are based on the experimental data, and the predicted
indentation results are verified against the experimental indentation test data. Issues with
the numerical analysis methods are also discussed and a new improved model is proposed
to solve some of these issues.

The third part (Chapter 6) deals with the damage monitoring of the sandwich structures.
As the detectability of damage in the sandwich structures is related to the response during
indentation or impact loading, the indentation test and analysis results are used in
evaluating the used monitoring method. The monitoring systems response during
indentation loading tests is first observed experimentally and compared with analysis
predictions to study the systems damage detection capability. In the end, low-velocity
impact tests are conducted with a large scale sandwich panel to verify the systems
damage detection ability in real life applications.

Finally, Chapter 7 summarizes the contents and main contributions of this thesis.
Suggestions for future works on the studied topics are also presented.
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Chapter 2. Loading response of PMI foam

In this chapter the loading response of polymethacrylimide (PMI) foam is studied.
Uniaxial compression and tension loading tests are conducted to define the loading
response and mechanical properties of the foam at various temperature and humidity

conditions.

2.1. Rigid closed cell foams

Mechanical properties of rigid polymer foams are mainly defined by geometric and
material parameters. Geometric parameters define the cell structure of the foam and
material parameters the properties of the parent polymer material. Closed cell foams have
a closed cell structure that consists of cell walls which form a random cellular structure as
shown in Figure 2.1. The microscopic structure of the foam gives it good strength, stiffness,
and energy absorption properties while keeping its relative density low. The complicated
cell structure however means that the mechanical behavior of the foam is also complex.
The relative density of the foam depends on the cell size and cell wall thickness. Therefore
high density foams have often smaller cells with thick faces, which thus leads to increased
buckling strength of the cell walls and thus increased strength of the foam overall.

Figure 2.1 Micrograph showing the cell structure of PMI foam.
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This study focuses on closed cell, rigid polymethacrylimide (PMI) foam, commercially
known as Rohacell (Evonik Rohm GmbH). The Rohacell foams can be thermoformed to
complex shapes and can withstand high temperatures and pressures, which allows for
advanced manufacturing methods to be used. It has various grades with different densities
and cell sizes for different applications. Due to the good mechanical and fatigue
properties of the Rohacell foams, they have potential to be used in even high performance
aerospace and aircraft structures.

2.1.1. Deformation of foam under loading

Macroscopic behavior of polymer based foams depends on the polymer material behavior
and the microstructure of the foam. Behavior of foams under compressive and tensile
loading can thus be observed at microscopic and macroscopic level. The uniaxial loading
behavior of closed cell polymer based foam material is now explained.

Typical tests using foam samples notable larger than the foams cell size give the
macroscopic response of the material, such as the stress-strain response. This portrays the
average response of the foam and is nearly the same for various cell configurations as long
as the size of the foam sample is large enough. A typical stress-strain curve of rigid closed
cell foam under compression-tension loading cycle can be seen in Figure 2.2. Each part of
this curve is now related to the microscopic phenomena occurring in the foam as depicted
in Figure 2.3. Based on this, the compressive loading response can now be divided into
three regions as follows:

1. Elastic: Seemingly elastic deformation of the foam, during with the cell walls oriented in
the loading direction bend elastically while the transverse ones are stretched. At certain
loading the foam yields. At this point the weakest cell walls buckle, causing the buckled
cells and surrounding cells to collapse, leading to notable drop in the stress response.

2. Plastic plateau: After yielding of the foam, a long plateau region is observed. This is
caused by the progressive collapse of cell walls under increasing compressive loading.
As the cell walls collapse, they can buckle, break or form plastic hinges or combination
of any of the previous [12]. As the weakest cells have collapsed, their ability to carry
loading is significantly reduced and the loading thus concentrates on the surrounding
cells or other weak points in the foam. This way the cells in the foam keep crushing
progressively leading to almost constant stress-strain response on macroscopic level. It
has been also suggested that as the cells keep collapsing and the load carrying capability
of the cell walls is notably reduced, the air trapped inside the cells starts to affect the
compressive response [12]. If the cell walls stay intact after collapse, the air stays
trapped inside the cell and can thus resist the compressive loading until the cell walls
break. This can be seen as slight increase in the macroscopic stress-strain response at the
end of the plastic plateau region.
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3. Densification: After most of the cells have collapsed, the cell walls come to contact with
each other. With increasing loading the cell walls start to interact with each other and the
parent polymer material starts to carry the compressive loading, thus gradually
increasing the stiffness of the crushed foam close to that of the parent polymer.

Besides these three parts during the compressive loading, we can also look at the unloading
and tensile parts of the loading cycle.

Unloading: During unloading the elastic compression of the polymer material is removed
and bended cell walls spring back. Due to the plastic deformation in the foam, some
residual deformation will however remain even after any loading has been removed.

Tension (after compression): When the foam is loaded in tension after compressive
loading, the crushed cell walls are being stretched back to their initial state. Due to the
damages and viscoelastic deformations in the cell walls, the needed tensile loading is
notably lower than the compressive loading was. However, when the global strain of
the foam starts to get closer to zero, increased loading is needed to stretch and
straighten the plastic hinges formed during compression in the cell walls.

The compressive and tensile loading of various polymer foams has been studied
extensively in the past, but now the focus is put on the PMI foams. For example, Li and
Mines [13, 14], and Zenkert et.al. [15, 16] have previously conducted quite extensive
experiments on the Rohacell 51 WF foam under various loading conditions, such as
uniaxial tension, uniaxial compression and shear, and also studied the hydrostatic
compression and combined shear-compression loading cases. Based on the experiments

-25
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Figure 2.2 Typical stress-strain curve of rigid closed cell polymer foam during uniaxial

compression-tension loading cycle.
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Elastic Plastic Tension after
compression compression compression
Bending Buckling\ Stretching

NS \

Figure 2.3 Microscopic response of ideal cell in closed-cell foam during compression and

tension after compression.

they provided an analytical model for the prediction of global elastic and plastic strains in
compression loaded foam material. Later Arezoo et. al. expanded the experiments to
other densities and related the results with the microscopic response of the foam [17].

The properties of polymer foams can be notably degraded after compressive loading [18].
The tensile response after compression has however been addressed only briefly in
previous works. Li and Mines [13], and Koissin and Shipsha [19] have given some
experimental results on the tensile behavior and even provided simple model to partially fit
the tensile stress-strain curve [19], but the subject has however got little further attention.

2.1.2. Environmental effects

In polymer based foams, the polymer material itself can be affected by various
environmental conditions, such as temperature and humidity, leading to abnormal
behavior. As with many materials, high temperature softens the parent polymer material of
the foam. This again weakens the cell walls against loading on microscopic level, leading
to degraded properties of the foam also on macroscopic level. Moisture can similarly affect
the performance of the foam as water is absorbed by the polymer material.

Some studies exist on the effect of temperature and humidity conditions on the loading
response of polymer based foams. Especially the effect of temperature conditions on the
foam properties has gained attention lately [20, 21, 22]. Stiffness of the foams was seen
to degrade almost linearly up to the glass transition temperature of the parent polymer
material, after which the properties were reduced notably. Studies have also shown how
polymer based foams become stronger and stiffer but also brittle at low temperatures [20,
22]. High temperatures on the other hand degrade the stiffness of the foam and it
becomes rubbery at temperatures exceeding its glass transition temperature.

Moisture can affect the polymer foam in a few ways. Moisture in the foam can notably
reduce its stiffness and strength properties. Increased moisture content can also lead to
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swelling of the foam, thus causing increased internal strains and stresses in the structure.
During indentation loading the response is defined by the loading response of the foam
and thus the plasticization of the foams polymer material has the biggest effect. In closed
cell foams, the moisture uptake happens by pure diffusion into the polymer material [23].
Because the imide groups in polymethacrylimide are highly polar, water molecules can
easily connect to the polymer chains by Van der Waals force. As the water is absorbed into
the polymer, the polymer is plasticized and its stiffness is notably reduced.

Diffusion of the moisture into the foam materials has gained attention and the moisture
content at various temperature and humidity conditions has been studied quite
extensively both experimentally and with numerical and analytical methods [23, 24, 25,
26, 27, 28, 29]. Effect of moisture on the glass transition temperature, and strength and
stiffness properties of various polymer foams has also been studied to some extent [27, 30,
31]. However, to the author’s knowledge, any studies on the combined effect of the
temperature and humidity on the compressive and tensile loading response of polymer
foams has not yet been conducted. The focus of this study is therefore put on the effect of
high temperatures and various humidity conditions on the loading response and
mechanical properties of rigid closed cell foams.

2.2. Experimental setup

2.2.1. Foam specimens

Closed cell rigid polymetchacrylimide (PMI) foam Rohacell 51 WF (Evonik Rohm
GmbH) was used in the experiments throughout this study. As was explained previously,
the WF foams are aerospace grade foams that can withstand high temperatures and
pressures, which allows for wide range of manufacturing methods to be used. Measured
average density and manufacturer given density of the used foam are listed in Table 2.1.

25 x 25 mm foam core blocks were cut from a larger 35 mm thick panel using diamond
coated blade saw. This gives cross-section area of 625 mm? for the specimens, which is the
minimum area suggested by standard ASTM: C297/C297M-04 for compression tests of
foam materials. These blocks were then further cut so that the thickness of each specimen
was around 17 mm as shown in Figure 2.4. The thickness direction of the foam specimens
was the same as the thickness direction of the larger panel. After the specimens were cut to
size, they were dried in an oven at 120°C for at least 24 hours to remove any aging
shrinkage [27] and to reach a stable and dry initial condition, after which they were
adhered to steel jigs using a film adhesive AF 163-2K (3M Co.) and cured in oven for at
least 2 hours at 120°C. Finished test specimen is depicted in Figure 2.5.

10
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Table 2.1 Density of the used foam material.

Foam grade Density Density
(Measured) (Manufacturer [32])
WF 51 59.9 kg/m’ 52 kg/m’

Figure 2.4 Dimensions of foam core specimen.

Adhesi s
esive 1‘? “m

Steel jig

Figure 2.5 Foam core specimen adhered to steel jigs.
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2.2.2. Conditioning

The specimens were conditioned for 24 hours at three distinct humidity conditions before
testing. These conditions are from now on called dry, ambient and wet conditions. For dry
conditions the specimens were kept in an oven at around 120°C where the humidity was
measured to be around 10%RH. For ambient conditions the specimens were kept at room
conditions at room temperature. The humidity and temperature at ambient conditions was
measured at around 55%RH and 30°C. For the wet conditions, the specimens were put in a
closed container which was partially filled with water, and the temperature of the container
was kept at 30°C. Due to the water at the bottom of the container, the humidity was
measured to be around 95%RH. The specimens were not in direct contact with the water so
that no notable amount of water gathered at the open cells on the sides of the specimen.
Different temperatures could have been used during the wet conditioning, which would
have led to different moisture contents as the moisture uptake is increased at higher
temperatures. However, only 30°C temperature was now used to get similar moisture

content for each specimen regardless of the following temperature conditioning.

After humidity conditioning, the specimens were heated in the environmental chamber of
the testing machine. The specimens were let to heat for around 10 to 20 minutes before
testing, so that the temperature in the chamber became stable and the temperature of the
foam was assumed to be nearly uniform. During the heating some drying of the specimens
will occur, but as the heating time was nearly same for all specimens, the moisture content
should be similar for specimens having undergone same humidity conditioning.

Some conditioning tests were also conducted by immersing foam specimens in to water.
During these tests it was noticed that the immersed foam deformed notably if the
temperature was over 80°C. Wet foam or foam with high moisture content at high
temperature seems to shrink so that the foam structure changes to something similar to

re-entrant structure. The humidity conditioning temperature was thus limited to 30°C.

2.2.3. Test method

The foam specimens adhered to the steel plates were attached to a jig inside an
environmental chamber of a universal testing machine (INSTRON 5566). Quasi-static
loading was the applied to the specimen by using a constant loading speed of the
cross-head. Uniaxial compression and compression-tension tests were then conducted at
various temperature conditions and the response of the foam was observed using
stress-strain curves obtained from the tests. The stress was calculated using the load
obtained from the load cell of the testing machine and the initial cross-section area of the
specimens. Cross head displacement data was used to calculate the global strain of the
specimens. Photographs of the testing setup are shown in Figure 2.6.
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Environmental chamber

controlled
loading

Figure 2.6 Testing setup of foam core specimens.

Loading speed of Smm/min giving a strain rate of approximately 0.005 s was used for
the tests. Other loading speeds were also used to observe the effect of the strain rate.
Lower strain rates gave lower stresses but the stress relaxation of the foam can have
effect on the stress response. Therefore extremely slow strain rate is not feasible to be
used in the experiments. Also higher strain rates give higher stress response, but then the
crushing becomes dynamic which would require further consideration when looking at
the results. Based on these observations, the chosen loading speed seems to be reasonable
when looking at the properties of the foam samples under loading.

The loading was applied in two cycles so that the tensile behavior could be observed in the
middle of the loading. First compressive loading was applied to the foam until around 30%
compressive strain was reached, after which the loading was removed and the foam was
tensioned until the strain returned to zero. During the second cycle, compressive loading
was applied until around 75% compressive strain was reach, after which the loading
direction was again changed and the foam was tensioned until the strain returned to zero.
By combining the compressive part of these two cycles, the compressive response of the
foam could be achieved until 75% compressive strain. Typical stress-strain curves are

depicted in Figure 2.7 with the combined compressive stress-strain curve.
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Figure 2.7 Typical stress-strain curves obtained from the foam loading tests.

2.3. Moisture diffusion in PMI foam

The main effect of humid environment on foam core materials is that moisture from the
surrounding environment will diffuse into the polymer material of the foam. This
increases the moisture content of the foam, which is the percentage weight gain of the
foam due to absorbed moisture. Therefore it is important to have some estimation of the
moisture content of the foam material. Basically the moisture content of the foam
depends on the relative humidity and temperature of the environment. High humidity
means that there will be more moisture to diffuse into the polymer. Temperature on the
other hand affects the speed of diffusion. At higher temperatures the diffusion process
will be accelerated as the diffusion constant increases. After some time, the increase of
moisture content will become asymptotic and a level of saturation will be reached.

Diffusion process progresses over time, so that the amount of moisture diffused into the
material also changes over time. For polymer foam materials, moisture absorption model
[33] based on one-dimensional Fickian theory is often used. The model gives the

moisture content percentage M; of the foam at any time as

8 w D(2n + 1)%m?t
Mt =Myil— ?nzzo(Zn + 1)_26Xp [_(111‘1#:” (21)
_ h 1M, —M,; 12
b=m [4Mm] L/a— NG @2)

where D is the diffusion coefficient of the material, M,, is the moisture content at
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equilibrium, h is the thickness of the specimen and t is time.

To study the moisture content of the used foam over time, foam block specimens were
placed in various humidity conditions and their weight was observed over time. Before the
tests, the specimens were dried at 120°C in an oven for at least 24 hours. Weight of the
dried specimens was then weighted and they were placed in the set humidity and
temperature conditions. During the conditioning the specimens were weighted at certain
times to define their moisture content.

Moisture content of the foam specimens at ambient and wet conditions over time are
shown in Figure 2.8. Specimens at the ambient conditions seem to reach saturation quite
fast after the beginning of the conditioning. Moisture content of the wet specimens
however keeps increasing notably faster than the ambient specimens, and it seems to take
much longer to reach the saturation state. Moisture content of the dry specimens was
assumed to stay near zero during the conditioning, so they were not tested.

The one dimensional Fickian diffusion model of Equation 2.1 was fitted to the
experimental data as shown in Figure 2.8. The thickness h in the diffusion model was
taken as the shortest dimension of the specimens, which is 17 mm for the foam block
specimens. The model now seems to predict the moisture content of the specimens quite
well and the moisture content at saturation and diffusion coefficient of the model for the
tested conditions are listed in Table 2.2.

Moisture content of the foam at ambient conditions seems to settle at around 4 weight
percent over long time period. Even short period at wet conditions can lead to quite
notable moisture contents. It should though be noted that as the diffusion of the moisture
occurs at the surfaces of the specimens, the size of the specimens will also affect the
moisture content. It has been observed before that the moisture penetrates only few
millimeters from the surfaces of polymer foams [25]. The area of the free surface
available for moisture to diffuse thereby seems to be one factor defining the diffused
moisture content. Therefore, as the foam specimens are adhered to the jig in the foam
loading tests which reduces the free surfaces available for moisture uptake, lower
moisture content can be possible than in the moisture diffusion tests.

As the foam compression test specimens are heated to the desired temperature before
testing, some drying of the foam occurs. Placing conditioned foam blocks into the heated
environmental chamber of the testing machine for around 20 minutes showed that the
moisture content of the wet specimens dropped by approximately 8% and the ambient
specimens by 1 %. Definition of the exact moisture condition of the specimens in the
loading tests is thus rather difficult. Some estimation of their moisture content can
however be made using the obtained data. The moisture content of the specimens at
ambient and wet conditions after the 24 hour conditioning was now estimated to be
approximately 3.8% and 14% respectively when no drying during heating is taken into

account.
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Figure 2.8 Moisture content of foam specimens at different humidity conditions.

Table 2.2 Saturated moisture content M, and diffusion coefficient D of foam specimens at

various conditions.

Condition M, D
30°C/ 55% 4.23% 0.000609 mm/s
30°C/95% 121.69% 0.00000106 mm/s

2.4. Effect of loading rate

The feasibility of the chosen loading rate used in the experiments was confirmed by
conducting uniaxial compressive loading tests with various strain rates. Figure 2.9 shows
the compressive stress-strain curves and Figure 2.10 the measured yield and plateau
stresses against the tested strain rates at ambient conditions. The yield stress increases
logarithmically with increasing strain rates. The chosen strain rate of 0.005 s™ is now
located in the mid-region of the tested strain rate values. This would indicate that the
chosen strain rate is slow enough to avoid any dynamic effects, but also fast enough to
avoid viscoelastic stress relaxation effects during loading.
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Figure 2.9 Compressive stress-strain response of foam at various loading rates at 30°C
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Figure 2.10 Yield and plateau stress of the foam at various loading rates at 30°C ambient

conditions.
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2.5. Test results

2.5.1. Compressive loading

Stress-strain curves for foams specimens conditioned at dry, ambient and wet conditions
and tested at 30°C are shown in Figure 2.11. It can be seen that high humidity conditioning
clearly degrades the strength of the foam as the yield stress and stress response during
plastic plateau are notably reduced. On the other hand, drying of the foam leads to higher
compressive strength and stress response as the moisture in the foam is removed and its

plasticizing effect is thus reversed.

Looking at the plateau regions, it can be seen that the curve of the wet specimen is smooth
due to the soft, plastic response of the wet polymer material. Contrary to this, quite notable
fluctuation is visible in the dry specimens curve. This is thought to be due to brittle
response of the dry foam, which causes the stress to fluctuate as the cell walls are suddenly
broken under compressive loading. Stress also seems to start increasing earlier during the
plateau region in the wet specimens while in the dry specimens the plateau is almost flat
until the densification begins. This might be caused by the air trapped inside the cells of the
foam. In dry foam the cell walls are brittle and break easily under loading, so the air can
escape the cell and does not contribute to the macroscopic loading response. In the wet
foam, however, the cell walls are more ductile and thus stay intact during collapse. The air
therefore stays trapped inside the collapsed cells and starts to contribute to the macroscopic
loading response during further compression, which can be seen as increased stress in the
plateau region. Similar response can be seen at higher temperatures as shown for different
humidity cases at 80°C temperature in Figure 2.12. The curves for the dry specimens
become smoother as the polymer of the foam also becomes more ductile at higher
temperatures.

