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ABSTRACT
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ELECTROMAGNETIC TRANSMISSION PERFORMANCE
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Manufacturing Engineering MSc. Dissertation, December 2020
Thesis Supervisor: Assist. Prof. Dr. Murat BUYUK

Thesis Co-Advisor: Prof. Dr. Mehmet YILDIZ
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Free Space Test, Indentation Test, Scanning Electron Microscopy

This study aims to investigate the electromagnetic transmission performance of
composite radome sandwich panel structures used in aviation and to cluster the damage
mechanisms caused by barely visible impact damages within the panels with the Acoustic
Emission (AE) method. Two different sandwich radome panel samples consisting of skin
materials made of E-glass and aramid prepregs and Nomex® honeycomb as the core
material are examined in the research. Flat sandwich panels with equal skin and core

thicknesses are produced by the hot-press curing method.

Measurements of the electromagnetic transmission and reflection coefficients are
performed by the free space test method in the frequency range of 5-25 GHz. As a result,
transmission coefficients including dielectric coefficient and loss tangent values of the

panel and its constituents are obtained experimentally. Sandwich panels are numerically

iv



modeled as a multilayer substrate by using Hyperworks® FEKO software, where the
material parameters that are obtained from the experimental study are used as the input
for the model. Planar Green’s function approach is used as the solver for the
electromagnetic simulations and it is found that the results correspond well with the
experiments. As a result, the aramid sandwich panel sample is showed better
electromagnetic properties compared to the E-glass sandwich panel sample within the

specified frequency range.

Barely Visible Impact Damage (BVID) characteristics are investigated in the
samples with the quasi-static indentation test approach and the data obtained by the
acoustic emission sensors are subsequently clustered with the k-means algorithm to
examine and categorize the damage mechanisms that occur in the structure. GAP function
is used to specify the optimum initial clustering value of the k-means algorithm. Aramid
sandwich panel sample is deformed under the indentation loading and several different
damage mechanisms are observed throughout the sample like matrix cracking, fiber
breakage, and core crushing. Unlike the aramid samples, debonding and delamination are
observed at the interface of the prepreg and core structure within the E-glass sandwich
panel sample. Different failure and damage mechanisms within the microstructure are
also verified by SEM images. Finally, it has been found that the acoustic emission method
can be a useful approach in the damage classification of radome sandwich panels under
quasi-static indentation loading. Besides, aramid sandwich panel can be a more suitable
material for radome applications in high frequency operating conditions due to its low

transmission losses and high structural strength against indentation loads.



Ozet

AKUSTIK EMISYON ESASLI HASAR KARAKTERIZASYONU VE
ELEKTROMANYETIK ILETIM PERFORMANSI KAPSAMINDA C-TiPi
KOMPOZIT SANDVIC RADOM PANELLERININ COK DiSIPLINLI
ARASTIRILMASI

Fatih UZUN
Uretim Miihendisligi, Yiiksek Lisans Savunmasi, Aralik 2020
Tez Danismani: Dr. Ogr. Uyesi Murat BUYUK

Tez Ikinci Danismani: Prof. Dr. Mehmet YILDIZ

Anahtar Kelimeler: Radom, BVID, K-ortalamalar1 Kiimelendirmesi, Sandvi¢ Panel,
Akustik Emisyon, Bos Alan Testi, Girinti Testi, Taramali Elektron Mikroskobu

Bu ¢aligmanin amaci, havacilikta kullanilan kompozit radom sandvig yapilarinin
elektromanyetik iletim performanslarin1 incelemek ve neredeyse gorinir darbe
hasarlariin paneller igerisinde neden oldugu hasar mekanizmalarin1 Akustik Emisyon
yontemi ile (AE) kimelemektir. E-cam ve aramid regine emdirilmis kumaslardan
yapilmis ylzey katmanlarindan ve ¢ekirdek malzeme olarak Nomex® altigen petekten
olusan iki farkli sandvi¢ panel numunesi incelendi. Esit yiizey ve ¢ekirdek kalinliklaria

sahip diiz sekilli sandvi¢ paneller sicak pres kiirleme yontemi ile tiretilmistir.