Figure 2.13 shows the effect of temperature on the dry specimens. Increased temperature
decreases the strength of the foams as can be expected as the polymer of the foam becomes
softer. Slight fluctuation in the plateau region can be also seen on higher temperatures of
the dry specimens. Therefore even with increased temperature the behavior of the polymer
still seems to be somewhat brittle. On the wet foam specimens increase in the temperature
also further reduces the loading response of the foam, as shown in Figure 2.14. Response
at higher temperatures seems similar with each other and it might indicate that after
certain temperature the properties of the dry foam will not degrade any further.

Confirmation of this would however require further tests at high temperature conditions.

Figure 2.15 shows the combined effect of high temperature and humidity on the
compressive loading response of the foam compared to the effect of temperature or
humidity only. The combined effect is now clearly more significant that the effect of
temperature or humidity on their own. Therefore, even if the degrading effect of high
temperature on the foam properties is taken into account, moisture can lead to even

greater reduction in the foam properties than expected.
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Figure 2.11 Compressive stress-strain response of foam at various humidity conditions at

30°C temperature.
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Figure 2.12 Compressive stress-strain response of foam at various humidity conditions at

80°C temperature.
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Figure 2.13 Compressive stress-strain response of dry foam at various temperature
conditions.
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Figure 2.14 Compressive stress-strain response of wet foam at various temperature

conditions.
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Figure 2.15 Compressive stress-strain response of foam at high temperature, high
humidity and combined high temperature and humidity conditions.

2.5.2. Tension after compression

Stress-strain curves for uniaxial compression-tension loading cycle tests under various
humidity conditions at 30°C and 80°C are shown in Figure 2.16. From these curves we can
look at the tensile loading after the foam has been compressed. At 30°C temperature the
wet specimens show highest tensile stresses. This means that higher tensile loading is
needed to stretch the crushed core compared to dry and ambient conditions. This is most
probably caused by notable plastic deformation of the cell walls in the foam during
compression due to the soft and ductile response of the polymer. Due to the softness of the
polymer, the deformation can also easily spread on a larger area causing more plastic
deformation to occur in the foam. Increased loading is then needed to stretch and straighten
the plastically deformed cell walls.

In the dry and ambient foams the polymer is more brittle and the cell walls can thus break
under compressive loading more easily. After the cell walls have broken, they cause no
resistance under tensile loading and thus lower tensile stress is needed. Also, as the
polymer in the dry and ambient foams is more rigid, the plastic deformation under
compression is limited to the weakest cells and cell walls and does not progress so easily to
the surrounding cells.

At higher temperatures, such as 80°C, the tensile response is quite similar for all humidity
cases. This can be partly explained by the softening of the polymer at the high temperature.
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In the wet specimens, however, the adhesive used to adhere the foam specimens to the steel
jigs is also weakened by the high humidity. This has no notable effect during compression,
but during tension the adhesive can start to yield during tension leading to lower tensile
loadings. The adhesive was also seen to debond at the end of the tensile loading, which can
also be seen in the stress-strain curves as the tensile stress notably decreases as the strain
comes close to zero.

Similar stress-strain curves for uniaxial compression-tension loading cycle tests of dry and
wet foam specimens under various temperature conditions are shown in Figure 2.17. For
dry specimens the tensile response seems to be similar for all temperature conditions. As
plastic deformation has occurred, the temperature therefore seems to have no significant
effect during the stretching of the deformed cell walls.

On the wet specimens however, lower tensile stress is observed for high temperature
specimens. This might again be caused by degraded properties of the adhesive at high
temperature and humidity conditions. It could also be possible that as the polymer is
plasticized by the moisture and further softened by the high temperature, that the cell walls
became so much softer that they are stretched more easily and thus lower tensile load is

required.
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Figure 2.16 Stress-strain response of foam during uniaxial compression-tension loading
cycle at various humidity conditions.
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Figure 2.17 Stress-strain response of foam during uniaxial compression-tension loading
cycle at various temperature conditions.

2.5.3. Microscopic observation

The foam specimens were also observed microscopically after the loading tests. The
specimens were observed as they were after the tests, so that no further damage would be
induced by, for example, cutting of the specimens. As the microscopic observation could
be conducted only on the surfaces of the foam, the outermost cells that were already
damaged during preparation of the foam specimens were ignored.

The outcome of the observations was that in the dry specimens several cases of broken cell
walls and cell edges could be seen. Some examples of observed damage are shown in
Figure 2.18. On the other hand, the wet specimens had highly deformed cell walls which
still remained intact with no visible damage, as shown in Figure 2.19. It therefore confirms
that the behavior of the dry foam seems to be brittle while the behavior of the wet foam

more seems to be very ductile.
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Figure 2.18 Typical damage in compression loaded dry foam specimens.
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Figure 2.19 Typical damage in compression loaded wet foam specimens.

2.6. Foam properties

The characteristic properties of the foam were defined at various temperature and
humidity conditions. These are macroscopic properties that can be used to evaluate
performance of the foam. The observed properties are now the yield stress, elastic
modulus, densification strain and plateau stress of the foam. Also the behavior after
yielding was studied.
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2.6.1. Defining foam properties

First, the macroscopic compressive yield stress of the foam can be estimated from the
first local maximum in the stress-strain curve after the initial elastic deformation. This is
the stress where the first cell walls buckle plastically and the crushing of the core begins,
and defines the strength of the foam under compression.

Due to the nonlinear behavior of the foam during the initial elastic part of the
compressive loading, the macroscopic compressive elastic modulus of the foam needs to
be approximated. Simplest way to define the elastic modulus is to take the tangent
modulus at the beginning of the loading or the secant modulus between zero loading and
the yield point. These values however are often too high or low when used in numerical
analysis, so a definition is needed to estimate a value that is somewhere between these
values. Now, a 0.5% offset was used to get a value for the elastic modulus that is between
the aforementioned values. Definition of this offset modulus is shown in Figure 2.20.
First, the tangent modulus is defined at the beginning of loading. This tangent is then
offset by 0.5% and the point where it crosses with the strain-strain curve is used to define
the new secant elastic modulus. The modulus obtained from the 0.5% offset seems to
give a good approximation of a value in the middle of the initial elastic modulus and the
elastic modulus defined using the yield point as shown in Figure 2.21 for example for the
60°C ambient case.
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B .04 from yield
(®)]
=
o -0.3
§ Elastic modulus
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Figure 2.20 Definition of compressive elastic modulus of foam material from stress-strain
data.
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Figure 2.21 Elastic tangent modulus estimated by different definitions.

Values for densification strain and plateau stress can be obtained using energy efficiency
method [34]. Energy dissipation efficiency Eg4 describes the energy absorbed by the foam
up to given strain €, normalized by the stress value at that strain and can be defined as

fosa o(e)de

Oa

Eq(en) = (2.3)

Densification strain can then be defined using Equation 2.2 as the maximum strain value at
which the condition of Equation 2.4 is satisfied. After this point the increase in absorbed
energy is smaller than the increase in stress in the foam material. Therefore it can be
assumed that most of the foam has collapsed reducing the foams energy absorption
capability, and the densification of the foam has begun as the collapsed cell walls are
compressed against each other.

dEd(Sa)

=0 2.4)

Plateau stress of the foam can then be calculated using the densification strain as

_Joo()de 2.5)

[0} =
pl €4

2.6.2. Foam properties

The elastic modulus and compressive yield stress values estimated from the experimental
results of the specimens at tested temperature and humidity conditions are shown in Figure
2.22 and Figure 2.23. At maximum around 5% variation could be seen in the measured
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values caused by differences in the specimens, but also by variance in the temperature
and moisture content of the specimens. It can be seen that both properties degrade almost
linearly with increasing temperature. Increasing the temperature from 30°C to 80°C leads
to 10 to 30% reduction in the stiffness and strength of the foam depending on the humidity
conditions, with high humidity leading to bigger reduction. On the other hand, increasing
humidity can degrade the properties even more significantly. Difference between dry and
wet conditions can be more than 50% at high temperatures. The yield strain was varied
only slightly between conditions and stayed at around 2.4%. Based on this data it should
also be noted that by just leaving dried foam in ambient room conditions, its stiffness and
compressive strength can be reduced by around 10%.

The energy dissipation efficiency curves for the dry, ambient and humidity conditions at
30°C are plotted in Figure 2.24 with the respective stress-strain data. Using the definition
in Equation 2.4, it seems that the densification strain is nearly same for all humidity
conditions. Similar observation can be made for different temperature conditions as
shown in Figure 2.25. The densification strain therefore seems to be related to the
geometric properties of the foam rather than to its mechanical properties. However, some
differences in the loading behavior of the foam at various conditions preceding
densification can be seen. For example, by looking at the energy efficiency curves for
different humidity conditions in Figure 2.24, the curves start to diverge after the foam has
been compressed by 30%. This difference might be caused by the air trapped in the cells
starting to affect the loading response. As was explained in section 2.5.1, at higher strains
the air in the cells is pressurized and it also starts to carry part of the loading as long as
the cell walls stay intact. As the cell walls are more ductile in the wet specimens, gas

remains inside the cells
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Figure 2.22 FElastic modulus at various conditions.
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Figure 2.23 Yield stress at various conditions.

Plateau stresses estimated using Equation 2.5 at various temperature and humidity
conditions are shown in Figure 2.26. As the energy dissipation efficiency curves and
densification strain values are nearly similar for all conditions, the calculated plateau
stresses show little variance. Better way to estimate the plateau stress therefore is to look
at the stress value in the beginning of the plateau region, for example at 10% compressive
strain. These plateau stress values are shown in Figure 2.27 and seem to follow the yield
stress values quite closely.

To further study the response of the foam after yielding, it can be expressed using a
hardening model [35] defined as

6=0p+y%+aln 1_(%, eDzl—[%] (2.6)

€D
where o, is the initial level of the plateau region, v is a linear strain hardening coefficient,
and a and B are the scale factor and shape factor, respectively, for the non-linear part. The
compaction strain ep is calculated using the relative density of the foam prand the density
pp of the parent material, and for the tested foam is 0.95. Using the previously obtained
plateau stress values for the o, coefficient, the model is then fitted with the plateau and

densification regions of the experimental results.
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Figure 2.24 Energy dissipation efficiency curves for different humidity conditions.
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Figure 2.25 Energy dissipation efficiency curves for different temperature conditions.
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Figure 2.26 Average plateau stress by Equation 2.5 at various conditions.

Looking at the fitted parameter values, it could be seen that the value of the linear
hardening parameter y increased with increasing humidity, meaning that the angle of the
plateau steepened. At the same time the angle of the densification region decreased
slightly and thus transformation from the plateau region to the densification region
became smoother. Between different temperatures there was some variation in the values

of o and 3 coefficients, while values of ¥ were almost same.

Effect of temperature and humidity conditions on the mechanical properties of the foam
were obtained from the experimental results. The degrading effect of high temperature
and humidity was now clearly evident. If the moisture content of the foam specimens can
be measured with good precision, the mechanical properties of the foam in the whole
tested temperature and humidity range can be predicted, as demonstrated in Appendix A.
It should be also possible to extend the current results to other foam densities as
discussed in Appendix B.
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Figure 2.27 Average plateau stress at 10% compressive strain at various conditions.
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2.7. Conclusion

The loading behavior of Rohacell 51 WF PMI foam was observed under various
temperature and humidity conditions. Uniaxial compression and compression-tension
cycle loading tests were conducted with conditioned specimens. High temperature and
humidity lead to degraded properties due to softening and plasticization of the polymer
material in the foam. Brittle response of dry foam was observed, but it became ductile at
higher humidity conditions as was also confirmed with microscopic observations. The
stresses during tensile loading after compression were also increased by increasing
humidity due to extensive plastic deformation of the foam during compression. At higher
temperatures the tensile response was almost similar for all humidity conditions. Finally
the material parameters for the foam were defined using the experimental results.
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Chapter 3. Indentation response of sandwich structures

In this chapter the indentation response of foam core sandwich beams is studied
experimentally. Indentation loading tests are conducted at various temperature and
humidity conditions. The loading response is then observed and the results are discussed
with regard to the loading behavior of the foam materials at similar conditions.

3.1. Indentation response of sandwich structures

A sandwich structure under localized indentation loading experiences, depending on the
boundary conditions, global deformation due to the overall bending of the structure and
local deflection of the face sheet at the location of the applied loading [1]. Sandwich
structures are especially sensitive against the local deflection of the face sheet, as it can
casily initiate compressive damage in the relatively weak core. Therefore, ignoring the
global deformation and focusing on the local indentation response, the indentation event
can be explained as depicted in Figure 3.1. As indentation loading is applied to the
sandwich structure, the face bends locally under the loading. This also causes transverse
loading in the core under the location of indentation. The loading is highest immediately
under the loading point and changes further away accordingly with the profile of the
bended face sheet. When the compression loading in the core is large enough, crushing of
the core initiates near the face sheet. As the loading continues, the crushing of the core
progresses in the through thickness direction of the sandwich structure, but also in the
in-plane direction as the dent on the face sheet becomes larger.

After the loading has been removed, the face sheet, if it is not significantly damaged, tries
to return to its initial state thus pulling the crushed core underneath the face. The plastically
deformed crushed core on the other hand tries to resist the pull from the face sheet, causing

a residual dent to remain in the face sheet. [36].

Stress relaxation in the core also begins to occur over time after the loading has been
removed [36, 37, 38]. Because of this the foam starts to lose its capability to resist the pull
from the face sheet. Therefore the face sheet can further stretch the crushed core and the
dent becomes shallower. This means that there might remain no visible damage visible in
the face, while the core can be notable damaged right under the face sheet and thus have
notable effect degrading the strength of the sandwich structures [7, 39].
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Figure 3.1 Local indentation loading response of sandwich structure.

The indentation response of sandwich structures depends on the face sheet stiffness and
thickness, and on the properties of the core [11]. Thick or stiff face sheet will deform less
locally under indentation loading, which again causes less compressive loading to transfer
to the core. Thin or flexible face sheets on the other hand can deform notably, thus causing
notable compression and core crushing damage under the indentation location. Then again,
stiffer core material has higher strength against crushing and provides more support for the
face sheet leading to smaller deformations. It has also been shown that low velocity impact
response of laminates [40] and sandwich structures [41] can be evaluated well with
quasi-static indentation tests. Quasi-static indentation tests are also easier to perform,
control and simulate. The indentation test results can therefore be also applied to low
velocity impact cases when considering loading cases where the residual deformation is
near the barely visible threshold.

Many experimental and analytical studies have been done on the indentation and
low-velocity impact response of foam core sandwich structures in the last decades [42, 43,
44, 45, 46, 47, 48, 49] but quite little attention has been given to the unloading response
and the residual state remaining after indentation [36, 50, 51].

3.1.1. Effect of environmental conditions

The effect environmental conditions on the indentation or low-velocity impact response
of foam core sandwich structures has not gained significant attention. Some indentation
tests of PMI foam core sandwich structures have been conducted at low temperature
conditions [52]. As the response of the foam became brittle in low temperature, brittle
debonding damage was observed in the indented sandwich beams.

Even though the core in sandwich panels is often totally covered by the face sheets thus

preventing direct contact between the core material and humidity in the environment, it
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still will not stop the moisture from reaching the core. Experimental tests have shown that
CFRP face sheets only slowed down the diffusion process, but the moisture still could
reach the core and raise its moisture content depending on the environmental conditions
[23, 27]. Also small cracks and voids in the faces can provide a route for the moisture to
reach the core.

Various number of studies have considered the moisture diffusion in sandwich structures
[23, 27, 28, 29, 31, 53, 54, 55] and the effect of humidity on interfacial fracture and
debonding properties [29, 31, 54, 56] while fewer have looked at the impact or
indentation response [28, 53]. The current study is therefore focused on the effect of
temperature and humidity conditions on the indentation loading response of foam core
sandwich structures, considering also the combined effect of temperature and humidity.

3.2. Experimental setup

3.2.1. Sandwich beam specimens

For the indentation tests, sandwich beam specimens were manufactured. Beams were
selected as they are easy to manufacture and have seemingly two dimensional response.
The beam specimens consisted of CFRP face sheet and foam core (Rohacell 51 WF)
adhered together using adhesive film as depicted in Figure 3.2. The face sheets were
manufactured beforehand using T700S/2592 (Toray Co.) CFRP prepreg sheets. 8 ply
unidirectional laminates were manufactured in autoclave and then cut to size (20 mm x 200
mm) using diamond blade saw. This provided good quality laminates with constant and
controllable thickness. Thickness of the face sheets was measured to be on average 1.15
mm. The face sheets are now thin enough to cause crushing of the core under loading, but
still thick enough to prevent damage from occurring in the face sheet itself under tested
indentation conditions. The face sheet laminates were then adhered to the core using AF
163-2K (3M Co.) adhesive film. The used core blocks were 35mm thick, 180 mm long and
20 mm wide. The core-face sheet combination was then adhered to steel jig using the same
adhesive film. This provides fully backed support for the beam thus preventing global
deformation.

3.2.2. Conditioning

Conditioning of the sandwich specimens was done similar to the foam specimens in
Chapter 2.2.2. After the core material was cut and dried at 120°C, it was assembled into a
sandwich beam. The beams were then placed in the set humidity conditions and kept there
for 24 hours. After humidity conditioning, the beam was heated to set temperature right
before testing.
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Steel jig

Figure 3.2 Sandwich beam specimen.

3.2.3. Test method

Indentation loading tests of the sandwich beams were conducted using a universal testing
machine (INSTRON 5566). The experimental setup is shown in Figure 3.3. Quasi-static
indentation loading was applied to the center of the sandwich beam specimens using a 10
mm diameter cylindrical steel indenter. The loading was applied at displacement controlled
rate of 5 mm/min until 5 mm displacement was reached after which the loading was
removed. The cross head displacement and load from the load cell were recorded to
produce load-displacement data of the tests. The loading data is scaled by the width of the
beams to get comparable values between specimens.

Displacement controlled /
indentation loading

Figure 3.3 Experimental setup of sandwich beam indentation tests.
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Two kinds of indentation tests were now conducted: Maximum indentation displacement
and maximum indentation loading tests. In maximum indentation displacement tests, the
loading was applied until maximum indentation displacement of 5 mm was achieved,
after which the loading was removed. This indentation displacement was chosen so that
significant maximum deformation was achieved without initiating notable damage in the
face sheet or adhesive layer. In maximum indentation loading tests the loading was
applied until maximum loading of 600 N (approximately 30 N/mm) was reached, after
which the loading was removed. This level of loading was chosen so that the indentation
deformation would stay in reasonable limits at all tested hygrothermal conditions.

3.3. Moisture diffusion into sandwich beam specimens

The moisture content of the sandwich beam specimens was studied similarly to the foam
block specimens in Chapter 2. The foam core part of the sandwich beam was placed in wet
and ambient conditions and the moisture content was measured over time. The results are
shown in Figure 3.4. The moisture content of the foam block specimens tested at same
conditions are also shown for reference with the curves fitted using the Fickian diffusion
model in Equation 2.1. The wet condition was now slightly different than in the foam core
tests due to slightly higher temperature, and thus resulting in higher moisture content of
the specimens. Rapid increase in the moisture content of the wet specimens can be seen in
the first hours of the test. This is probably not solely caused by the diffusion, but by some
moisture condensed on the open cells at the surfaces of the foam. The specimens were
blotted with a cloth before weighing, but some moisture possibly has remained in the faces
of the foam at the early stages of the test.
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Figure 3.4 Moisture uptake of sandwich beam core over time.
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The moisture content of the ambient and wet specimens is quite notably different after the
24 hour conditioning. The beam specimens moisture content is however lower than that of
the foam block specimens. Especially for the wet conditions, significant difference can be
seen after 24 hours. This is probably caused by the difference in the size of the foam core in
the beams and the foam block specimens.

3.4. Effect of hygrothermal conditions on face sheet and adhesive

The effect of temperature and humidity on the CFRP face sheet was also studied briefly.
Three point bending tests were done with conditioned CFRP laminates to determine their
flexural properties based on the test method in ASTM D790. 8 ply unidirectional
T700S/2592 laminate beams were tested at ambient 30°C, dry 80°C and wet 30°C
conditions to evaluate the effect of high temperature and high humidity on the bending
response. From the three point bending data, the tangent elastic modulus of the specimens
was calculated. From these tests it was seen that the high temperature caused around 5%
reduction and high humidity around 8% reduction in the tangent elastic modulus of the
laminates.

The adhesive film also can be affected by environmental conditions. No experiments were
now conducted, but according to the manual of AF 163-2 adhesives [57], the mechanical
properties of cured adhesive films can drop by more than 50% of the initial values when
temperature is raised from 24°C to 80°C.

The environmental conditions can therefore have effect on the mechanical properties of the
face sheet laminates and adhesive layer, and thus on the indentation response of the
sandwich structures. However the reduction in the properties of the face sheet is relatively
small compared to the reduction in the foam materials properties, but the properties of the
adhesive layer might have some effect on the strains in the adhesive layer. Effect of the
degraded properties of face sheet and adhesive layer are later studied in the analysis
chapter.

3.5. Results

3.5.1. Indentation load-displacement response

Typical indentation load-displacement curves of the specimens under tested humidity
conditions at 30°C and 80°C are shown in Figure 3.5 and Figure 3.6. The initial linear
elastic part of the load-deflection curves is related to the elastic properties of the foam.
After damage initiates in the core, notable change in the slope of the curve can be noticed.
From this point on, the load-deflection behavior depends on the face sheets properties and
the behavior of the foam material during progressive crushing of the cells.
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Corresponding with the uniaxial compression tests of the foam material, indentation
strength of the beams decreases with increased humidity. Similarly, as dry uniaxial loading
specimens showed higher plateau stresses, higher indentation loading response can also be
seen in the dry beam specimens. Some fluctuation in the load response of the dry specimen
can be seen after damage initiation. This can be partly caused by the brittle breaking of the
core, but also from damage formation in the face sheet, as the dry core provides more
support for the face making deformation more local and thus leading to higher bending
stresses. On higher humidities the fluctuation seems to disappear and the loading curves
become smooth as the foam becomes softer and more ductile from plasticization due to
humidity. Effect of humidity is similar also at higher temperatures as can be seen for the

80°C case in Figure 3.6 with the overall stiffness reduced due to the temperature.

Residual deformation of the dry and ambient specimens seem to be similar with each other.
This means that the tensile response seems to be less affected at low moisture contents, as
was shown in section 2.5.2. For the wet specimen the magnitude of residual dent is notably
highger than for the other humidities. Due to the plasticization of the polymer at high
humidities, the tensile response changes, as was also seen in the foam loading experiments
in section 2.5.2. The causes the foam to resist the pull from the face sheet leading to deeper
residual dent in the face. The residual dent will be discussed in more detail in the
following section.

Figure 3.7 and Figure 3.8 show typical load-displacement curves for the maximum
indentation loading tests at the tested humidity conditions at 30°C and 80°C temperatures.
Now, as the maximum indentation load is the same for all specimens, largest difference
can be seen in the indentation displacement response. As the stiffness and yield stress of
the dry and ambient foams is relatively high, the maximum indentation displacement is
smaller. On the wet specimen however the maximum indentation displacement is more
than two times larger than in the dry or wet specimens because the compressive loading
response of the foam is greatly reduced by the humidity. The larger indentation
displacement also means that the face sheet deformation will be larger and thus the core
will be damaged on a wider area. At 80°C temperature condition the difference between
the humidity conditions is even more notable. Maximum indentation displacement of the
wet specimen is now almost six times larger than in the dry and ambient specimens. The
combined effect of temperature and humidity therefore seems to be rather severe.
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Figure 3.6 Indentation load-displacement response of sandwich beams at 80°C for

maximum indentation displacement tests.
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Figure 3.8 Indentation load-displacement response of sandwich beams at 80°C for
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Typical indentation load-displacement curves of dry and wet specimens under various
temperature conditions are shown in Figure 3.9 and Figure 3.10. With increasing
temperature the strength of the sandwich beam is reduced as the foam softens under high
temperature. In the dry conditions the response of 60°C and 80°C specimens is similar with
each other. This response is consistent with the response of dry foam at high temperatures.
It therefore seems that around the 60°C to 80°C temperature range the crushing response of
the foam does not change notably. Also on the wet beam specimens the loading response
keeps degrading with increasing temperature. This comes from the observation that the
properties of the foam degrade almost linearly with increasing temperature. Some
fluctuation can be seen on the dry beam specimens load-indentation displacement curves.
Again the foam seems to be more brittle when its dry even at higher temperatures. The
curves of the wet specimens are much smoother due to the effect of humidity on the foams

response.

The maximum indentation loading tests the response of dry and wet specimens at various
temperature conditions are shown in Figure 3.11 and Figure 3.12. As increased
temperature softens the polymer material of the foam, the maximum indentation
displacement is increased with larger deformation in the face sheet and core. Response of
the higher temperature conditions is quite similar with each other, as was also seen in the
maximum indentation displacement tests, and again corresponds with the foams
compressive response at these conditions.

Figure 3.13 and Figure 3.14 compare selected temperature and humidity cases to show the
combined effect of high temperature and humidity on the indentation response of sandwich
beams. It can be seen that high temperature or humidity itself can degrade the indention
strength and stiffness of the beams quite notably, but the combined effect of high
temperature and humidity can be even more severe. This is again corresponding with the
response of the foam materials behavior at similar conditions, but the properties of the face
sheet and adhesive layer can also be slightly degraded due to the hygrothermal conditions.
These results clearly show the highly degrading effect that high temperature and humidity
can have on the indentation response when combined, as the response under high
temperature or humidity conditions only is nowhere near as notable as the response under
combined effect of both.
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Figure 3.9 Indentation load-displacement response of dry sandwich beams for maximum
indentation displacement tests.
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Figure 3.10 Indentation load-displacement response of wet sandwich beams for maximum

indentation displacement tests.
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Figure 3.13 Indentation load-displacement response of sandwich beams under various
temperature and humidity conditions for maximum indentation displacement tests.

-35
-30 s L
£ i
E-25 [fs
Z N
RO 77
o 137 43K 30°C/ Dry
§-15 Fef: @ M 80°C/ Wet
£ o Lif i B 30°C/ Wet
s Ui (Humidity only)
= sl M 80°C/Dry
) sl (Temperature only)
0 Iy A | | |
0 -2 -4 -6 -8

Indentation displacement (mm)

Figure 3.14 Indentation load-displacement response of sandwich beams under various
temperature and humidity conditions for maximum indentation loading tests.
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3.5.2. Face sheet dent

The residual dent depth at tested conditions immediately after unloading is shown in
Figure 3.15 for the maximum indentation displacement tests. This clearly shows how the
residual deformation increases slightly but gradually with increasing temperature as the
foam softens leading to increased amount of plastic deformation in the foam. Difference
between the 60°C and 80°C temperature cases is though quite small. Deeper residual dent
is also observed at higher humidity conditions. However, when the humidity gets high
enough, the residual dent depth seems to settle at a certain value regardless of the
temperature conditions. The humidity now seems to dominate the foams response and the
increased temperature has limited effect on the indentation response.

The maximum and residual dent depths for the maximum indentation loading tests at the
tested conditions are shown in Figure 3.16 and Figure 3.17. With increasing temperature
the maximum dent depth becomes slightly larger. Looking at the humidity conditions, the
difference between dry and ambient conditions is not very notable. However, at wet
conditions the maximum dent depth and thus maximum deformation in the sandwich
beam specimen becomes notably larger as the properties of the foam are degraded. Trend
with the residual dent depths is similar with the maximum dent depths. As the
deformation in the face sheet is larger in the high temperature and humidity specimens,
this leads to increased plastic deformation in the core, which again results in deeper
residual dent. Again the difference between the wet conditions and the dry and ambient
conditions is quite remarkable.
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Figure 3.15 Residual dent depth at various temperature and humidity conditions in the

maximum indentation displacement tests.
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Figure 3.16 Maximum dent depth at various temperature and humidity conditions in the
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Figure 3.17 Residual dent depth at various temperature and humidity conditions in the
maximum indentation loading tests.

It should be noted again that the properties of the face sheet and adhesive layer can also be
slightly degraded at high temperature and humidity conditions thus further reducing the
indentation strength of the beams. This kind of effect is now assumed to be small compared
to the degradation of the foams material, but might still have affected the current results.
However, from these results it can be concluded that the indentation response of the
sandwich beams seems to be directly related to the loading response of the foam material.
If the moisture condition of the core material is known the indentation response of the

sandwich structure can then be predicted.
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3.6. Conclusion

Indentation loading tests were conducted with foam core sandwich beam specimens. The
specimens were conditioned at various temperature and humidity conditions before
testing. High temperature and humidity weakened the properties of the core which lead
to larger deformation in the face sheet, and thus damaging the core on larger area.
Residual dent was also seen to be increased in the high temperature and humidity
specimens as higher loading is needed to stretch the crushed core due to extensive plastic
deformation. Overall, the indentation loading response was seen to be closely related to
the loading response of foam material.
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Chapter 4. Finite element indentation analysis

In this chapter, a numerical finite element model based on the sandwich beam specimens
tested in Chapter 3 is constructed. By using the material properties obtained in the
experiments in Chapter 2 for the foam, the indentation behavior of the sandwich beams is
predicted. Effect of the foam core properties on the indentation behavior can thus be
verified. Besides predicting the indentation loading behavior of sandwich beams under
varying temperature and humidity conditions, the model now allows for detailed
observation of damage formation in the core and strains in the core-face sheet interface.

4.1. Modeling indentation of sandwich structures

Various problems regarding sandwich structures have been studied by finite element
analysis (FEA) in the past and a comprehensive review is given by [58]. When modeling
the indentation or impact of sandwich structures, one of the main considerations is how to
model the core material. As the structure of the foam core is very complicated, it is
difficult to reproduce its response under varying loading conditions. Many authors have
constructed numerical models for closed cell foam materials on micro scale using, for
example, unit cell structures [59, 60, 61, 62], Voronoi models [63, 64, 65, 66], and lately
by using X-ray computer tomography based meshes [67, 68, 69]. These microscale
structures however are very complex and thus the size of the simulated model is very
limited.

It is often sufficient to predict the response of the foams using constitutive
macromechanical models. Although information on the microscopic behavior of the cells
and cell walls regarding damage initiation and progression is lost, quite many constitutive
models based on experimental results have been proposed [70, 71, 72, 73] and have
shown to give good prediction of the response of sandwich structures. For example, the
crushable foam material model included in the ABAQUS finite element analysis software
has been used in modeling the indentation and impact response of foam core sandwich
structures with good results [36, 50, 74, 75, 76, 77]. The indentation behavior of foam
core sandwich structures in this study is thus predicted by finite element analysis using an
elasto-plastic model for the foam material.
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4.2. Modeling of foam core

To model the behavior of the foam, the crushable foam model of ABAQUS [78] was now
used. Basically the crushable foam model with isotropic hardening is based on the model of
Deshpande and Fleck [70] originally derived for metallic foams and gives the same
response in tension and compression. However, ABAQUS also provides an option with
volumetric hardening, which uses a slightly modified form of the Deshpande and Fleck’s
model by accounting for different response in tension and compression. This is more
realistic for foams, which often have different strength in tension and compression. The

yield surface of the crushable foam model with volumetric hardening is defined by
Equation 4.1.

F=\/q2+a2(p—p0)2—B=0 4.1)
3
q= ESi]‘Si]‘ (4.2)
Oxk
P=-73" (4.3)

Sij = /Gij +pl (4.4)

Here q is the von Mises stress, p the hydrostatic (pressure) stress and s the deviatoric stress

(second invariant of stress deviator). The yield surface forms an ellipse in the meridional
stress (hydrostatic stress-Mises stress) plane depicted in Figure 4.1.

Mises stress, q

Uniaxial A , Uniaxial compression
gﬁ;zressmn yield / Initial yield surface
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Hydrostatic tension

Hydrostatic compression
yield stress

yield stress

Figure 4.1 Yield surface of ABAQUS crushable foam model [78].
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Shape of the yield surface is defined by the parameters A, which is the horizontal size of
the ellipse on the p-axis, and B, which is the vertical size of the yield ellipse on the g-axis.
o is a shape factor that defines the relative magnitude of the axes and p, the center of the

yield ellipse on the p-axis. A, B, o, and py are defined as

A Petpe 4.5)
2
B = aA (4.6)
B
= _ 4.7
=+ 4.7)
Pc—P
po = DBt (4.8)

where p; is the strength of the foam in hydrostatic tension and p. the strength in hydrostatic
compression. Here compressive stresses are assumed to be positive, which is common

practice when considering materials mainly loaded in compression.

Initial shape of the yield surface can be calculated using strength ratio parameters k and k,
which are defined using uniaxial compressive stress oy, hydrostatic compressive stress pco,
and hydrostatic tensile stress py as follows

Oco

k=— 4.9
Pco 49)
Pt
ki =— 4.10
¢ Pco ( )

For a valid surface, values of these parameters must be in the range 0 <k <3 and k; > 0.
The shape factor alpha can then be defined as

e 3k
- JBk+KGB-K

(4.11)

For the plastic flow, a non-associated flow rule is defined so that the flow potential is

’ 9
G = q2 -|—Ep2 (412)

The value 9/2 is now defined based on the plastic Poisson’s ratio of the foam. As with many

chosen as
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types of foams when they are compressed, there is minimal expansion in the other
directions, and so the Poisson’s ratio is close to zero. This is achieved using the value 9/2 in
the plastic flow rule.

During plastic deformation the point p; is assumed to be fixed, and the point p. on the p-axis
moves based on the hardening behavior. The yield surface evolves in geometrically
self-similar manner so that a stays constant. This means that the tensile direction behaves
as perfectly plastic and the compressive direction hardens or softens based on the value of
p. during loading. Evolution of the value p. as function of volumetric compacting plastic
strain during plastic loading is done based on hardening data input by the user. As
hydrostatic compression tests are often difficult to conduct, the hydrostatic hardening
behavior can be specified using uniaxial compression data. Also, as the Poisson’s ratio is
close to zero during compression, it can be assumed that the uniaxial strain equals

volumetric strain in uniaxial compression. Therefore, by assuming uniaxial compression

and inserting o = Gc(sg)l() into Equation 4.1 defining the yield surface, we can get an
expression for the hydrostatic compressive stress as

iy o () o (0) (G2 +3) + 5
Pc (SVol) = o, (Epl) (4.13)
ax

The hardening data for the crushable foam model can therefore be calculated from
stress-strain curves of uniaxial compression experiments.

4.3. Finite element analysis model

Two dimensional model of the sandwich beam specimen, as shown in Figure 4.2, was
constructed based on the test specimens in Chapter 3 using ABAQUS finite element
analysis software. Due to symmetry only half of the beam was modeled with
corresponding symmetric boundary conditions at the symmetry plane. Also, as the
sandwich beam specimens were adhered to the rigid support, the model was also rigidly

constrained on the bottom side to prevent global bending deformation.

The face sheet, adhesive layer and core were modeled separately. Each layer of the face
sheet was also modeled to obtain more detailed strain distribution near the core-face sheet
interface. The core was divided into 2 elements in the through thickness direction and the
whole model was divided into 90 elements in the beam longitudinal direction. The mesh
was found to be sufficient in predicting the transverse loading behavior of the core. Four
node plane strain elements with full integration were used for the whole model.
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Figure 4.2 Finite element analysis model of sandwich beam indentation.

Simulation was done using the Standard solver of ABAQUS. Large deformations were
taken into account by using the nonlinear geometry option. Loading was applied on the
beam using a rigid cylindrical indenter with diameter 10 mm and a frictionless contact
condition defined between the indenter and face sheet. A displacement controlled boundary
condition was applied to the rigid indenter to simulate the indentation tests.

Similarly to the indentation experiments, two kinds of simulations were conducted:
Maximum indentation displacement and maximum indentation loading simulations. In
maximum indentation displacement, the loading was applied until maximum indentation
displacement of 5 mm was achieved, after which the loading was removed. In maximum
indentation loading simulations the loading was applied until maximum loading of 600 N
(approximately 30 N/mm) was reached, after which the loading was removed.

4.3.1. Materials

Core of the sandwich beam was modeled using the crushable foam material model of
ABAQUS explained in previous section. The parameter k was set as 1.03659 based on the
uniaxial stress and pressure stress values experimentally defined for Rohacell 51 WF by Li,
Mines et. al. [13]. ABAQUS manual [78] suggests a value of 0.1 for the parameter k;
defining the tensile behavior of the foam. As the tensile loading behavior is important
when simulating the unloading behavior of indentation loaded sandwich structures, the
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parameter k, was adjusted based on experimental data. As shown in Figure 4.3, tensile
yield stress was approximated from the stress-strain curves obtained from the foam
loading experiments. Using this tensile stress value, the yield surface of the crushable
foam model was adjusted by changing the value of the parameter k; until the obtained
tensile yield stress was on the yield surface. Hardening data was defined by taking points
along the stress-strain curves of the uniaxial compression data in section 2.5.1. The
crushable foam model requires hardening input as volumetric plastic strain and
volumetric stress, and therefore the stress-strain data was transformed into suitable format
as explained in section 4.2. For the elastic part of the foam, the Poisson’s ratio was defined
as zero and the elastic modulus was taken from the experimental data in Chapter 2. Used
parameter values for the tested cases are listed in Table 4.3.

The face sheet laminates were modeled as purely elastic as the loading was assumed to be
so low that no notable damage will initiate in the faces. Therefore a linear elastic material
model using engineering constants was used for each layer of the face sheet representing
one ply of prepreg. Material properties for one unidirectional ply made of T700/2952
CFRP prepreg are shown in Table 4.1. The adhesive layer between the core and the face
sheet was modeled with isotropic linear elastic material. Material properties of the
adhesive layer are shown in Table 4.2.

CRUSHABLE FOAM vyield surface

A d

Adjustment _——— k = P

of surface /.- ’ t
pcO

-04

-0.3 -1
-0.2 ABAQUS unloading-
01 tensile response

0 | |
0.1

02 -7 "7~ Tensile yield
0.3 stress
0.4 ' : >
0 -0.1 -02 -03 Pt Pco
Engineering strain (mm/mm)

Yield surface

Stress (MPa)

~

[~ Uniaxial
tension

Y

Figure 4.3 Adjustment of the yield surface based on the approximated tensile yield stress
of the foam.
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Table 4.1 Elastic material properties for T700S/2952 CFRP (one ply) [79].