Elektromanyetik iletim ve yansima katsayilarinin 6l¢timii, 5-25 GHz frekans

araliginda bos alan testleri ile gerceklestirilmistir. Panel ve bilesenlerinin dielektrik
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katsayis1 ve kayip tanjant degerlerini igeren iletim katsayilar1 deneysel olarak elde
edilmistir. Sandvig paneller, Hyperworks® FEKO yazilim1 kullanilarak ¢ok katmanli bir
tabaka seklinde sayisal olarak modellendi ve ¢dzdur yontemi olarak Planar Green'in
fonksiyonu yaklasimi kullanilmistir. Bos alan testlerinden elde edilen elektriksel
malzeme parametreleri sayisal model igin girdi olarak kullanilmistir. Elektromanyetik
simiilasyon ¢iktilart deneylerle miikemmel bir sekilde oOrtiistiigii goriilmiistiir. Sonug
olarak, aramid sandvi¢ panel numunesi, belirtilen frekans araliginda E-cam sandvig panel

numunesine kiyasla iistiin elektromanyetik 6zelliklerle sahip olarak davranmaktadir.

Neredeyse Goriiniir Darbe Hasarlar1 (BVID) yar statik girinti testi yaklagimu ile
numunelerde incelenmis ve akustik emisyon sensorlerinden elde edilen veriler daha sonra
panellerde meydana gelen hasar mekanizmalarini siiflandirmak i¢in k-ortalamalari
algoritmasi ile kiimelenmistir. Akustik emisyon veri noktalarmin optimum kiime sayisini
belirlemek icin GAP fonksiyonu kullanilmistir. Aramid sandvi¢ panel numunesi girinti
yiiklemesi altinda deforme olmustur ve numune boyunca matris ¢atlamasi, elyaf kirilmasi
ve cekirdek ezilmesi gibi birka¢ farkli hasar mekanizmasi gézlemlenmistir. Aramid
numunelerinden farkli olarak, E-cam sandvic panel numunesindeki Ust tabaka ve ¢ekirdek
yapisinin arayliziinde bag ayrilmasi ve delaminasyon gozlenir. Panellerin mikroyapisinda
AE ile elde edilen hasar tipleri, kirik yiizeylerin Taramali1 Elektron Mikroskobu (SEM)
caligmalart ile dogrulanmaktadir. Son olarak, akustik emisyon yonteminin yari-statik
girinti yliklemesi altinda radom sandvi¢ panellerin hasar siniflandirmasinda faydali bir
yaklasim olabilecegi bulunmustur. Ayrica aramid sandvig¢ panel, diisiik iletim kayiplari
ve girinti yiiklerine kars1 yliksek yapisal mukavemeti nedeniyle yiiksek frekansl calisma

kosullarinda radom uygulamalari igin daha uygun bir malzeme olabilir.
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CHAPTER 1

1. Outline of the Thesis

Chapter 2: Provide details about the history and background of the radome
types and materials. Next, explains the problem description and main focus
items of the thesis. Fundamental equations and the terms that are related to the
dielectric theory are mentioned. The free space test method and the literature
findings of this method are given. Technical explanations and related studies
about the methods which are used in the rest of this research such as acoustic

emission and scanning electron microscopy.

Chapter 3: provides detailed information about electromagnetic compatibility
simulations and experimental research. The production method and the
parameters that are related to sample dimensions are given. Key parameters
such as sample physical properties, the frequency band of the tests.
Assessments of the electromagnetic research steps. Results and discussions

about the transmission and reflection loss of the samples.

Chapter 4: It contains information about the acoustic emission test setup and
techniques used during measurement. Interpretation of quasi-static test results.
How the acoustic emission data are clustered with the k-means algorithm and
damage criteria are defined. Comparison of aramid and e-glass sandwich

panels in terms of structure

Chapter 5: concludes the research with a comparison of samples in terms of
an ideal radome material requirements by synthesizing the electromagnetic
and structural test and analysis results. To explain the suitability and adequacy

of the methods used in the research.



CHAPTER 2

2. Literature Review

2.1 Definitions

A radome is a protective structure that acts as an electromagnetic window and is
developed to ensure that antennas and similar structures are not affected by environmental
conditions and protected against damage. The word “Radome” is derived from the
combination of the words “radar” and “dome”. For the radomes to operate in a proper
way, they must concurrently be designed to withstand some of the structural loads such
as bird strike, runway debris, hail strike, and aero-related loads. They must also transmit
radio frequency (RF) waves with a minimal loss under operational conditions. Generally,
it is necessary to make a smart trade-off between electromagnetic and mechanical design
parameters when designing a radome that serves the desired performance and purpose.
The electromagnetic performance of an antenna protected with a radome structure is
always affected due to interaction between the radome material's interface and the
electromagnetic field. Parameters such as amplitude, phase, and polarization changes, and
the near electromagnetic field of the antenna causes distortion [1]. One of the most
important factors in radome design is the environmental conditions and it also affects the
type of material, wall type, and radome shape. All radome designs should be made by
considering the structural loads, operating temperatures, parameters such as vibration,
humidity, and rain.

Radomes are classified by the MIL-R-7705B standard according to the platforms in
which they are used and details of their wall designs [2]. Radomes are classified according
to their general purpose of use and the platform in which they are used; as Class I (flight
vehicles), Class Il (surface vehicles) and, Class Il (fixed ground installations). Radomes
are also classified into five basic groups according to dielectric wall design types and

configurations as illustrated in Figure 1 and the details can be listed as:



A-Type radomes are called monolithic half-wave wall structures.

B-Type radomes are also monolithic structures but in this type of radomes, wall
thickness is thinner than A-Type radomes and it has a thickness less than 0.1A
(wavelength) or less than this value.

C-Type radomes have a sandwich panel structure and are also called a-sandwich
multi-layer wall. There are two high-density face sheets in the panel design with a
lower density core materials in between. The dielectric constant of the core material

is lower than the skin material’s dielectric constant.

D-Type radomes are very similar to C-Type radomes in terms of construction. They
consist of high-density skin and low-density core material. They contain five or more
skin layers and consist of more than two core materials. By increasing the number of

layers, it is ensured to operate at broadband frequency.

E-Type covers all remaining radome types. B-sandwich radome structures are in this
class. Unlike A-type radome sandwiches, they are composed of low-density skin and
high-density core material. The dielectric coefficient of the core material is greater

than skin material.

1 A-Tvpe monolithic wall
: C-Type (a-sandwich)
ﬁ low dielectric constant foam core

m C-Type (a-sandwich)
¢

————  low dielectric constant honeycomb core

E-Tvpe (b-sandwich)
high dielectric constant core

D-Tvpe double sandwich

D-Type multilaver sadwich

Figure 1. Radome sandwich panel configurations.



Considering that C-Type a-sandwich radomes are used in aviation applications,
various parameters of this type posseses importance with the material selection.

A-sandwich radomes usually have a core material that has a low density and low
dielectric coefficient between the skins with high dielectric coefficient and density. In a-
sandwiches used in aviation applications, fiberglass is often chosen as the skin material
and phenolic honeycombs are often preferred as the core material [2]. The thickness of
the skins is often chosen as 0.75 mm or more to provide the necessary structural strength.
An a-sandwich wall design is good in strength to weight ratio, also has good electrical

performance at low incidence angles.

One of the most important requirements of an ideal radome material is being
electrically highly transparent and providing the minimum transmission loss during the
passage of electromagnetic waves through the wall [3]. It is expected to be durable in
terms of strength throughout the flight lifetime of the part by maintaining its physical
integrity under aerodynamic loads, environmental conditions, and thermal loads. An ideal
radome material should also behave like ambient covering all electromagnetic
wavelengths in terms of electrical properties. While choosing the radome material, it is a
critical step to make the most suitable design trade-off between the material parameters

according to the desired application conditions.

Considering the electrical performance, the targeted properties that affect the radome
material are smaller values of transmission loss during electromagnetic wave radiation,
which are dielectric coefficient and loss tangent. For the radome structure to have a
suitable design in terms of construction throughout its operating life, parameters such as
strength, density, and durability of the material are important considering the mechanical
loads. For the radome material to behave stable under thermal conditions, thermal
conductivity, emissivity, thermal shock, and temperature changes are the parameters that
should be considered during the design phase. When the production processes and
methods are evaluated, environmental conditions and factors that will create

contamination should be avoided in order not to degrade the radome material.

For instance, a material with a low dielectric coefficient can be selected for radome

structures that will operate in a wide frequency band, while a material with a high
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dielectric coefficient can be selected for a narrower frequency band and minimum
aberration. Therefore, glass and aramid fiber-reinforced polymer sandwich structures and
composites in solid laminate forms stand out. General material properties of radome

structures are listed in Table 1:

Table 1. Material properties of radome structures.