Young’s modulus E, 135 GPa
E,, E; 8.5 GPa
Poisson’s ratio Vi 0.34
Vi3, Va3 0.49
Shear modulus Gp 4.8 GPa
Gi3, Gos 2.7 GPa

1: Fiber direction
2: Fiber transverse direction (in-plane)
3: Through thickness direction

Table 4.2 Elastic material properties of adhesive layer [57].

Young’s modulus E 1.1 GPa

Poisson’s ratio v 0.33

Table 4.3 Material parameters used for the crushable foam material.

E (MPa) oy (MPa) kq

30°C Dry 49.18 1.026 0.030

Ambient 46.44 0.912 0.028

Wet 32.53 0.606 0.079
60°C Dry 44.86 0.877 0.035

Ambient 39.15 0.755 0.043

Wet 23.05 0.404 0.090
80°C Dry 44.32 0.830 0.039

Ambient 36.71 0.648 0.046

Wet 19.80 0.322 0.075
For all conditions v=0 k=1.03659
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4.4. Results

4.4.1. Indentation load — displacement response

The predicted load-displacement curves of the indentation simulations at 30°C and 80°C
are presented together with the experimental results in Figure 4.4 and Figure 4.5 for the
maximum indentation displacement tests, and in Figure 4.6 and Figure 4.7 for the
maximum indentation loading tests. During indentation loading the finite element analysis
prediction seems to correspond well with the experimental results. The initial elastic
response is also close to the experimental data, which verifies that the chosen elastic
modulus of the foam seems to be feasible.

On the wet specimen at 80°C temperature the prediction is quite notably off from the
experimental values, which might be caused by the moisture content of the beams foam
core being lower than the moisture content of the foam specimens whose properties were
used when modeling the beam. The moisture content of the foam core in the model is
therefore higher than that of the experiments leading to lower stiffness and strength, and

thus lower indentation response.

During unloading the prediction diverges from the experimental results. On the maximum
indentation loading case it can however be seen that the smaller the deformation is, the
closer the prediction is to the experimental results. This is obviously due to the loading
response of the core being mostly comprised of compression, elastic unloading and
elastic tension, and thus the plastic tensile response has less effect on the overall response.
In all of the cases the residual indentation depth however seems to be somewhat close to
the experimental ones. The adjustment of the tensile yield parameter of the crushable foam
material model therefore seems to give decent prediction of the unloading response.

As summary the crushable foam model seems to give good prediction of the indentation
response during the loading phase. High temperature and humidity condition gave less
accurate prediction probably due to the moisture content of the sandwich beam being
different than that of the foam whose material properties were used. The prediction of the
unloading response is also less accurate, although prediction of the residual state seems to
be somewhat accurate.
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Figure 4.4 Predicted indentation load-displacement response of sandwich beams at 30°C
loaded to maximum displacement.
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Figure 4.5 Predicted indentation load-displacement response of sandwich beams at 80°C

loaded to maximum displacement.
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Figure 4.6 Predicted indentation load-displacement response of sandwich beams at 30°C
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Figure 4.7 Predicted indentation load-displacement response of sandwich beams at 80°C

loaded to maximum loading.
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4.4.2. Face sheet dent

Dent profiles for 30°C specimens are shown in Figure 4.8 and Figure 4.9. For the

maximum indentation displacement tests the effect of humidity can be seen as wider dent

during loading due to the weakened core. For maximum indentation loading tests
significant difference can be seen between the humidity conditions based on the stiffness
and strength of the foam material. After the loading has been removed, the dent in the wet
specimens is deeper and wider due to plastic deformation in the core. Similar response is
seen at higher temperatures also, with the dent being widest at the high temperature and
humidity conditions.

Dent depth (mm)
N

L ___,_—‘:,v 30°C
mT __—" Dry
== B Ambient
I B Wet
i = Maximum indentation loading
== Residual
0 10 20 30 40 50 60 70 80 90

Distance from loading point (mm)

Figure 4.8 Predicted dent profiles during and after indentation for maximum indentation
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M Wet

- Maximum indentation loading
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Figure 4.9 Predicted dent profiles during and after indentation for maximum indentation

loading tests.
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As the residual dent is one of the signs of indentation damage, Figure 4.10 and Figure

4.11 compare the predicted residual dent depth with experimental results for the

maximum indentation displacement and maximum indentation loading cases. In general

the predicted residual dent depths are slightly smaller than observed in the maximum

indentation displacement case. This is mostly due to the simplified tensile response of the

foam material, as it cannot sufficiently resist the pulling force from the face sheet. On the

other hand, the predicted dent depths are larger in the maximum indentation loading case.

This is again due to the tensile yield stress value being too high for the amount of

deformation in the core.
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Figure 4.10 Predicted and experimental residual dent depths for the maximum indentation
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Figure 4.11 Predicted and experimental residual dent depths for the maximum indentation

loading case.
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The trend is however similar with the experiments in that the residual dent becomes
deeper with increased temperature and humidity, due to the tensile yield stress of the core
increasing accordingly. In the 80°C wet condition of the maximum indentation loading
case the predicted dent depth is though larger than the experiments. This is caused by
tensile yielding occurring at the edges of the beam due to high indentation displacement
during the test. The yielded elements can no longer support the face sheet at the edges of
the beam, and the residual dent thus becomes deeper than expected.

The predicted residual dent depth depends largely on the tensile response of the foam. As
the crushable foam model uses only one constant parameter, k;, in defining the tensile
yield stress, the value of the k; parameter should be carefully adjusted based on the
maximum deformation in the foam. This however would require different values for each
element as the amount of compressive deformation in the core varies along the length of
the beam.

4.4.3. Strains in core-face sheet interface

Next, the strains in the core-face sheet interface are discussed. Highest strains in the
sandwich beams longitudinal direction are observed in the adhesive layer due to the
bending of the face sheet. Figure 4.12 and Figure 4.13 show the maximum and residual
longitudinal strains in the adhesive layer for the maximum indentation loading case as
30°C temperature condition for the maximum indentation displacement and maximum
indentation loading tests respectively. The strains are mostly related with the face sheet
dent. Looking at the maximum indentation displacement case, it can be seen that the
strains during maximum indentation are decreased with increasing humidity. This is due
to the weakened properties of the foam, leading to wider face sheet dent and thus lower
bending induced strains. The residual strains are however higher due to the increased
plastic deformation in the core. In the maximum indentation loading tests the strains
during maximum indentation are increasing at higher humidity conditions due to the
larger deformation of the face sheet. Again the residual strains are also higher for the wet
case as the core experiences notable plastic deformation.
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Figure 4.12 Longitudinal strains in the adhesive layer for the maximum indentation
displacement tests.
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Figure 4.13 Longitudinal strains in the adhesive layer for the maximum indentation
loading tests.

4.4.4. Damage in core

The damage area of the core can be estimated by looking at the plastic strains in the core
as shown in Figure 4.14. As yielding initiates in the core elements, their plastic strain
becomes nonzero. This can therefore be taken as an indicator of damage initiation in the
core. Figure 4.15 shows the half size of the damaged core area from the loading point,
which is the distance where the plastic strain of the core elements becomes zero, during
maximum indentation loading. It shows how the damaged core area widens with
increasing temperature and humidity as the yield stress and stiffness of the core is
reduced. Quite notable differences can be seen at wet conditions, while the difference is
similar between dry and ambient conditions. The effect of temperature seems to increase
at higher humidity conditions. The size of the damaged area is also related with the face
sheet dent, as the width of the dent obviously changes according to the damaged area.
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Figure 4.14 Estimation of damage in core from area of plastic deformation.
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Figure 4.15 Predicted half size of plastic area in the core at various temperature and
humidity conditions.

The formation of residual strains can be observed by looking at the strains in the adhesive
layer during the unloading phase as shown in Figure 4.16 for the 30°C ambient maximum
indentation displacement case. The maximum strain peak at the loading flattens out and
the highest strains are reduced to close to 10% of the maximum values. The tensile strain
area also widens during the unloading as the face sheet is unbent and the compressive
strains near the edge of the damaged core area are reduced and move further away from
the loading point. The compressive strain peak seems to settle near the edge of the
damaged core area. The residual strain distribution could therefore be used as a way to
define the size of the damage in the core. Figure 4.17 shows the residual strain
distribution in the adhesive layer at various humidity conditions compared with the
plastic strain distribution indicating damage in the core. The tensile strain peak of the
residual strain distribution seems to be located near the edge of the damaged core area
with the highest strain area being on the damaged core side. This information is later on
useful for the damage detection purposes.
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Figure 4.17 Core plastic strain distribution compared with residual strain distribution in
the adhesive layer.

4.5. Discussion on mesh and model parameters

Increasing the number of element in the thickness direction of the core causes
convergence problems during solution calculations. This can be somewhat helped by
loosening the convergence condition tolerances of the solver. One issue also causing
problems during the solution calculations is softening behavior in the foams plastic
loading response. Sudden softening of the foam after the yield causes sudden large
deformations in the yielded elements and increased loading in the surrounding elements.
This can be overcome by ignoring the yield peak in the foam materials compressive
stress-strain response and thus modeling the foam with pure hardening. This leads to
lower yield stress to be used, but allows higher density meshes to be used.
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However, another problem arises from the smaller elements. Due to the elements being
smaller the stresses in the core at the edges of the beam near the face sheet, where the
face exerts tensile loading on the core during maximum indentation loading, are notably
higher than with more coarse mesh. Now as the tensile yield stress of the foam is adjusted
based on the tensile response after compression, the yield stress is much smaller than it
would be for undamaged foam as illustrated in Figure 4.18. This causes the foam core
elements to yield under tension at the edges of the beam near the face sheets and thus
gives unrealistic results as depicted in Figure 4.19. To avoid this, the k,parameter of the
crushable core material model needs to be adjusted so that the tensile yield stress is high
enough to prevent this kind of yielding. The higher tensile yield stress then however leads
to less accurate prediction of the unloading response after indentation loading is removed.
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Figure 4.18 Tensile response of foam before and after compression.
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Figure 4.19 Transverse plastic strains in the upper part of the core during maximum
indentation loading.
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Figure 4.20 shows the indentation load-displacement curves for the used model which
follows the experimental hardening behavior of the foam, and model with pure hardening
behavior and denser mesh (10 elements through thickness). The value for the parameter k;
for the pure hardening model was chosen as 0.1 for all conditions. Due to the yield stress
peak being ignored in the foams loading behavior, the slope of the curves when the core
crushing initiates becomes shallower. Also the loading is slightly reduced in the
beginning due to the pure hardening behavior having lower plastic stresses at the
beginning of yielding. Most notable difference can be seen during the unloading. As
higher tensile yield stress value needed to be used for the pure hardening model, the
unloading response changes accordingly. The residual deformation also converges to
same point due to the k,parameter being same for all conditions and causes the residual
strain distributions in the adhesive layer to differ notably from the model with
experimental hardening data as shown in Figure 4.21.

The crushable foam model is therefore most suited to model the compressive response of
the foam, but has limitations when trying to accurately predict the tensile response after

compressive damage.
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Figure 4.20 Indentation load-displacement curves for models with different mesh density

and hardening behavior.
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Figure 4.21 Residual strain distributions for models with different mesh density and
hardening behavior.

4.6. Degraded properties of face sheet and adhesive layer

As was mentioned in section 3.4, the high temperature and humidity conditions can
degrade the properties of the composite face sheet and the adhesive layer, and thus have
effect on the indentation response of the sandwich structure. This was now also studied
using the FEA model by degrading the elastic properties of the face sheet by 10% and the
adhesive by 50% to simulate extremely degraded condition. The effect on the indentation
load-displacement response is shown in Figure 4.22. The loading response of the
degraded model is now slightly lower, but still does not differ significantly from the
original model. The maximum strains in the adhesive layer during the maximum loading
and after unloading were increased by approximately 6% due to the lower stiffness of the
adhesive. Example of the effect on the residual strain distribution is shown in Figure 4.23.
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Figure 4.22 Effect of degraded face sheet and adhesive layer properties on the indentation
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Figure 4.23 Effect of degraded face sheet and adhesive layer properties on the residual

strain distribution.
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4.7. Conclusion

The indentation loading response of sandwich beam specimens was studied by finite
element analysis. Behavior of the core was modeled using crushable foam material model
in the ABAQUS software. The parameters of the model were adjusted against the
experimental data obtained from the foam loading experiments. Indentation response of
the sandwich beams specimens was then predicted at various temperature and humidity
conditions. The predicted response correlated well with experimental data during the
loading phase. Damage formation and the internal state of the sandwich beams during
indentation loading could therefore be examined with regards to the experimental results.
Due to the crushable core models limitations, the response during unloading and residual
state prediction were less accurate but gave still approximate results due to careful
calibration with experimental data. Other modeling aspects regarding the indentation of

sandwich structures were also discussed.
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Chapter 5. Improved model for indentation analysis

In this chapter the shortcomings of the crushable foam material model in ABAQUS are
discussed. Focus is especially put on the prediction of the unloading behavior in
indentation loading analysis. An improved model is then constructed to overcome some
of these limitations in the original material model. The new model is calibrated using
experimental data and used to predict the response of sandwich beam during indentation
loading cycle. Results are then compared with experimental results and predictions made
using the crushable foam material model.

5.1. Limitations of crushable foam material model

Previous studies have also shown that the crushable foam model gives good results
during the loading phase, but as was discussed in section 4.5, the crushable foam model
of ABAQUS has some limitations and is not so good when predicting the unloading
response and residual state [50]. These mostly concerned the unloading and tensile
response of the foam material. For example, it has been previously shown that the
unloading modulus of the Rohacell 51 WF foam degrades with increasing compressive
strain [80]. However, this kind of behavior is not included in the crushable foam model
thus leading to less accurate prediction of the unloading response. Also, the tensile
response of the crushable foam model is notably simplified and the tensile response
differs notably from experimentally observed behavior. The tensile response can be
adjusted to some extent to estimate the experimental response, but this often leads to
problems with smaller element sizes, as the tensile yield stress becomes lower than
expected. A new improved model is therefore now presented to overcome these
limitations and to obtain more accurate prediction of the unloading behavior and of the

residual state after unloading.
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5.2. New improved model

5.2.1. Constitutive model

The new material model was implemented into ABAQUS as an explicit VUMAT
FORTRAN user subroutine. The explicit solver was chosen as it provides easy
implementation of the material model and can later be easily extended for high strain rate
problems, such as high velocity impacts. The model is now only implemented for two
dimensional plane strain elements, so that it is comparable with the Crushable foam
model of ABAQUS which in two dimensional cases is limited to only plane strain

elements.

During elastic deformation the behavior is modeled as isotropic based on Hooke’s law.
The stiffness parameters K (bulk modulus), G (shear modulus) and A (Lamé constant) are

defined using elastic modulus E and Poisson’s ratio v as

K= E
T 3(1-2v)
E
G=—— 5.1
2(1+v)
A= K+2G= Ev
B 37 (1+v(1-2v)
The Hooke’s law can then be written as
o = Ce
(011\ [ZG + A A A 0 0 0 ] (511\
[C22] | A 2G+A A 0 0 O]]%22] (5.2)
{Uss}zl A A 2G+A 0 0 0|{533¥
o[ | 0 0 0 26 0 0 i €12
|(723JI ll 0 0 0 0 2G O J Ik?—23J
013 0 0 0 0 0 2Gd ‘&3
Where C is the stiffness matrix. For plane strain this becomes
011 2G+ A A A 0 €11
022 _ A 2G+ A A 0 €22 (5.3)
033 A A 2G+A 0] )E&ss )
012 0 0 0 2G1 \&12

It should be noted that the VUMAT subroutine uses shear strain tensor components and
not engineering shear strains. Also, for foams the Poisson’s ratio is often close to zero,
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which causes the Lamé constant to be zero. Therefore the stiffness matrix simplifies and
becomes diagonal and can be replaced with a simple stiffness parameter C = 2G.

The plastic behavior of the new model is built based on the ABAQUS Crushable foam
material model. Therefore the yield criterion and its parameters are the same as shown in
Equation 4.1 to Equation 4.11. The plasticity model begins with the assumption that the

total strain increment can be decomposed into elastic and plastic increments
de = de® + deP (5.4)
Using the stress-strain relationship, we can write
do = Cde® = C(de — deP) (5.5)

Based on non-associated flow during plastic deformation, the plastic strain increment can
be written as

aG
deP = dA— (5.6)
do

where dA is the plastic multiplier. This can then be substituted into the stress-strain
relationship which becomes

aG
do = C (ds _ dx—) (5.7)
do

and thus plastic stress increment can be written as

0G
do? = CdA— (5.8)
do

To define the plastic multiplier, we can look at the consistency condition, which tells that
during plastic loading the stress point should remain on the yield surface, meaning that

the yield condition should be zero. This can be written as

9FT (5.9
F(o + do) = F(o) +% do=0

Since during plastic loading F(c) = 0, we get
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AFT
— do=0 (5.10)

Now substituting the stress increment from Equation 5.7 into this gives

AFT 4G
——CQk—dk—):O (5.11)
Jdo dJdo

This can then be solved for the plastic multiplier as

T
g—g Cds
A="F— (5.12)
9F" .06
do “Jdo

After the plastic multiplier has been solved, it can be used to calculate the plastic strain

increment and thus the plastic strain increment.

5.2.2. Integration in subroutine

The explicit solver of ABAQUS integrates through time by using many small time
increments and the time increment is limited by the stability limit of the integration
procedure. As time increments are very small, explicit methods are sufficient during

plasticity integration of the VUMAT subroutine.

Flow potential, G

" Yield surface

Yield surface, F after hardening

Figure 5.1 Illustration of the stress return method.
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As input, the VUMAT subroutine gets the stress tensor components in the beginning of
the step and the total strain and time increment of the current step. Based on these, the
subroutine should then calculate the stresses at the end of the step by integrating the rate
constitutive equations in incremental procedure. The integration method used here is
simple return mapping algorithm based on elastic predictor and plastic corrector stresses.
The method and definition of the stresses used are illustrated in Figure 5.1.

First, initial trial stress is calculated using the given strain increment using Hooke’s law

from Equation 5.2.

trial _

On+1 = Opt+ Cdstrial (5- 13)

Hardening parameters are then calculated using the previous stresses after which the yield
condition is evaluated for the new trial stress

F(o'ia,H) > 0 (5.14)

where H indicates the hardening parameters. If no yielding occurs, the stresses are
updated and the solver moves to the next increment. Otherwise, if yielding initiates, a
plastic corrector needs to be defined. We now have to take the hardening parameters into
account when defining the plastic multiplier. As the strain increments are very small for
the explicit method, we can assume that the trial stress is still close to the yield surface,
and use first order Taylor expansion to obtain approximation of new value for the yield
function at the final stress state. This gives

T

) JoF
_ trial trlal trial
F(on41, Hny1) = F(o443, n+1) + Sgtrial (O'n+1 —Ont1

Ont1 (5.15)
e (g — 3
Apytrial n
aHn+1

The new value of the yield function should be zero as the stress should return to the yield
surface at final state and by using the stresses defined in Figure 5.1, this can be written as

T

. JOF
F(Gflr-}-ajlllt Itlr-ll-il) + a trlall dO'p aHtrlzil dH = 0 (516)
On+ n+

Evolution equation for hardening parameters can be written as

dH = dAh (5.17)

where dA is the plastic multiplier and h is the rate form of the hardening law. Inserting
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this and the plastic stress increment from Equation 5.8 into Equation 5.6 gives

oF T aG oF
F(Ggriall’ 'rElI“_'l_Eil trial CdaA trial trial dAh =0 (5'18)
a n+1 ao-n+1 aHn+1

The plastic multiplier can then be solved from this as

trial ypytrial
F( n+1an+1

dA =
OF ", 3G _ _0oF . (5.19)
doil " doi  oHY

which can be simplified to

T oFT_9G o oH (5.20)
Jdo Caa H

To solve the plastic multiplier, the differentials O0F/0c, 0G/0c and the hardening

parameter H need to be known. Using the definition of the yield function and flow
potential from Equation 4.1 and Equation 4.12 the differentials become

OF 0Fdp dFdq _ a?(p — po)

— 5.21
30 _dpdoc  9qds  3F 2F (-21)
oG 0G ap aG aq 30
(5.22)
o ap 60' aq dc  2G
Hardening is now defined by p. and py, so the hardening parameter H becomes
g g, 4 2E by (5.23)
~9pe P dpeope '
where
2(p —
OF _a o(p—po) (5.24)
op. 2 2F
and using Equation 4.1
2
e a (5.25)

dp¢ a?(p; +p)?
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After the plastic multiplier is solved, the plastic strain and plastic stress increments from
Equation 5.6 and Equation 5.8 can be calculated. The new stresses can then be solved by
deducting the plastic stresses from the trial stresses.

Ons1 = 0013 — doP (5.26)

Due to the small time step of the Explicit solver it can be assumed that the trial state is
close to the yield surface and therefore the plastic stress correction is done only once,
thus reducing computation time.

5.2.3. Differentiating parts of loading cycle

To be able to apply various conditions during different times of loading, the
compression-tension loading cycle was first divided into five distinct parts:

1. Initial elastic loading

2. Plastic crushing plateau

3. Unloading

4. Elastic tensile loading after crushing
5. Plastic tensile loading after crushing

The tension and compression parts of the loading could be identified using the hydrostatic
pressure stress p which is now positive under compressive stresses and negative under
tensile stresses. The loading direction during compression can be defined by using the
following statement

€+ ¢ > 0 during loading

£+ & < 0during unloading (5.27)

Finally the elastic and plastic compression could be separated by looking at the volumetric
plastic strain, which differs from zero after the crushing of the core begins.

5.2.4. Degradation of elastic modulus

To account for changes in the elastic modulus during different parts of loading, a scaling
factor By is added to the elastic modulus E. The scaling factor B can be added to the
stress-strain relationship as follows:

o = B,Ce (5.28)
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The value of By varies based on the loading condition and if the stiffness decreases or
increases. However, its value is changed only during regions of elastic loading or
unloading. During plastic deformation the value of By is kept at 1 so that it doesn’t affect
the plasticity calculations.

5.2.5. Behavior during tensile loading

The compressive hardening behaves similarly to the crushable foam model so that new
hardening stress is acquired from the user input hardening curve based on the volumetric
plastic strain. The tensile behavior now differs notably from the crushable foam model.
The tensile loading is now divided into elastic and plastic part. During the elastic part, the
elastic modulus is scaled using a scaling factor as shown in Equation 5.28.

Hardening behavior is now included also in the tensile direction. When the material
yields in tensile direction, the hydrostatic tensile yield stress p; is adjusted similarly to the

compressive direction using uniaxial stress-strain data and Equation 4.13 .

Also, it should be remembered that the tensile loading behavior changes depending on
whether compression has occurred or not. For the quasi-static indentation problem, it is
assumed that the damage in the core happens mainly by compression, and the tensile
stresses will not exceed the tensile yield stress of undamaged core. Therefore if tensile
loading now happens before compressive plastic deformation, the check for yield is
simply ignored to prevent too early yield by tension. More sophisticated definition for
tensile damage criterion for undamaged and crushed core is left for future study.

5.2.6. Outline of subroutine

Basic outline of the whole user subroutine procedure is illustrated in Figure 5.2.
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Obtain initial values: o, de

Read material properties: E, v etc.

Get variables from previous step: &P etc.

Define position on loading cycle and
calculate elasticity scaling factor B

Construct stiffness matrix C

Calculate trial stress 6, = o, + B;Cde

Calculate new hardening parameters: p., p;

Check yield criterion
F(o-trial, pc, pt)

Tension without
compressive damage

False

Plastic loading

v
Calculate differentials: oF/ 0o, 0G/ 0o etc.
[

Calculate plastic multiplier: di
I

Plastic strain and stress increment
deP = d\- 0G/ édo, doP =C deP

Update stresses and other variables
On+1, 8pn+1

Continue to next step

v

N

Figure 5.2 Flow chart of the VUMAT user subroutine.
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5.3. Defining model parameters

The parameters for unloading and tensile behavior used in the model were defined
experimentally. To obtain the needed parameters, loading cycle tests were conducted with
foam specimens. The foam was compressed until set compressive strain and the unloaded
until the strain became zero again. These compression-tension loading cycles were
repeated while the maximum compressive strain of the cycle was increased gradually. This
way the unloading behavior and tensile behavior after compression could be observed at
various maximum compressive strains as shown in Figure 5.3. The stress-strain curves
from the cycle tests seem to correspond well with curves obtained by only one cycle, so no
notable effect from fatigue could be seen. In the following sections the unloading and
tensile behavior is observed, and the model parameter data is defined using the
experimental results for the 30°C ambient humidity condition. The same procedure can

also be used for data from other temperature and humidity conditions.

5.3.1. Unloading

Looking at the unloading parts of the loading cycle test, the unloading modulus can be
estimated as a tangent between the maximum stress point at the beginning of unloading
and the point of zero stress at the end of unloading as depicted in Figure 5.4. This gives
the unloading modulus as a function of the maximum compressive strain. The unloading
modulus was normalized using the initial compressive modulus to obtain a dimensionless
value that can be used as the scaling parameter in Equation 5.28. As the ABAQUS
subroutine uses logarithmic strains, the normalized unloading modulus was plotted
against the maximum logarithmic plastic strain as shown in Figure 5.5. The response is

-2.5
) 30°C / Ambient K
15 Loading with one cycle :

Engineering stress (MPa)

0 -01 -02 -03 -04 -05 -06 -07 -08
Engineering strain (mm/mm)

Figure 5.3 Stress-strain response of loading cycle test.
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similar to that reported previously by Flores-Johnson et. al. [80] for Rohacell 51 WF,
although the values differ slightly due to the different definition of the initial elastic
modulus. The data is now fitted with to curves to obtain good correspondence over the
observed strain region. A logarithmic fitting curve was used for small strains and a
second order fitting curve for higher strains as shown in Figure 5.5. These curves were
then implemented into the subroutine to define the degradation of the elastic modulus.

5.3.2. Tensile loading

The tensile parts of the loading cycles are now divided into seemingly elastic and plastic
parts. The tensile parts can be considered separately from the compressive parts as shown
in Figure 5.6. The elastic part of one cycle is estimated by calculating the strain energy at
the unloading of the tensile stress at the beginning of next cycle an assuming that this
energy equals the strain energy during the elastic tensile deformation as also illustrated in
Figure 5.6. This way the tensile yield stress can be calculated for each cycle, and using
the yield stress, the elastic modulus at tension can be estimated. The tensile elastic
modulus when normalized using the initial elastic modulus is shown in Figure 5.7 with
the fitting curve used in the subroutine. The average tensile yield stress is now 0.075
MPa.

Subtracting the elastic part from the tensile curves, and normalizing the data with regard
to the strains, plastic tensile loading curves as shown in Figure 5.8 are obtained. The
plastic tensile behavior is now approximated with a bilinear curve. This represent the
parts of the tensile loading where, first, the collapsed cell walls are stretched at slightly
increasing loading. As the cell walls have mostly recovered their initial shape, plastic
deformation and plastic hinges still remain, which require notably increased loading
while the cell walls are stretched.

The hardening modulus for the first part is assumed to be constant 0.88 for all cycles. The
hardening modulus of the second part however changes with each cycle as the final stress
level at zero strain changes. The change between the two parts of the bilinear curve was
set to happen at 0.15 normalized strain. Thus, using the final stress values at zero strain
and the point where the hardening changes, the hardening modulus for the second part

could be estimated using a linear function as shown in Figure 5.8.
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Estimated unloadlng curves
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Figure 5.4 Estimation of unloading modulus from the experimental loading cycle data.
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Figure 5.5 Normalized unloading modulus against maximum logarithmic plastic strain

during compression.
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Figure 5.6 Tensile parts of the loading cycle data and definition of the elastic part.
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Figure 5.7 Normalized tensile elastic modulus against maximum logarithmic plastic strain

during compression.
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Ehard2 = '2.166'8p| + 1.2668

0.3 Bilinear approximation

Ejamgs = 0.088

Engineering stress (MPa)
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Figure 5.8 Plastic tensile stress with bilinear approximation.

5.4. Material model validation

The constructed material model was tested and validated with ABAQUS’s Explicit solver
using one four node square plane-strain element with reduced integration. Uniaxial,
hydrostatic and shear loading cases, as depicted in Figure 5.9, were simulated and the
results were compared with results given by crushable for the same loading cases. The

material properties of the foam at 30°C ambient conditions were used.

Uni-axial Hydrostatic Shear

.

BA’A’A

Figure 5.9 Tested loading cases using one element.
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Figure 5.10 compares the uniaxial stress-strain response of the models during a
compression-tension loading cycle. The compressive parts are almost identical for both
models as they follow the user input hardening curve. During the unloading and tensile
parts the differences are clear. The elastic unloading and elastic tensile modulus of the
crushable foam model stay the same as the initial elastic modulus during the whole
simulation. In the new model the unloading and tensile modulus are degraded using the
scaling parameter By as explained previously and the value of the factor By during one
compression-tension loading cycle is shown in Figure 5.11. The elastic modulus is
notable degraded during the unloading and initial tensile loading, leading to notably
different behavior. The tensile hardening behavior also significantly differs from the
perfectly plastic behavior of the crushable foam model. The uniaxial stress-strain
response of the new model is compared with experimental data in Figure 5.12. The new
model seems to predict the loading behavior rather well.

= Crushable foam
| == New model

Engineering stress o, (MPa)

0 -0.2 -04 -0.6 -0.8 -1 -1.2 -1.4
Logarithmic strain ¢,

Figure 5.10 Predicted compression-tension loading cycle response of crushable foam
model and new model.

" 1; | Plastic compression Plastic tension
@ = \ A
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Time (s)

Figure 5.11 Scaling factor B during compression-tension loading cycle.
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Comparison of the tensile response of the new model and crushable foam model area
shown in Figure 5.13. The tensile yield stress of the crushable foam model is the same
whether compressive yielding has occurred or not. This can be seen now as premature
yielding during tension without any previous compressive loading. The new model
disregards tensile yielding if no compressive yielding has occurred. At this moment the
tensile stress will keep increasing infinitely with increasing loading, but a tensile damage
criterion for the brittle damage in tension is to be implemented into the model in future.
Also during tensile loading after compression, the crushable foam model keeps following
the perfectly plastic behavior while the new model has tensile stiffness even with tensile
strains.

As can be seen from Figure 5.14, the hydrostatic loading response of the new model
differs from the crushable foam model similarly with the uniaxial tests as expected. The
shear loading response is nearly identical for both models, as no notable changes are done
that could affect the shear behavior.

The constructed new model seems to work as expected and should be able to predict the
unloading and tensile response of the foam more accurately than what the crushable foam
can do. This is studied in the next section by simulation of sandwich beam indentation
loading test.

-1.2

= New model
® Experiment °°

08 |
06 :
0.4 A

0.2 3 :
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04
0.6

Engineering stress o, (MPa)

0 -4 -02 -03 -04 -05 -06 -07 -08
Logarithmic strain ¢,

Figure 5.12 Comparison of uniaxial loading response of new model and experimental
data.
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Figure 5.13 Tensile response of crushable foam model and new model.
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Figure 5.14 Hydrostatic and shear response of crushable foam model and new model.

5.5. Indentation simulation

Indentation loading of sandwich beams was simulated similarly to Chapter 4. However,
the Explicit solver of ABAQUS was now used, and therefore the elements used reduced
integration. Also, as the indentation loading is quasi-static, the density of the foam
material was scaled so that a reasonable solution could be obtained. The loading speed
could also be increased to reduce the solution time as the material models are strain-rate
independent. Only the 30°C ambient condition was studied for the maximum indentation

displacement and maximum indentation loading tests.
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5.5.1. Results

Figure 5.15 and Figure 5.16 show the indentation load-displacement curves obtained
using the new model compared with experimental results and those predicted using the
crushable foam model in Chapter 4. The response during loading is similar between both
models, as the compressive behavior follows the same behavior. The new model now
gives notably improved prediction of the unloading response. The slope of the curve at
the beginning of the unloading is notably different from the previous prediction using
crushable foam model due to the degraded elastic modulus. The linear approximation of
the unloading response is still slightly different from the experimental behavior of the
foam and this can be seen clearly in the maximum indentation loading test in Figure 5.15.
As the indentation unloading is now mostly by the unloading of the compressed foam, the
linear behavior of the model slightly underestimates the stiffness. However, the tensile
hardening fitted with the experiments brings latter part of the unloading curve also close
to the experimental data.

Residual dent profiles for the models with the experimental residual dent depth value at
the loading point are shown in Figure 5.17 and Figure 5.18. The experimental values are
taken from the indentation load-indentation data, and the values thus have some error due
to the sampling rate of the test system and relaxation of the core. The residual dent depths
predicted by the new model are however clearly closer to the experimental values.
Especially with small indentation displacement, as in the maximum indentation loading
case, the crushable foam model seems to predict too deep dent depth suggesting that the
tensile yield stress is too high. For the maximum indentation displacement case some
deformation can be seen remaining away from the loading point at the edges of the beam
with the crushable foam model. This is caused by premature tensile yielding of the core,
which is now effectively prevented by the new model.

The residual strains in the adhesive layer for the models are compared in Figure 5.19 and
Figure 5.20. Due to the tensile hardening of the core during unloading, the strains are now
higher compared to the crushable foam model for the maximum indentation displacement
case. This also corresponds with the deeper residual dent. For the maximum indentation
loading test the strains given by the new model are slightly smaller and similarly shows
shallower residual dent.

The new model seems to give improved prediction of the indentation response of
sandwich beams. Especially the unloading behavior is notably closer to experimental
results when compared to the crushable foam model. Comparison of the strain
distributions with experimental data is done later in Chapter 6 which discusses the strain

monitoring of sandwich structures.
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Figure 5.15 Comparison of predicted indentation load-displacement response for
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Figure 5.17 Predicted residual dent profiles for maximum indentation displacement test.
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Figure 5.18 Predicted residual dent profiles for maximum indentation loading test.
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Figure 5.19. Comparison of predicted residual strain distributions for maximum
indentation displacement test.
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Figure 5.20 Comparison of predicted residual strain distributions for maximum
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5.6. Conclusion

A new improved material model for the foam material was constructed based on the
crushable foam plasticity model. The new model included hardening also for the tensile
loading and took the degradation of elastic modulus during compression into account.
The degradation and tensile hardening parameters were adjusted based on cyclic
compression-tension experiments done with the foam material. In addition, tensile
behavior of uncrushed and crushed foam was separated so that premature tensile yielding
of the foam can be avoided.

For an example case, the indentation loading cycle of a sandwich beam was studied. The
new improved model predicted the indentation-load displacement behavior and residual
dent depth better than the crushable foam model. The new model can therefore give
improved prediction on the indentation loading response of sandwich structures.
Especially the unloading behavior and residual dent formation can be predicted with
significantly improved accuracy.

90



Chapter 6. Monitoring of foam core sandwich structures

Chapter 6. Monitoring of foam core sandwich structures

In this chapter a distributed strain monitoring system using fiber optic sensors is applied to
foam core sandwich structures. The system is studied by conducting indentation tests with
sandwich beams and panels. Strain distribution in the specimens is measured continuously
during indentation loading. Comparing the monitoring data with numerical analysis
predictions, the damage detection capability is evaluated. Finally the system’s ability to
detect low velocity impact damages in real life sandwich panel structure is verified using a
large scale demonstrator.

6.1. Indentation / low velocity impact damage monitoring

Detection of indentation or low velocity impact damage in sandwich structures is difficult
by conventional methods, as often no clear sign of the impact remains on the face sheets,
while the core can be significantly damaged therefore notably reducing the strength of the
structure [7, 9]. To detect these damages in sandwich structures caused by indentation or
impact loadings, various structural health monitoring methods have been studied in the
past. These methods mainly consist of detection of damage using the dynamic response
of the structures, using wave propagation in the structures, and by using optical fiber
sensors. A good review is given, for example, in [81].

Fiber optic based systems seem promising as the fibers are embedded into the structure,
they can provide information about the condition inside the structure throughout its whole
life cycle from manufacturing to operation. Also due to their small size, the fiber optic
sensors cause no notable effect on the mechanical properties of the structures. Previously
fiber optic based distributed strain monitoring systems have been applied to sandwich
structures to detect impact damages [82, 83, 84], but precise and sensitive detection of the

damage location and size is still lacking.

In this study, fiber optic sensing system with high spatial resolution is embedded into the
sandwich structures. The used sensors measure the strain distribution along the fiber they
can provide information over the whole structure, thus allowing for example easy detection
of damage location.
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6.2. Distributed strain measurement

Typical strain sensors, like strain gages, measure the strain at one location over the short
length of the sensor itself. Distributed strain monitoring means that the strain is measured
over the whole length of the sensor. The sensor is divided into sections or sampling points,
shown in Figure 6.1 at which the strain is measured. Distance between each sampling
point is defined as the sensor spacing, which also defines the resolution of the system. The
measured strain is the average strain over the length of the section, defined as the gage
length, and the sections can overlap each other.

On fiber optic sensing systems, the spacing and length of the sections can be adjusted to
achieve most suitable performance. Longer spacing and sensing length allows lower
performance equipment, as the precision is also lower. The measurement speed can
though also be increased this way, as less data is obtained and less time is therefore
needed to process that data. There is still however limitations in current monitoring
systems on how small sensor spacing and gage length can be used.

6.3. Application into foam core sandwich structures

In indentation and low velocity impact cases the local deformation of the face sheet causes
high compressive and tensile stresses on the top and bottom surfaces the face sheet which
will still be present even after unloading if some residual dent remains. Also yielding in the
adhesive layer or damage in the core near the interface may occur, resulting in additional or
reduced strains near the interface area. These considerations suggest that the core-face
sheet interface seems to be to most feasible location for the optical fiber to be embedded.

Sensor spacing
1

Optical fiber

|
R

Gage length

Sampling point

. ]

Location along fiber

Strain

Figure 6.1 Distributed strain measurement with fiber-optic sensor.
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The expected strain condition in the core-face sheet interface, and therefore also in the
embedded fiber optic sensor, during indentation or after unloading is depicted in Figure
6.2. During indentation the face sheet bends under the indenter. This causes the bottom of
the face sheet to be in tension at the location of indentation. However, as the bending
happens locally, the areas further away from the indentation point stay undeformed. This
creates compressive strain on the bottom of the face sheet on the areas between the
undeformed region and the indentation location. If a residual dent remains in the face after
the loading is removed, similar strain conditions should remain in the interface. Plastic
deformation in the adhesive layer, face sheet or the foam core near the indented face can
however also affect the strain distribution. However, over time stress relaxation in the core

occurs, which will make the residual dent shallower and therefore reduce the strains.