Function Property Unit
Dielectric constant -
Loss tangent -
Electrical
Volume resistivity ohm cm
Dielectric strength kv/mm
Specific gravity -
Density g/lcm®
Mechanical Stress and Elastic Moduli N/m?
Poisson’s ratio -
Viscosity Poise
Specific heat cal/kg °C
Thermal conductivity callcms °C
Diffusivity cm?/s
Thermal Emissivity -
Thermal expansion per °C
Temperature °C
Radiation Rads

The materials that are chosen in today's radome technology are combinations of
layered composites such as E-glass, D-glass, aramid, quartz coupled with resin (matrix)
systems such as epoxy, polyester, polycyanete [1]. Foams and honeycomb structures are

generally preferred as the core material of the sandwich panels since they provide, low
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dielectric coefficients and increase the electromagnetic wave transmission performance
of the radome while increasing the stiffness in structural terms. Common radome

reinforcement and relevant resin types are given in Table 2.

Table 2. Composite skin materials in radome applications with relevant resin system
and fiber reinforcement.

Reinforcement Resin
Epoxy
E-glass Polyester
Polyimide
D-Glass Polycyanate
Epoxy
Polyethylene Polyester
Polycyanate
Kevlar Polyester
Epoxy
Polyester
Ouartz Polyimide

Polycyanate

Polybutadiene

Bismaleimide

2.2 History and Background

With the “Very High Frequency” radar mounted on slow-speed aircrafts that are used
during the Il World War, the need for the development of a radome that will protect the
antennas during the flight has emerged [2]. During 1940s, the need for the protection of
radars has increased because of the use of microwave radars. A photograph of a B-18A
aircraft with such a radome is shown in Figure 2. Due to the high-performance demand,

the radomes had to be designed to provide more precise transmission tolerances at larger



scales and short wavelengths [57]. In 1941, the first radome that was used in a real flight
was a thin-walled structure and its material was made of plexiglass. This radome, which
had a geometrically hemispherical structure, was like today's airborne radomes in terms
of construction. Plywood material was preferred for the radomes used in the early 1943's
and they had a thickness of approximately 0.25 inches [4]. During these years, radomes
made of plywood material were used in blimps and boats in the U.S. army, where,
moisture absorption was a significant problem. Moreover, alternative materials were

investigated since plywood was not a compatible material with curved geometries.

Figure 2. Photograph of a B-18A aircraft [2].

As a result of the studies carried out by the MIT Radiation Laboratory in 1944, the
first a-sandwich form consisting of 3 layers was developed. High-density fiberglass was
preferred for the skins of the sandwich panel, while a combination of polystyrene fiber
with lower density was used for the core material [5].

Since the World War 11, the development of radomes have continued in two different
areas of the material of choice. While radome structures with ceramic materials are
preferred primarily in hyper-velocity missiles due to heating, composite sandwich panels
are preferred in areas requiring high strength. The modern radomes that are used today



has a composite sandwich panel structure. A radome with a nose-shape that is constructed

with a composite sandwich panel structure is shown in Figure 3.

Figure 3. Radome-enclosed missile guidance antenna. (Photo courtesy of USAF
National Museum.)[2].

Computerized calculations and analysis methods have evolved to meet the
electromagnetic performance criteria required for new avionics and radars. The fact that
the parameters required for the design and analysis phase necessitate an interdisciplinary

study, which is essential to utilize computerized calculation techniques.

2.3 Problem Description

Designs consisting of composite sandwich panels constitute a large share of the
market of radomes used in areas such as aviation, defense, and maritime. Panels are
generally used in the form of a C-type sandwich consisting of thin shells surrounding a
thick core material. Radomes are used for the protection of antennas used in
communication and radar applications operating in different frequency ranges. Radome
design consists of many stages from concept to final product stage such as material

characterization, production management, mechanical and electromagnetic requirements,
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geometric shape design. The focus of the research in this thesis is the studies on the
material-based characterization stage.

The dielectric coefficient and loss tangent values are important in terms of
electromagnetic performance when choosing the suitable materials that make up the
radome structure. These parameters change depending on the frequency. X, Ku, and K
bandwidths have been chosen as the frequency range in which the radome will operate.
While making this choice, the frequency operating range of the antennas used in today's
modern aviation vehicles and generally located in the nose and fuselage structure of the
vehicle is considered. In this frequency band, the dielectric coefficient and loss tangent
values should be as low as possible for the radome to show the desired electromagnetic
performance and to have low transmission loss coefficients. In this way, electromagnetic
waves reach the antennas by passing through the radome wall with the least amount of
loss. It is aimed that the radome structure will serve as an insulating window between the
environment and antennas. The problem here is that in addition to the electromagnetic
characteristics of the radome, it should also provide the structural integrity of the system
by protecting the antenna structure mechanically from barely visible impact damage such
as aerodynamics loads, bird strikes, runway debris strikes, and tool drops during
maintenance. This type of damage is called barely visible impact damage because the
radome structures are mostly composed of composite materials, and although the
mechanical damages that will occur because of impacts at low speeds do not show
significant damage from the surface due to the composite material, damage mechanisms
such as fiber breakage, delamination, debonding and core crushing can occur. The results
obtained by performing quasi-static indention tests based on samples will be
demonstrated with the data obtained from acoustic emission sensors to detect such
damages in composite sandwich panels and to examine at what loading condition values
they occur. E-glass and aramid composite flat radome samples selected at the end of
experimental and computational studies are compared in terms of electromagnetic and

mechanical performances.