Embedment inside the structure would also allow monitoring during the manufacture
phase of the structures. This data can then used to evaluate the condition of the adhesion
or to detect any voids or strain concentrations in the core-face sheet interface, thus
verifying the manufacturing quality of the structure.

The monitoring system now needs to be either fast enough to detect the high strains during
the indentation or low velocity impact event, or sensitive enough to detect the strain
distribution caused by the residual dent even after some relaxation has occurred. To fulfill
these qualifications, a high spatial resolution distributed sensing system based on
Rayleigh backscattering is presented in the following section.

Residual dent

Tension Face sheet

Compression

Optical fiber
Adhesive

Foam core

Damaged core

Figure 6.2 Expected strain distribution in the embedded fiber optic sensor after

indentation or impact damage.
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6.4. Monitoring system (LUNA OBR)

Optical backscatter reflectometry (OBR) based strain monitoring system was used in this
study. It uses distributed sensing technique developed by LUNA and can provide
millimeter range spatial resolution with high measurement speed allowing for in-situ
monitoring of the tests. Under these measurement settings the measurement range is
however limited to tens of meters, but sufficient for the used test specimens sizes. Next the
basic working principle of the measurement system is explained and some of its
parameters are discussed.

6.4.1. Monitoring principle of fiber optic interferometry

Basic explanation of the monitoring principle based on optical reflectometry is now
explained based on [85, 86, 87, 88]. Optical reflectometry techniques can be roughly
divided into three categories: optical time domain reflectometry (OTDR), optical
frequency domain reflectometry (OFDR), and optical low coherence reflectometry
(OLCR). Based on the method used there are limits in range, resolution, speed, sensitivity
and accuracy of the measurements. For example, OTDR has long range of several
kilometers but low resolution while OFDR has higher resolution but limited measurement
range. The used system uses the OFDR method which is based on swept-wavelength
interferometry (SWI). It can provide millimeter-range resolution over a range of up to
hundreds of meters.

The monitoring system consists of a tunable laser source (TLS), an interferometer, which is
the fiber under test (FUT), and a detector, which are depicted in Figure 6.3. The frequency
of the tunable laser is swept linearly over time to create a chirped light signal. This signal is
then split into two paths at a coupler. One goes to the fiber under test and one to the static
reference fiber. As the signal is propagating through the FUT, part of it is reflected back due
to Rayleigh scattering. The backscattered signal returning from the FUT and the signal
from the reference fiber are then combined and they coherently interfere at the optical
detector. Due to the time delay between the signals, there is a phase difference between the
reference signal and the backscattered signal. Therefore as the laser frequency is tuned,
interference fringes are generated. These interference fringes can be detected and related to
the optical amplitude and phase response of the fiber under test. Using Fourier
transformation, fringes in the spectral domain can be transformed into the time domain
which can be further scaled using the speed of light to correspond with the length of the
fiber. This gives the amplitude of the reflections as function of length of the FUT.
Therefore both the frequency domain and time domain data can be obtained using the
OFDR method.
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Figure 6.3 Schematic of optical backscatter reflectometer fiber network.

6.4.2. Strain measurement

Strain measurement along the fiber is based on the fact that there is a random but static
distribution in the index of refraction in the fiber core over the whole length of the fiber.
The amplitude of the scattered signal over the length of the fiber is a therefore a random but
static property which is unique for each fiber. Changes in temperature or strain then change
the local period of the Rayleigh scatter, which can be seen as shift of the backscattered
Rayleigh spectrum. The Rayleigh scattering spectra at the sampling points along the fiber
are obtained by reverse Fourier transformation from the time domain data over increments
defined by the gage length. The distance between each sampling point is defined as the
sensor spacing, as defined in the LUNA manual [88].

The strain distribution along the fiber can then be calculated by looking at the Rayleigh
scattering spectrum at each sampling point along the fiber and comparing it with a
reference state obtained before strain was applied as illustrated in Figure 6.4. Shift in the
spectrum, obtained by cross-correlating the measured spectrum with reference spectrum,
is related to the change in temperature and strain at the measurement point and can be
defined as

A Av
— =~ = KrAT +Kee (6.1)

where A is the mean optical wavelength, v the mean optical frequency, and Kt and K,
are the temperature and strain calibration constants which depend on the used fiber. If we

assume that there is no change in temperature, the strain can be calculated as

A —
€= _C—KSAV = KAv (6.2)
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Figure 6.4 Frequency shift of Rayleigh scattering spectrum due to applied strain.

where A is the center wavelength of the measurement and c is the speed of light. These
form the conversion factor K, which can be obtained experimentally by relating applied
strain and frequency shift of the Rayleigh scatter spectrum.

Similarly at constant strain conditions the temperature change can be calculated as

A _
_ — 6.3
AT = . TAV = KrAv (6.3)

By using these relations, the spectral shift data can be converted to strain or temperature
data.

6.4.3. Measurement resolution

As the frequency domain information over the gage length is obtained by discrete Fourier
transformation from the time domain data, the length of the gage in the time domain affects
the spectral resolution of the frequency-domain [88]. In the Fourier transformation the

resolution bandwidth of the frequency domain is
1
RBW = At (6.4)

Where Atr is the width of the portion in time domain transferred to frequency domain. As
the time domain data is scaled into the fiber length values using
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C

=—t
arry (6.5)

Where z is the spatial dimension along the fiber, c is the speed of light in vacuum, n, is the
group index of refraction of the fiber under test and t is the time. The spatial dimension thus
depends linearly on the time, and therefore the resolution bandwidth of the frequency
domain of Equation 6.4 also depends on the gage length in spatial domain. Therefore the
gage length affects the resolution in the frequency domain so that larger gage length gives
higher frequency resolution.

Suitable settings for the monitoring system should be selected based on the phenomenon to
be measured. When observing very small strain changes happening over a decently wide
area, a larger gage length will provide better results. If the strain is highly local, the large
gage length can on the other hand average out the detailed strain distribution information
and thus a smaller gage length can provide more detailed results.

6.4.4. Determination of strain coefficient for strain measurements

The strain coefficient used to convert frequency shifts of the measurements to strain was
defined experimentally for the used optical fibers by conducting tensile test. A 5 mm strain
gage and optical fiber made by joining fibers of both used batches were adhered to an
aluminum plate as depicted in Figure 6.5. The strain gage was adhered to the center of the
plate and the optical fibers on both sides of the strain gage. The optical fibers were adhered
at two points using epoxy adhesive.

The aluminum plate was then loaded in tension using a tensile testing machine. The
loading was increased in 500 pe steps as observed by the strain gage, and the strain along
the fibers was measured at each strain level. Comparing the measurement at each strain
level with measurement at previous strain level, the frequency shift distribution in the
fibers corresponding with the 500 pe increase was achieved. Average frequency shift over
the tensioned region was then calculated for each frequency shift data. Finally the strain
coefficient was obtained by correlating the strain values with the frequency shift data as

shown in Figure 6.6. The obtained strain coefficient values are shown in Table 6.1.

6.4.5. Error distribution of monitoring system

At constant strain and temperature conditions the frequency shift of the backscattered
spectra over the whole fiber should be zero. However, because of some random error in
the measurements, the measured frequency shifts varies slightly with each measurement.

To define the amount of error, standard deviation at each measurement point along the
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fiber can be calculated. By plotting the frequency of each error magnitude occurring in
the measurements, the error distribution of the system can then be defined.

The procedure used to obtain the error distribution was based on one for Pulse Pre-Pump
Brillouin optical time domain analysis (PPP-BOTDA) based system [89]. Different to the
PPP-BOTDA system used in [89], the current Rayleigh scattering based system does not
give a unambiguous peak at each measurement point, but a random spectrum which
depends on the fluctuations in the core index of refraction of the fiber at the measured
location. Therefore, for example, an average peak frequency cannot be calculated. The
procedure was thus modified to be applicable to the current monitoring system.

Optical fiber 1 Adhesive

. , Strain gage
Optical fiber 2 / / Aluminum plate

Jd 7
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: 1—0
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8 O i O
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Figure 6.5 Schematic of the test specimen used to define strain coefficients for the used
optical fibers.
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Figure 6.6 Spectral shift distributions of fiber sections corresponding with fibers 1 and 2

against tensile strain levels measured by strain gage.

98



Chapter 6. Monitoring of foam core sandwich structures

Table 6.1 Strain coefficients of used optical fibers.

Fiber 1 Fiber 2
Strain coefficient K, -6.716 GHz/pe -6.945 GHz/pe

Using a fiber without any applied strain or temperature, N pairs of measurements were
taken at same and constant conditions. The frequency shift was then calculated for each
measurement pair, so that the first measurement of the pair was used as the reference data
and the second measurement was the compared to the first one. From these, the strain
deviation at each sampling point was calculated using the strain coefficient of the fiber for

each measurement pair.

gik = Kevik (6.6)

Here i indicates sampling point along the measured fiber and k is the number of the
measurement pair. The average of strain deviation was then calculated at each sampling
point as

N -
sve _ Zi=1 ik 6.7)

! N

Comparing the deviation of strain at each sampling point with the average of strain
deviation, the random error can be obtained.

Vi = & — &° (6.8)

Plotting a histogram of the random error values from all measurements gives the error
distribution of the measurement.

Error distribution was now defined for two distinct measurement settings using 5 pairs of
consecutive measurements that were taken at ambient room temperature conditions of a
fiber with no strain applied. Gage lengths of 1 mm, 5 mm and 10 mm were used with 0.6
mm sensor spacing. Strain deviation histograms based on the calculated random error ViFkO
for each gage length are shown in Figure 6.7. Standard deviation of the error is less than 1
pe for the 5 mm and 10 mm gage lengths, whereas it is around 12 pie for the shortest gage
length of 1 mm. This is due to the bandwidth resolution of the Fourier transformation
which increases with longer gage lengths as was explained in section 6.4.3.

With longer gage lengths the error of the system seems to be notable smaller than the
PPP-BOTDA system for which the standard deviation of the error was measured to be
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9.37 e [89]. The error for the 1 mm gage length is still acceptable for the current use, as

the measured strains are assumed to be over 100 pe.

6.5. Sandwich beam indentation monitoring experiments

Indentation tests were conducted using sandwich beams with fiber optic sensor embedded
in the adhesive layer. The sandwich beam specimens provide good information on the
monitoring ability of indentation damage. The results can also be compared with
numerical results from previous chapter, thus providing a good tool for verification.
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Figure 6.7 Strain deviation histograms for selected gage lengths.
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6.5.1. Sandwich beam specimens

The sandwich beam specimens were similar with those in section 3.2.1. Only difference
is that a high delta optical fiber (Heatop 300, Totoku Electric Co., Ltd., outer diameter: 150
pum, cladding diameter: 125 um) was embedded between the face sheet and the adhesive
layer of the sandwich beams as shown in Figure 6.8.

6.5.2. Test method

Sandwich beam indentation tests were conducted similar to Chapter 3. Indentation loading
was applied at the center of the beams using a cylindrical steel indenter under various
temperature and humidity conditions. During and after the indentation loading, strain
distribution was continuously measured at the embedded part of the fiber using the LUNA
OBR 4600 monitoring system. Reference data was obtained before the tests to which the
data obtained during the tests was compared to, so that the strains could be calculated.

Maximum indentation displacement and maximum indentation loading test were
conducted similar to Chapter 3. In maximum indentation displacement tests, the loading
was applied until maximum indentation displacement of 5 mm was achieved, after which
the loading was removed. In maximum indentation loading tests the loading was applied
until maximum loading of 600 N was reached, after which the loading was removed.

Adhesive film

Optical fiber between
adhesive and face sheet

Adhesive film
Foam core

Optical f.ber-#! :

Steel jig —
300um

Figure 6.8 Sandwich beam specimen with embedded optical fiber.
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6.5.3. Strain measurement during indentation

Figure 6.9 and Figure 6.10 illustrate the typical results from continuous strain monitoring
during the indentation loading tests. The arrows in Figure 6.9 indicate selected locations
during the indentation test. These locations are at the beginning of the test, before damage
initiation in the core, after damage initiation, at the maximum indentation displacement
and immediately after unloading. Strain distribution corresponding with the indicated
locations are shown in Figure 6.10. In the beginning of the loading the strain distribution is
near zero over the whole length of the beam. As the reference state is taken right before
the tests, no thermal strains or other residual strains from the manufacturing phase are
taken into account. As the loading begins, the strain distribution starts to show a sharp
tensile peak at the location where the indentation loading is applied due to the face sheet
bending and the bottom of the face sheet being in tension. Increasing the loading bends the
face further while the core crushes, and thus the tensile strain peak becomes larger and
wider. After the loading has been removed, the tensile peak flattens, but a notable strain
distribution is still observed as residual dent remains in the face sheet.
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Figure 6.9 Loading response during typical sandwich beam indentation test.
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Figure 6.10 Strain distribution during different parts of sandwich beam indentation test.
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The monitoring system is capable of continuous strain measurement during the indentation
tests and seems to provide very detailed and reasonable results. The maximum strains and
residual strains can thus be quite easily extracted from the measurement data based on the
measurement time and indentation loading data.

The maximum and residual strain distribution are compared with those measured by
PPP-BOTDA system and strain gages embedded between the adhesive layer and the face
sheet in Figure 6.11 [90]. The PPP-BOTDA measurements ware taken using the systems
maximum spatial resolution of 2 cm with 1 c¢cm sensor spacing. The measured strain
values from the embedded strain gages are close with the strain distribution measured
using the current OBR system and indicates that the system can detect the strains in the
adhesive-face sheet interface correctly. The PPP-BOTDA strain distribution however
differs notably and the strain levels are also significantly lower. This is probably due to
the rather large spatial resolution of the system, which evens out the high strain peak at
the point where indentation loading is applied. The resolution and accuracy of the OBR
system is now clearly better than that of the PPP-BOTDA system and is more suitable in
monitoring the highly local strains in the case of indentation loading of sandwich

structures.
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Figure 6.11 Comparison of measured strain distributions using different measurement
methods.
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6.5.4. Formation of residual strains

As the detectability of the damage in the sandwich structure depends on the detectability of
the residual strains, an indentation test was conducted where the maximum loading was
increased gradually and the residual strains were then measured after each loading cycle.
Figure 6.12 shows the load-indentation curves of the test and Figure 6.13 the
corresponding residual strain distributions of selected cycles. Up to 500 N loading the
deformation was mostly elastic with no residual deformation remaining. Therefore no
residual strains were observed, as can be seen for the 500 N case in Figure 6.13. After
crushing of the core initiated at 600 N loading cycle, a clear indication of damage was also
seen in the residual strains. With increasing loading the residual strains also became
gradually larger.

The strained area also widened as the damage area in the core also widened with higher
indentation loading and thus larger indentation displacement. The results however do not
present the residual strains immediately after unloading but do include some relaxation
and are thus show slightly lower than should be expected. The used monitoring system
now seems to be capable of detecting the initiation of the core crushing damage based on
the observation of residual strains.

Indentation load (N/mm)

-5

Indentation displacement (mm)

Figure 6.12 Indentation load-displacement of the sandwich beam during loading cycles.
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Figure 6.13 Measured residual strain distributions after selected loading cycles.

6.5.5. Effect of relaxation on strain distribution

The relaxation behavior of the strains was also studied on a ambient conditioned beam at
30°C. After indentation loading was removed the strain distribution was monitored over
period of time and selected results are shown in Figure 6.14. Also the maximum peak
strain at the point of applied indentation loading over time is presented in Figure 6.15.
The strains become lower over time due to stress relaxation in the core which leads to
shallower residual dent. Besides stress relaxation in the core, the residual state can also
affected by the face sheet. Thicker face sheet having higher bending stiffness will exert
higher pulling force into the crushed foam which might lead to faster reduction in the
depth of the residual dent. The effect of the face sheet is however not included in the

current study.

A significant drop in the strains can be seen over the first 10 minutes after the loading was
removed with the maximum strain being reduced by 25% during the first minute, and by
almost 50% during the first 10 minutes after unloading. Over time the strains keep
decreasing and eventually 24 hours later the maximum strains are only around 30% of the
initial strains immediately after unloading. The stress relaxation of the foam can thus
significantly affect the detectability of the indentation damage over time. It should be
noted, that the location of the compressive strain peak does not move notably during
relaxation, meaning that the size of the damage can still be estimated quite accurately.
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Figure 6.14 Residual strain distribution over time after unloading.
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Figure 6.15 Reduction in maximum peak strain at indentation location over time due to
relaxation.

6.5.6. Fiber damage during monitoring

Compared to other fiber optic sensing systems, the current system does not need to create a
closed loop of the fiber. In the closed fiber loops systems, if the fiber is damaged the loop is
also broken and the measurement cannot be performed at all. With the used system,
however, if the fiber happens to be damaged or cut, the system is still usable up to the
damage location. This would also allow for accurate detection of the location where the
fiber has broken, so that needed measures to repair the fiber can be taken.

Next, results from an example case where the embedded fiber broke during indentation
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loading of a sandwich beam are shown. Figure 6.16 shows the amplitude of the
backscattered or reflected light along fiber. After the fiber has broken, a clear peak can be
seen at the location of the breakage due to the light reflecting back from the broken end
of the fiber. Figure 6.17 shows the measured strain distribution around the damage
location. Immediately before the damage a clear strain peak is still observed at the
location of the indentation loading. After the fiber has broken, the part of the fiber after
the breakage shows only noise. The strain measurement is still however possible up to the
damage location and the other half of the strain peak is still visible in the results. The
other half of the broken fiber could still be monitored by connecting the other end of the
fiber to the measurement system.

The OBR system seems to be suitable for damage detection applications. In the case of
damage in the optical fiber, the location of the breakage can be indentified and repaired.
Also, breakage of the fiber still allows monitoring up to the damage location and does not

paralyze the whole system.
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Figure 6.16 Amplitude response of backscattered/reflected light along the embedded fiber
before and after fiber breakage.
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Figure 6.17 Strain distribution at the fiber breakage location before and after damage.
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6.5.7. Hygrothermal strains during manufacturing and conditioning

Hygrothermal strains can occur during the manufacturing and conditioning of the
sandwich structures. Due to differences in the thermal and moisture expansion
coefficients, notable strains and stresses can be induced in the interface between the face
sheet and the core material. For example, during adhesion of the core and face sheet at
high temperature the core and the face sheet expand, with the core expanding slightly
more. When the sandwich structure is cooled down to room temperature after the
adhesion, the core and face sheet shrink back to their initial size. However, as the
adhesive was cured at high temperature condition when the core and face sheet were
expanded, some residual strain will remain at the core-face sheet interface as the core
tries to shrink more than the adhesively joined face sheet now allows.