2.4 Dielectric Theory

When an external electric field is applied, materials with energy storage
capability are classified as “dielectric”. When a dielectric material is placed between two
plates parallel to each other and DC voltage is applied, more charge can be stored
compared to the absence of any material (a vacuum) between the two plates. In case a
dielectric material is used, neutralizing charges on the electrodes contributes to an
increase of the energy storage capacities of the capacitors. As mentioned above, there is
a connection between capacitance with a dielectric material and the dielectric coefficient.
The parallel plate capacitor AC schematic is given in Figure 5.

A
Co= 7 1)
C= Cyr' @
r_ o C
K= e = ®3)

®
W tIE/.'M'
5

Figure 4. Parallel plate capacitor, DC case [6].
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C and C, refer to capacitance with and without dielectric as given in Equation 1
and 2, k' = &, is the permittivity or dielectric constant as shown in Equation 3, A and t
are the geometrical dimensions of the capacitor plates (Figure 4.). If an AC sinusoidal
voltage is applied to the same capacitor at this time, two parameters named charging
current I, and loss current [; will be formed in the resulting current as given in Equation
4 and that is related to the dielectric constant. The losses in the material with a parallel

capacitor (C) are called conductance (G) as stated in Equation 5.

I=1.+1 =V (jwCok' +G) (4)
If G = wCyk", then )
1=V (jwCy) (k' — jK")=V(jwCy) k (6)
w = 2nf (7

Figure 5. Parallel plate capacitor, AC case [6].
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k refers to complex dielectric constant as given in Equation 8 and it is the
combination of two material electrical property as k' indicates the real part and means

storage, k'’ indicates the imaginary part and means loss.

The notation used in the literature for complex dielectric constant

interchangeability is as follows:

K =K =¢& =g, (8)

In terms of electromagnetic theory, description of electric displacement (electric

flux density) Dy is stated in Equation 9

Dy =¢E (9)

Absolute permittivity e consists of relative permittivity &, and free space

permittivity &, are shown in Equation 10 and 11
=g =¢g & (10)
£, =—x 10°F/m (11)

361

Permittivity is a complex quantity and is an electrical property of the material

which describes its relationship to the electric field E as given in Equation 12

K=—=¢& =& -j& (12)

12



We can evaluate the transmission losses of radomes by separating them into two
main factors. These parameters are related to the frame structure of the radome and the

material itself.

L=Lw +Lg (13)

The two most important parameters when evaluating the electromagnetic
performance while designing the radome are the permittivity and dielectric loss tangent
values. When the dielectric constant and loss tangent values of the material are analyzed
together with the wall thickness of the radome, the transmission and reflection
coefficients formed in the radome wall are calculated. The radome system's signal
scattering losses arising from the frame are expressed as given in Equation 13 with Lg.
The value of the wall transmission loss arising from the radome material is expressed as
insertion loss Lw and in many cases has less effect than the losses due to the frame
structure. While evaluating the electromagnetic wave transmission performance of the

material alone, the frequency-dependent insertion loss value should be analyzed.

2.5 Free Space Method Electromagnetic Test

It is important to characterize the radome structures in the form of sandwich panels
that have become final products by applying them to electromagnetic tests and obtaining
dielectric coefficients under different frequencies. If the final product radome structure
has different geometric dimensions at wall thicknesses determined by the electromagnetic
permeability tests performed at the beginning of the design cycle, it may cause shifts in
the frequency band of the radome [6]. For use to measure the electromagnetic properties
of the material in a predetermined frequency band, coaxial waveguide methods have been
proposed by Baker-Jarvis et al. [7] and Tereschenko et al [8]. In these tests, the sample in
the form of a sandwich panel is placed in a waveguide in the direction of the coincident
axis, and then an electromagnetic wave is applied, then scattering parameters are