To observe these strains occurring during manufacturing and conditioning, measurements
were done during manufacturing before adhesion and after conditioning right before the
indentation tests. By comparing these two measured states, the hygrothermal strains in
the core-face sheet interface were estimated, assuming that cure shrinkage of the adhesive
is insignificant. Figure 6.18 shows the measured strain distributions at selected conditions.
At highest, strains up to 300 pe can be observed based on the conditions. These are rather
small when considering that the maximum strains during indentation can reach thousands
of ue. However, it should be noted that during the manufacturing of the sandwich beams
some tension is applied to the fiber when it is set on its place. This tension in the fiber is
then gradually released over time as the fiber can slightly move between the face sheet
and the adhesive layer, especially in the beginning of the adhesion when the adhesive
starts to flow. The state measured before adhesion can thus contain strains due to the
tensioning of the fiber, and as this state is used as the reference when obtaining the strains
before the indentation tests, the obtained strains might show slightly too high
compressive strains.
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Figure 6.18 Strain distributions measured after adhesion and conditioning, right before
the indentation tests.
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6.5.8. Results — Indentation loading tests

Figure 6.19 and Figure 6.20 show the strain distribution during maximum indentation and
immediately after unloading for various humidity conditions at 30°C temperature. It can
be seen that the maximum strain immediately below the indentation location becomes
slightly smaller with increasing humidity. This is due to the dent becoming slightly wider
as the weakened core is crushed on wider area. This is also supported by the observation
that the compressive strain area seems to spread on a slightly wider area with increasing
humidity. Some strain values near the maximum strain can be seen to be significantly off
from the general trend of the strain. This is probably caused by the very high and local,
almost singular strain peak at the indentation loading point, which leads to problems when

the system tries to cross-correlate the measurement data.
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Figure 6.19 Measured strain distribution during maximum loading at 30°C for maximum

indentation displacement tests.
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Figure 6.20 Measured residual strain distribution after unloading at 30°C for maximum

indentation displacement tests.
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After unloading quite notable amount of residual strain remains. The wet specimen shows
higher strains than the dry and ambient specimens which have similar strain distributions.
This is in correspondence with the indentation test results where the wet beam specimen
had deepest residual dent depth, which now leads to higher residual strains. The residual
strain distribution is also spread on a slightly wider area corresponding with the crushed

core arca.

Similar strain distribution data for 80°C temperature case is shown in Figure 6.21 and
Figure 6.22. As with the 30°C case, increased humidity leads to lower and wider maximum
strain distribution. Difference between different humidity conditions is now much more

clearer compared to the 30°C results due to the combined effect of temperature and

humidity.
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Figure 6.21 Measured strain distribution during maximum loading at 80°C for maximum
indentation displacement tests.
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Figure 6.22 Measured residual strain distribution after unloading at 80°C for maximum

indentation displacement tests.
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Looking at the residual strains, the strained area spreads similar to the maximum strains.
However, the maximum strains become lower with increased humidity which seems to be
contrary to the results at 30°C. The degrading effect of high temperature and humidity
combined cause the core to crush at much larger area compared to the low humidity
conditions. The deformation of the face sheet is therefore less local leading to a shallower
residual dent, which again reduces the magnitude of the residual strains.

Figure 6.23 and Figure 6.24 show the maximum and residual strain distribution for various
humidity conditions at 30°C temperature for the maximum indentation loading tests.
Notable differences can be seen between each humidity case. This is because the maximum
deflection of the face sheet varies notably between each humidity condition. The foam of
the wet specimen is the weakest so the wet sandwich beam will have the largest
deformation in the face sheet during indentation and thus highest strains. The magnitude of
the strains is now closely related to the indentation displacement. The strain peak also
becomes notably wider in the wet specimen as the weak core is damaged on larger area.
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Figure 6.23 Measured strain distribution during maximum indentation loading at 30°C .
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Figure 6.24 Measured residual strain distribution after unloading at 30°C for maximum
indentation loading tests.
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Looking at the residual states, the deformation in the dry specimen is quite small and just
barely large enough to initiate damage in the foam core. Therefore almost no residual strain
remains in the core-face sheet interface. The wet specimen on the other hand shows large
residual strains corresponding with large residual dent due to notable plastic deformation

in the foam core.

Figure 6.25 and Figure 6.26 show the strain distributions for 80°C temperature conditions.
The response is mostly similar with the 30°C results. The magnitude of the strains is
increased due to larger deformation of the in the face sheet. For the same reason the
magnitude of the residual strains are also increased and notable residual strains are now

observed for the dry case also.
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Figure 6.25 Measured strain distribution during maximum indentation loading at 80°C.
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Figure 6.26 Measured residual strain distribution after unloading at 80°C for maximum
indentation loading tests.

112



Chapter 6. Monitoring of foam core sandwich structures

6.5.9. Comparison with numerical analysis results

The measured strain distribution were compared with numerical analysis results from
Chapter 4. Comparison of strains during maximum indentation loading for the 30°C test
cases are shown in Figure 6.27. The predicted values are now very close to the
experimental values. The strain distribution during the loading phase can therefore be
predicted well with FEA using the crushable foam model due to the hardening behavior
based on experimental data.

Prediction of the residual strain distribution can however be more difficult due to the
simplified tensile response of the material model. Figure 6.28 shows the comparison of
predicted and measured residual strain distributions for the 30°C temperature cases. The
predicted results are close to the experimental ones but give lower strains. The maximum
tensile and compressive strains, for example, are around 300 to 500 pe lower than the
measured. Similar behavior could be seen with results from higher temperature
conditions. The residual strains from the maximum indentation loading tests also are
quite close with the predicted values as shown in Figure 6.29. However, looking at the
compressive strain peak, the size of the damaged area seems to be smaller than predicted.

It should be noted that as was shown in section 6.5.5 the strains are quite quickly reduced
during the first minutes after unloading due to relaxation. Therefore the measured strains
are most likely slightly lower than expected immediately after unloading. Also, it is rather
difficult to exactly determine the time of unloading from the measurement data and the
measurement strain distributions might be few seconds before or after the actual
unloading point.

Also, for comparison, Figure 6.30 and Figure 6.31 show the residual strain distributions
for the 30°C ambient condition predicted using the new improved foam core model.
Using the new material model for the foam core, the strains are higher than what the
crushable foam model predicts, and thus closer to the experimental results. Location of
the compressive strain peak is however slightly closer to the loading point compared to
the experimental results. This might indicate that the predicted damage area is slightly
smaller than expected. The strains during maximum loading are practically identical with
the ones predicted using crushable foam material model. The new model therefore seems
to have potential in giving improved predictions on the residual state of indentation

loaded sandwich structures.
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Figure 6.27 Predicted and measured strain distributions during maximum indentation

loading for maximum indentation displacement tests.
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Figure 6.28 Predicted and measured residual strain distributions for maximum indentation

displacement tests.
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Figure 6.29 Predicted and measured residual strain distributions for maximum indentation
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Figure 6.30 Comparison of predicted residual strains by new foam core model and
crushable foam model and experimental results for maximum indentation displacement
test.
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Figure 6.31 Comparison of predicted residual strains by new foam core model and
crushable foam model and experimental results for maximum indentation loading test.
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6.6. Sandwich panel indentation monitoring experiment

Compared to sandwich beams, sandwich panels provide higher stiffness against
indentation due the face sheet providing support against bending in two dimensions. The
panel therefore experiences more local deformation than beam. Now due to the more
local damage the monitoring capability might be affected compared to the sandwich
beam specimens. Experiments are therefore conducted with a sandwich panel specimen
to verify the indentation damage detection ability.

6.6.1. Sandwich panel specimen

Sandwich panel as depicted in Figure 6.32 was manufactured with optical fiber (Heatop
300, Totoku Electric Co., Ltd., outer diameter: 150 pum, cladding diameter: 125 pum)
embedded between the adhesive layer and face sheet similar to the sandwich beam
specimens in section 6.5. The fiber was embedded starting from the middle of the panel
immediately under the impact location and the adjacent parallel fibers were embedded 5
mm apart. The fibers were embedded only on one half of the panel as the strain
distribution is assumed to by symmetric. The panel was manufactured similar to the beam
specimens previously and consisted of CFRP face sheet and foam core adhered together
using adhesive film. The face sheets were manufactured beforehand using T700S/2592
(Toray Co.) CFRP prepreg sheets. 8 ply cross-ply [0/90], laminates were manufactured in
autoclave and then cut to size (100 mm x 100 mm) using diamond blade saw. Thickness of
the face sheets was on average 1.15 mm. The face sheet laminates were then adhered to 35
mm thick Rohacell 51 WF core of same size using AF 163-2K adhesive film. The
core-face sheet combination was then adhered to a steel plate using the same adhesive film.
This provides fully backed support against global deformation.

6.6.2. Test method

In the tests, quasi-static indentation loading was applied to the center of the panel using a
hemispherical 10 mm diameter steel indenter with constant loading displacement speed of
5 mm/min. The maximum indentation loading was increased gradually with each
indentation loading-unloading cycle from 100 N to 2000 N. The strain distribution was
measured continuously during each indentation-unloading cycle using the LUNA OBR

4600 monitoring system.
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Figure 6.32 Schematic of sandwich panel specimen.
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Figure 6.33 Indentation test setup of sandwich panel specimen.
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6.6.3. Finite element analysis model

A finite element model of the sandwich panel was also constructed using the ABAQUS
software to evaluate the monitoring results. The panel was modeled using 3 dimensional
8-node elements with reduced integration. Due to the symmetry of the panel, only one
quarter was modeled with appropriate symmetric boundary conditions. The used model is
depicted in Figure 6.34. Mesh size in the X-Z plane was 1x1 mm. The face and adhesive
layer were modeled as elastic and the core as elasto-plastic using the crushable foam
material model. The material parameters were the same as in the sandwich beam model in
section 4.3.1 at 30°C ambient conditions. Loading was applied to the panel using a
hemispherical rigid indenter until desired maximum indentation displacement was
reached.

6.6.4. Results

The indentation load-displacement curves of the loading cycles are shown in Figure 6.35.
Looking at the loading parts, it can be seen how the response becomes nonlinear after
nearly linear response in the beginning. This behavior is quite similar with sandwich
beam specimens where a change in the indentation stiffness can be seen as the core is
crushed and begins to deform plastically. Later at increasing indentation loads, a visible
decrease can be seen in the loading response after maximum loading of 1000 N. Looking
at the residual dent progression in Figure 6.36, it can also be seen that the dent becomes
suddenly deeper after the load decrease. This might therefore be caused by some
permanent damage in the adhesive layer or the face sheet, or by the core damage suddenly
propagating on larger area.

Face sheet CFRP plies (8 x 0.14375 mm) Rigid indenter (r=5 mm)
Adhesive layer (0.15 mm)

Core (35 mm) )
Symmetric
boundary
conditions
(ux=¢z=¢y=o)

Symmetric

boundary

conditions

(u=0x=¢,=0)

Constrained boundary conditions (u,=u,=u,=0, ¢,=¢,=¢,=0)

Figure 6.34 Finite element analysis model of sandwich panel indentation.
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The residual dent progression in Figure 6.36 also shows that, if taking the limit of BVID
dent depth as 0.01 to 0.02 inches (0.25 to 0.51 mm), loading of 1 to 1.5 kN is needed for
the indentation damage to become visible for the current sandwich panel. The

detectability of the damage can now be evaluated against this specification.
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Figure 6.35 Indentation load-displacement response of sandwich panel specimen.
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Figure 6.36 Progression of residual dent depth during indentation loading test of
sandwich panel.
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First, the strain results were observed to see when the indentation damage becomes
detectable with the current system, that is when the strain results show clear indication of
the damage. Table 6.2 shows the loading that resulted in clearly visible indication of
damage in the residual strain distribution along the fibers. Examples of the residual strain
distributions along selected fibers after first indication of damage are given in Figure 6.37.
Within 10 mm from the indentation location, the damage is detectable at 300 N maximum
loading. The residual dent depth after the 300 N loading cycle is around 0.025 mm, so the
system can detect the indentation damage almost immediately it has initiated and well
before it becoming visible.

Based on the data in Table 6.2 and corresponding residual dent depths in Figure 6.36,
graph for the damage detectability can be constructed as shown in Figure 6.38. The figure
shows the maximum indentation loadings and residual dent depths of smallest detectable
damages at various fiber spacing’s, when assuming that the damage occurs between the
parallel fibers. This can now be used for the current sandwich configuration to define
sufficient spacing of the parallel fiber to be embedded in the structure. For example, 10 to
20 mm fiber spacing would be able to detect the damage initiation after 300 N loading.
Barely visible damages with 0.5 mm deep residual dent could still be detected with 50
mm spacing of the fiber sensors.

Table 6.2 Indentation loadings after which damage is detectable from residual strain
distribution for each fiber from the loading point.

Fiber distance from loading First indication of damage
0 mm 100 N
5 mm 300N
10 mm 300N
15 mm 800 N
20 mm 1000 N
25 mm 1400 N

200

150 | @ 0mm after 100 N

® 10 mm after 300 N

» 100 1@ 20 mm after 1000 N
T 50 ]
®
5 0

-50

-100

5 4 3 -2 1 0 1 2 3 4 5
Distance from loading point (cm)

Figure 6.37 Residual strain distributions after first indication of damage.
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Figure 6.38 Detectability of damage with various fiber spacing based on the maximum
indentation loading and residual dent depth.

Next, changes in the strains were observed during the loading cycles. Figure 6.39 shows
the strain distributions at maximum loading during early phases of the loading at
maximum indentation loads from 400 N to 600N. The strain response is similar with the
beam specimens as the strains are increased with increasing loading and the strained area
becomes slightly larger due to increasing denting of the face sheet. After 500 N the
strains seem to increase slightly faster. This might be caused by the damage in the core
spreading on area large enough to affect the indentation stiffness of the panel. Also, very
local high strains arise immediately under the loading point which cause problems with
the correlation algorithm of the monitoring system and can be seen as notable noise in the
strain results. Looking at residual strains in Figure 6.40, the residual strains also increase
with increasing maximum loading similar to the beam specimens. There however seems
to be some flattening of the strain peak at the loading point after 500 N loading which is
probably caused by local damage immediately under the loading point.

Notable change in the indentation load-displacement curve was seen after 1000 N
maximum loading. After 1000 N loading the strain distribution during maximum loading
near the loading point starts to spread on wider area while the strain magnitude stays
almost same, as shown in Figure 6.41. This also corresponds with the sudden increase in
the residual dent after 1000 N loading and could indicate that the damage in the core
expands on wider area leading to wider dent in the face sheet which would spread the
strain on larger area without increasing the maximum strains. Also after the sudden jump
in the strains, the residual strains stop increasing and start to spread on wider area similar

to the strains at maximum loading as can be seen from Figure 6.42.

Figure 6.43 shows the residual dent in the face sheet of the sandwich panel after the
maximum loading of 2000 N. It can be seen that the remaining visible deformation in the
face sheet is very local. The diameter of the residual dent is approximately 10 mm. The
sandwich panel was cut after the tests and cross section along the fiber embedded at the
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Figure 6.39 Strain distribution at maximum indentation loading at low indentation
loading levels.
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Figure 6.40 Residual strain distributions immediately after unloading at low indentation

loading levels.
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Figure 6.41 Strain distributions at maximum indentation loading at high indentation
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Figure 6.42 Residual strain distributions immediately after unloading at high indentation

loading levels.
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middle of the panel is shown in Figure 6.44. No clearly visible damage was observed in
the face sheet or adhesive layer, and the damage was therefore mostly crushing of the
core. The area of the core damage seem to reach 20 to 30 mm away from the loading
point. The damage area should now correspond with the residual strain as was explained
in section 4.4.4 and it seems to do so, as compressive strain peaks are seen around 25 mm
away from the loading point in the residual strain distributions in Figure 6.45. These
observations also show how the diameter of the damaged area in the core is
approximately 6 times larger than the diameter of the dent visible in the face sheet.

Figure 6.43 Residual damage in the face sheet after 2000 N indentation loading.
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Figure 6.44 Cross section photograph of the sandwich panel at the indentation location
after 2000 N loading.
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Figure 6.45 Residual strain distributions immediately after 2000 N indentation loading.
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Figure 6.46 shows the predicted residual strain distribution in the adhesive layer after
indentation loading cycle for an example case of 1.524 mm maximum indentation
corresponding with 1000 N maximum loading. Size of the plastic deformation area in the
core is also depicted. Region of high compressive strains can be seen at the damaged core
area near the edge of the area. This corresponds with the observations in the sandwich
beam model in section 4.4.4 where the tensile peak was seen to be near the edge of the
damaged core area.

Looking at the predicted strains at the embedded fiber locations, as shown in Figure 6.47,
it can be seen that further away from the loading point the residual strains are decreased
and the tensile peak in the distribution moves closer to the loading point. This behavior is
similar with the experimental results even though the predicted strains are higher due to
plastic deformations and damage being ignored in the model. Disregarding any damages
that might occur, the shape of the strain distributions measured by the fibers is mainly
related with the shape of the dent in the face sheet, which becomes shallower further
away from the loading point as can be seen from Figure 6.48.

It therefore seems that in the case of the sandwich panels, the size of the damage in the
core can be estimated by observing the location of the tensile strain peaks measured by
the monitoring system. In the case studied here, the fibers are however embedded to
measure the strain in only in one direction. Estimation of the damage size can thus
become more difficult further away from the loading point as the dent profile at the fiber
locations becomes shallower. Accuracy of the damage size estimation could therefore be
improved by including fibers also in the perpendicular direction, forming a grid network.

& Indentation location

Embedded fiber
locations

Residual strains in X-direction
after 1.524 mm indentation

Figure 6.46 Residual X-direction strain distribution in the adhesive layer of sandwich

panel after 1.524 mm maximum indentation.
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Figure 6.47 Predicted residual strain distributions in the adhesive layer of sandwich panel
at embedded fiber locations (Figure 6.46) after 1.524 mm maximum indentation.
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Figure 6.48 Predicted residual face sheet dent profiles of sandwich panel at embedded
fiber locations (Figure 6.46) after 1.524 mm maximum indentation.

Based on these experimental and numerical analysis observations, it was shown that the
monitoring system seems to be capable of detection indentation damage even in panel
structures. For the current configuration, a 20 mm fiber spacing seems to be sufficient for
the monitoring system to be able to detect the damage right as it has initiated. The
location and size of the damage could also be estimated accurately from the residual
strain measurement data.
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6.7. Damage detection demonstrator sandwich panel

In real life applications of sandwich structures, there is very high probability for impact
damage to occur. As the impact even is short in time, the damage detection must rely on
the residual state of the structure. Also depending on the location of the impact, the
damage might be difficult to detect due to variations in the thickness of the core and face
sheets. Thus, in this section the low velocity impact damage detection ability of the used
monitoring system on real life foam core sandwich applications is verified using a large

scale demonstrator.

6.7.1. Sandwich panel

A sandwich panel, as shown in Figure 6.49 was manufactured by Kawasaki Heavy
Industries. The faces were made of Kawasaki’s proprietary high performance and low
cost KMS-6115 carbon fiber composite manufactured using VARTM method and
Rohacell 51 WF foam was used for the core. Center region of the panel had thinner face
sheet than the taper region. The monolithic edge parts had 12 layers of cross-ply fabrics
with the stacking sequence of [(0/90)/(+45/-45)]ss. At the taper region the thickness was
halved, so that the stacking sequence became [(0/90)/(+45/-45)];. The thickness was then
further reduced at the ply drop region so that at the center part of the panel the stacking
sequence was [(0/90)/(+45/-45)]. The face sheet configuration is also explained in Figure
6.50.

A normal diameter high delta optical fiber (Heatop 300, Totoku Electric Co., Ltd., outer
diameter: 150 pum, cladding diameter: 125 pum) was embedded into core-face sheet
interface to form distributed fiber network over the whole panel as depicted in Figure
6.50. The network was divided in to four regions. Two of these covered the middle part of
the panel with thinner face sheet. The other two covered the taper area and adjacent face
sheet ply drop area at the edges of the panel. Ends of the embedded fibers were routed to
come out from the back side of the panel.

Figure 6.49 Photograph of the impact tested sandwich panel.
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6.7.2. Test method

For the impact tests, the panel was fixed to a supporting structure by clamps at all four
corners. This provided simply supported boundary conditions for the panel. Impact tests
were conducted on the taper and center region of the panel. On the taper region the face
sheet thickness is constant but the core thickness varies. In the mid region the face sheet
thickness and the core thickness both are constant. Impact locations were chosen so that
they were over and between the embedded fibers as depicted in Figure 6.51. In the taper
region five impact location groups were chosen as indicated by numbers 1 to 5 in Figure
6.51. In groups 1, 3 and 5 the impact was located over the embedded fiber and in groups
2 and 4 between two adjacent fibers. Also the core thickness increases gradually from
group 1 to group 5 as the impact locations move closer to the middle of the panel. In the
center region of the panel, two groups of impact locations were chosen. One over the
fiber and one between two fibers.

An impactor with hemispherical head of diameter 15.75 mm and weight of 5.6 kg was
used in the tests. The test configuration is depicted in Figure 6.52. Drop heights of the
impactor were selected as 50, 100, 150 and 200 mm so that various impact energies were
achieved as listed in Table 6.3. However, the test was ended if clearly visible impact
damage occurred. All of the tests were conducted at 22°C and 58%RH ambient room
conditions.

The scattering response along the embedded fibers were measured before and
immediately after the impacts. These two sets of data were then compared and the strains
produced by the impact event were calculated using 10 mm gage length and 5 mm sensor
spacing. The strain data was then studied against the contact force and impactor
displacement data.

Table 6.3 Used impactor drop heights and corresponding impact energies.

Drop height 50 mm 100 mm 150 mm 200 mm
Impact energy 2.7459 ] 549171 8.2376 ] 10.98351]
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Figure 6.51 Impact locations in the center and taper regions in the sandwich panel.

132



Chapter 6. Monitoring of foam core sandwich structures

Load cell

Impactor head

locations

Figure 6.52 Impact test configuration.

6.7.3. Results — Taper region

Contact force-displacement curves for the taper region impact groups are shown in Figure
6.53. Near the edge of the panel where the core is thinner, the initial slope of the curve is
steep and gets shallower as the impact location moves towards the middle of the panel.
This is partly caused by the effect of the boundary conditions restricting global
deformation near the edges, but also due to the varying thickness of the core. Also the
maximum displacement seems to increase as the thickness of the core at the impact
location increases. It can also be seen that the loading curve flattens at the maximum
loadings in the thinner core impact regions due to crushing of the core. Similar flattening
can also be seen on the thicker core regions, but the change is less abrupt due to global
bending of the panel and thicker core. A second peak is seen in the loading response over
time. This corresponds with the “hook™ shape after the maximum loading in the
load-displacement curves and is caused by the panel bending under the impact and during
the unloading phase slamming back at the indenter. Near the edges of the panel, the
global deformations are smaller, and thus the panel can return faster back to its initial
state causing this kind of behavior.

Figure 6.54 shows an example of how the residual strains after impact were observed
along the fiber. The residual strain distribution after one impact event located between to
fibers is presented. At the fibers on both sides of the fiber a clear strain peak can be
observed due to the damage. Also a small strain peak is observable on the third fiber
further away from the impact location. The strains become larger further away from the
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Figure 6.53 Contact force response at taper region.
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Figure 6.54 Example of residual strain data after 2.8 J impact event at the taper region.

edge of the panel, as the thickness of the core increases and thus amount of crushing in
the core also increases. The location of the damage can thus be easily estimated from the
residual strain data.

Residual strain distribution data for all impact groups are included in Appendix C. For all
impact groups, the damage was detectable at every impact energy when 10 mm gage
length was used. This allowed for accurate detection of even smallest changes in the
strains. When the impact was located over the embedded fiber, it caused a very local and
high strain peak which was easy to locate. Strain data for impacts on region 3 and 5

showed quite notable noise as can be seen in Figure 6.55. This might be caused by
vibration of the structure during measurement or by previous impact damages. A distinct
indicator of the impact damages was still however observable. Also, then the impact was
located immediately over the optical fiber, a very high and local strains were experienced
in the impact location which caused difficulties for the correlation algorithm of the
monitoring system. This caused notable jumps in the strain values as was seen in the
sandwich panel test in section 6.6.

Figure 6.56 shows an example of the progression in residual strain after each impact
event. With the used distance of 40 mm between the impact locations, each impact can be
distinctly detected from the residual strain data. After all impact events, the maximum
residual strains of the earlier impact damages were reduced by 10 to 20 pe, which can be
assumed to be caused by the relaxation in the core. The system therefore seems to be

capable to detect multiple damages in the structure.

The residual damage on the face sheet in the taper region was hardly visible. Figure 6.57
depicts the damage in the face sheet after 11 J impact in group 5. This was the most
visible damage remaining in the face sheet in the taper region. The size of the dent is
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small, about 5 mm in diameter, compared to the size of the damage in the core which was
estimated from the residual strains to be around 10 cm. The monitoring system can
therefore accurately detect the location and size of the damage in the taper region where

the face sheet is thick and the thickness of the core be very small.
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Figure 6.55 Noise in residual strain distribution.
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Figure 6.56 Residual strain distribution after consecutive impact events at the taper

region.
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Figure 6.57 Residual damage on the face sheet after 11 J impact in group 5 at the taper

region with corresponding residual strain distribution.

6.7.4. Results — Mid region

Contact force-displacement curves for the mid region impact groups are shown in Figure
6.58. Compared to the taper region, the maximum displacements are larger due to the
thinner face sheet having less bending stiffness. Therefore crushing of the core starts to
initiate earlier and a clear change in the slope can be observed in the beginning of the
loading curves. However, the lowest energy impact seem to leave no residual deformation
in the face sheets. At 8.2 J impact energy damage initiated in the face sheet and thus
higher energy levels were not tested. The face sheet damage can be seen as notable load
drop in the contact force curves.
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Figure 6.58 Contact force response at mid region.
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An example of the measured residual strain distributions is shown in Figure 6.59. Again,
highest strain are observed in the fibers at both sides of the impact location allowing for
easy detection of the damage location. For the 5.5 J and 8.2 J impacts, the residual strains
was observed even in fibers up to 70 mm away from the impact location. Due to the thin
face sheet and thick core in the mid region of the panel, notable residual deformations
remained even for the smallest impact energies making the damage easy to detect. Figure
6.60 shows the measured residual strains after each consecutive impact. Again, multiple
impact events can be detected even though the maximum strains of the previous impacts
can drop by 100 to 200 pe.

8.2 J impact caused significant increase in the residual strains as seen in Figure 6.60 and
also resulted in notable damage in the face sheet. Figure 6.61 shows the face sheet of
impact group 2 after the tests where notable damage can be seen at the 8.2 J impact
location while lower impact energies left no clearly visible dent in the face sheet.
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Figure 6.59 Example of residual strain data after 5.5 J impact event at the mid region.
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Figure 6.60 Residual strain distribution after consecutive impact events at the mid region.
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6.8. Conclusion

A distributed fiber optic strain monitoring system based on Rayleigh backscattering was
applied into foam core sandwich structures. The strain measurement during indentation
loading was studied using sandwich beam specimens with optical fiber embedded in the
adhesive layer. The system could measure the strain distribution continuously during the
indentation loading cycle with very high resolution .Damage in the sandwich beam could
be detected from the residual strain distribution as soon as even slightest residual dent
remained after unloading. Changes in the strain distribution after unloading were also
measured to verify the effect of stress relaxation in the core.

Tests were conducted at various temperature and humidity conditions to observe the
effect of environmental conditions on the strain distribution. High temperature and
humidity degraded the properties of the core which lead to notable deformations in the
core. This was seen as the strains spreading on larger area and also as notably larger
residual strains when comparing cases with same maximum indentation loading. The
measured strains also corresponded quite well with numerical analysis results and helped
in evaluation of the material models used in the analysis.

Indentation test was also conducted with sandwich panel. Due to the added dimension,
the deformation was highly local compared to the sandwich beams. The damage, however,
was detectable almost immediately after initiating and the location and size of the
damage could be estimated quite accurately from the residual strain data. Also, needed
spacing and configuration of the fibers in the monitoring network were discussed.

Finally low velocity impact tests were conducted using a large scale sandwich panel
similar to real life applications. The center and taper regions of the panel were impacted
with various low energy impacts. When the impact location was immediately over the
embedded fiber, the very high and local strains caused notable scatter in the measured
strains. Nonetheless, this did not affect the monitoring system’s ability to detect the
impact damages. The system could therefore accurately detect low velocity impact
damage in the mid and taper regions of the sandwich panel.
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Chapter 7. Conclusion

This study focused on the indentation response and damage monitoring of foam core
sandwich structures. Especially the effect of environmental conditions was considered.
Indentation response of sandwich structures at various temperature and humidity
conditions was studied experimentally and by finite element analysis. Also the
compressive and tensile behavior of the foam core material was studied as the indentation
response depends on the loading response of the core material. A fiber optic distributed
strain monitoring system was applied to monitor the sandwich structures and to detect the
barely visible indentation and low velocity impact induced damage.

In Chapter 2 the loading response of the PMI foam core material was studied
experimentally by conducting compression-tension loading cycle tests at various
temperature and humidity conditions. Effect of the environmental conditions on the
foams properties was then observed. The high temperature and humidity conditions
degraded the properties of the foam as its polymer material was softened and plasticized
by the temperature and diffused moisture. Conditioning at humid environment for even a
short period caused notable reduction in the foams compressive properties. The combined
effect of temperature and humidity was notably larger than the effect of only temperature
or humidity. The response of the foam also changed from brittle to ductile as the moisture
content of the foam increased.

Chapter 3 studied the indentation response of sandwich structures. Indentation loading
tests were conducted with beam specimens at various temperature and humidity
conditions. The indentation strength and stiffness of the sandwich specimens was notably
degraded by high temperature and humidity conditions and was closely related to the
foams loading behavior at the same conditions. Also the size of the residual dent

increased with increasing temperature and especially with increasing humidity.

In Chapter 4, a finite element analysis of the indentation loaded sandwich beams was
conducted. The crushable foam material model in the ABAQUS software was used for
the core of the sandwich beams. Material properties and loading behavior of the core
were adjusted based on the experimental results in Chapter 1. The indentation loading
behavior was predicted well with the used material data. Response at high humidity and
temperature conditions however differed from the experiments due to different moisture
content of foam core in the sandwich beams and the foam specimens used in Chapter 1.
The size of damage in the core was also related with the residual strains for damage
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detection purposes. However, prediction of the unloading behavior and residual state was
less accurate due to the simplified tensile behavior of the crushable foam model.

Chapter 5 suggested an improved material model for the core material to be used in the
finite element analysis. The new model was based on the crushable foam in ABAQUS.
Degradation of elastic modulus during compression and tensile response of the foam
were implemented based on experimental data. The predicted unloading behavior of
indentation loaded sandwich beams was notably improved by the new model compared to
the crushable foam model. The new model was also able to provide more accurate
prediction of the residual state as was later shown in Chapter 6.

Chapter 6 presented a fiber optic distributed strain monitoring system for damage
monitoring in foam core sandwich structures. A Rayleigh scattering based system was
used to monitor strain distribution along optical fibers embedded in the adhesive layer of
sandwich structures. The system provided high resolution strain data during indentation
loading. Damage detection ability of the system was studied by conducting experiments
using sandwich beam and panel specimens. Sandwich beam specimens were indentation
loaded at various temperature and humidity conditions and the strain distribution in the
adhesive layer was monitored. The effect of environmental conditions on the indentation
response was also seen in the measured strains. Comparison with analysis results showed
good correlation, especially with the improved model. Indentation damage detection
ability was also verified on sandwich panel specimen. Finally, a sandwich panel
demonstrator closer to real life applications was used to show the system’s ability to
detect low velocity impact damage. Damage was detected and the location and size of the
damages could be estimated even when no damage was visible in the face sheets.

This thesis has therefore shown the indentation response of foam core sandwich
structures at various temperature and humidity conditions experimentally and by finite
element analysis. Also the residual state after indentation could be predicted with good
accuracy using an improved material model for the foam core. Also, a fiber optic
distributed monitoring system was presented for accurate indentation and low-velocity
impact damage detection and its operation was verified experimentally. Based on the
analysis results, the size of the damage can also be accurately estimated from the
monitoring data.

7.1. Future works

Some future topics for future works based on the results of this research are suggested as

follows:

- A way to accurately determine the moisture content of the foam should be developed,
as it has notable effect on the foams loading response but keeps changing constantly
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with the surrounding conditions. The moisture content could then be related with the
mechanical properties of the foam.

Effect of humidity and low temperatures on the response of the foam material.
Freezing of moisture in the foam might damage the polymer material and thus lead to

unpredictable response under compressive or tensile loading.

Inclusion of viscoelastic effects in the finite element analysis to improve the
indentation loading prediction, but also to predict the residual state after relaxation in
the core has occurred.

Monitoring during manufacturing of sandwich panels to possibly detect voids or
insufficient bonding of core and face sheet. Also accurate measurement of thermal
strains and their utilization in indentation analysis can provide improved prediction
on the strength of the structures.
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Appendix A. Empirical model for foam parameters

Based on the foam loading tests experimental results, an expression can be proposed to

estimate the foams properties related to the combined temperature and humidity

conditions. The parameters can be plotted against the moisture content of the foam by

using the moisture contents estimated for the foam specimens at the tested humidity

conditions in section 2.3. The elastic modulus, for example, seems to degrade nearly

linearly with increasing moisture content as shown in Figure A.1. The actual moisture

content might however differ notably from the estimated values, so more profound study

on the subject is needed.
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Figure A.1 Elastic modulus plotted against moisture content of the foam specimens.
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According to Gibson and Ashby [12] the Young’s modulus E and compressive yield stress

oy of closed cell foam can be estimated by equations

N

Oy p Po — Pet
%~ 0.05 (—) 4 B0 Pel (A1)
ES S ES
E p* 2
L (—) (A2)
-0\,

where E; is the elastic modulus of the foams parent polymer material, p’ is the foams
density, psis the parent materials density, po is outside air pressure, pe is the air pressure
inside the cells, C, is material parameters and ¢ is the fraction of solid contained in the cell
edges. The latter part in Equation A.1 can be ignored as the pressure inside the cells is close
to normal air pressure when the cells start to collapse. Therefore the Young’s modulus and
yield stress of the foam are linearly related to the elastic modulus of the polymer material
of the foam. For the Young’s modulus of the polymer material at different temperatures,
Gibson and Ashby [12] also provide equation

Es(T) = Ego <1 — Um 1) (A.3)
Tg

where E is the parent materials elastic modulus at 0°C, T, is the glass transition
temperature of the parent material and o, is a material parameter. The stiffness of the
polymer thus reduces as the temperature gets closer to the glass transition temperature of
the parent polymer material. By substituting Equation A.3 into Equation A.land A.2 and
grouping all constant values gives

oy = Ago(1— By-T) (A.4)

E = Ago(1— BgT) (A.5)

where Ay and A are parameters related to the 0°C temperature condition and B, and B,
are material parameters. At constant temperatures humidity can be thought to have similar
kind of response on the foam as the temperature in Equations A.4 and A.5 due to the
polymer being plasticized by diffused moisture. However, humidity also reduces the glass
transition temperature of the parent polymer material of the foam [91]. This means that the
effect of temperature and humidity cannot be regarded as separate phenomena, but are
related to each other. Based on these considerations, a model for the combined effect of

temperature and humidity on the foams material properties is now proposed as

f(T,M) = fy(1 — Bp-T — By'M — By T-M) (A.6)
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Appendix A. Empirical model for foam parameters

where fj is the value of the material property at 0 °C temperature and 0 % moisture content,
Br and By, are constants for the effect of temperature and moisture content respectively,
and By is constant for the combined effect of temperature and moisture.

Equation A.6 was fitted into experimentally obtained data on the foams Young’s modulus
and yield stress by least squares method using the estimated moisture contents of 2.8%
and 8% for the ambient and wet conditions respectively. The fitted values obtained for the
parameters are as shown in Table A.1. The fitted data for the elastic modulus is depicted in
Figure A.2 in the temperature, moisture content space and shows how the modulus
decreases with increasing temperature and moisture content. It should be noted that at
higher temperatures near the glass transition temperature of the material, the behavior of
the foam might change notably and is thus out of the scope of the current model.

Table A.1 Fitted parameter values for foam material properties.

Young’s modulus E Yield stress o,
fo 53.40661188 1.152405923
Br 0.002356504 0.003780831
Bu 0.017404675 0.023357569
Brm  0.000190656 0.000095233
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Figure A.2 Elastic modulus as function of temperature and moisture content.
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Appendix B. Humidity and density of the foam

Uniaxial compressive loading tests were conducted also with other densities of the PMI
foam to study if the effect of humidity changes with the density of the foam. The tested
foam densities are shown in Table B.1. Results for different densities are now compared
using the analytical model by Gibson and Ashby [12]. They give an expression for the
elastic buckling stress normalized by the elastic modulus of the parent material as

%l _ c(p—) (B.1)

where E; is the elastic modulus of the parent polymer material, p* is the density of the
foam and ps is the density of the parent polymer. The coefficient C depends on the
geometry of the foams cell structure and is now obtained by fitting the model with the
experimental data from dry conditions and is now approximately 0.085.

Figure B.1 show the correspondence of the experimental and predicted values. For the
dry and ambient condition foams the experimental values fit rather well with the model,
but for the wet foams the experimental values are higher than the predicted. The
difference might be caused by the plasticizing effect of the moisture in the polymer. In
the ambient and dry foams the initial yield will mostly happen by elastic buckling of the
cell walls as the moisture content is low. In the wet foam, however, the polymer starts to
deform plastically before the cell walls should buckle elastically. Also the elastic modulus
of the polymer material is reduced with increasing moisture content. The model should
therefore include some corrector which would take the effect of moisture into account.

Table B.1 Used foam materials and their densities.

Density Density
Foam
(Measured) (Manufacturer [32])
WF 51 59.9 kg/m’ 52 kg/m’
WF 51(0ld batch) 53.5 kg/m’ 52 kg/m’
WF 110 110.9 kg/m’ 110 kg/m’
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Adding correction factors for the elastic modulus of the polymer and for the effect of
moisture on the elastic buckling into Equation B.1 gives

x. 2

Oel p
=C (—) + CyM (B.2)
CpMEs Ps M

where C,v defines the effect of moisture on the polymer materials elastic modulus, Cy
defines the effect of moisture on the yield stress and M is the moisture content of the
foam. Assuming that the stiffness of the polymer drops by 10% at the wet conditions
defines Cyy as 0.9. Cy can be defined by fitting the model to the experimental results of
the wet foam, which then gives a value of -6.57-10°. The new values are shown in Figure
B.2 and fit well with the experiments. Similar procedure should be possible also for the
elastic modulus of the foam which has similar expression.

It seems that the behavior of the foam material at various humidity conditions is similar
for all densities. This verifies that the humidity mostly affects the parent polymer material
of the foams. With the suitable correction factors taking the effect of humidity into
account, the response of other foam densities can be evaluated by experimental data done
with just one density.
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Figure B.1 Comparison of experimental and predicted normalized yield stresses.
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Figure B.2 Comparison with moisture corrected predicted values.
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