obtained. The free space method, which enables to measure scattering parameters more
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comprehensively and easily in large-sized samples, is proposed by Baker-Jarvis et al [7].
In past studies, the dielectric coefficient was obtained by making electromagnetic wave
measurements of the material at a frequency of 30 GHz and above using the free space
test method [9]. In recent years, with the developments in microwave network analyzers
and the use of horn antennas that can provide better focus in the far-field, precise
measurements can be made in the frequency bands in microwaves in the free-space
method. The free-space test method has many advantages over the coaxial waveguide
method. Measurements of dielectric coefficient with the free space method are a non-
destructive method in terms of sample integrity. It is also ideal for high-temperature
dielectric measurements as it does not require any contact on the sample. In the cavity
waveguide method, because the sample is machined according to the cross-sectional areas
of the waveguide, the sensitivity values during processing affect the accuracy of the
measurement values of the sample. Since the electromagnetic waves emitted from the
antennas during free-space measurements can be focused according to the position of the
sample, there is no need to use a test fixture [10]. Figure 6. shows the measurement setup

of a free-space method test with S-parameter configuration.

/ |

Figure 6. Free-space electromagnetic test setup with dual horn antennas [10].
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2.6 Fiber Reinforced Polymeric Composites

Fiber-reinforced plastics are composite materials made up of two main parts. The
fiber and the matrix. Matrix is a continuous and homogeneous medium where it binds and
holds the fibers together. Fibers are continuous long strings with very low stiffness and

high tensile strength.

FIBER MATRIX COMPOSITE

Figure 7. Composition of a composite plate with a chopped fiber content [67].

In FRP applications fibers can be selected from a wide range of materials such as
carbon, glass, aramid, paper, basalt, etc. The polymer matrix is usually an epoxy resin,
phenolic resin, vinyl ester, or polyester thermoset. Although the main selection factors
are the structural properties, weight, and price of the material it is also important to

consider ambient temperatures, humidity, and chemical contacts with the material [11].

In general, composite parts are a combination of two different materials with
different mechanical and chemical properties as shown in Figure 7. The reason for the
combination is to tailor-made a specific property material. Fiber-matrix combination can
be altered to achieve specific mechanical and electrical properties such as dielectric

properties, acoustic properties, or thermal properties [12].

Due to the ability to be tailor-made, FRP applications are used in advanced
engineering applications, the aviation sector, military, and infrastructure where the weight

to strength ratio is important.
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One of the most common polymer matrixes is Thermoset resins. Most of the time
these resins are in form of liquids before the curing process. They are turned into solid
polymers by the process called polymerization. The polymerization process starts around
the curing temperature and changes the chemical properties of the liquid resin by
establishing cross-linked structures starting from the jellification stage until the curing
completes. Due to the cross-linked polymers, the structure becomes completely solid and
the process cannot be reversed back to the liquid stage after setting, hence called
thermoset. Since thermoplastics cannot be reshaped due to the irreversibility of the
process, they perform great in conditions with high heat and pressure without
significantly losing its strength [13]. That is why thermoset plastics are mainly preferred
by the aerospace industry. Overall thermoset materials are more resistant to solvents and
corrosive environments. However, due to their thermoset properties, these polymers
cannot be recycled. In some cases, it might be possible to recycle the thermoset polymer,
but the energy required makes this process unfeasible. There is a new class of thermoset
polymers that can be recycled, called polyhexahydrotriane’s but due to the strong acids
required to dissolve the thermoset, it is not a preferred material.

Thermoplastic polymers are plastic polymers that can be reshaped with a specific
heat applied. Although the recyclability is not infinite, it can be recycled many times
which makes thermoplastics more sustainable and ecofriendly. Ability to soften and
reharden the material allows ease of manufacturing for complex geometries with
techniques like thermoplastic welding, heat press molding, extrusion, and injection
molding [14].

/— Cross Link

(A) Thermoplastic (B) Thermoset

Figure 8. Thermoplastic polymer chains, b- Cross-link bonds [68].

16



Thermoplastic polymers have links of polymer chains that holds the monomers
together as shown in Figure 8. When compared to thermoset polymers, thermoplastics
have weaker intermolecular forces between the polymer chains. Since thermoplastics do
not have cross-links between chains when heated energy required to break the polymer

chain decreases making the material malleable.

Thermoset polymers have strong covalent type bonds between the polymer
chains. Due to the cross-link between the chains, the material does not soften or changes

chemical properties when heated. Main categories of matrix types are given in Figure 9.

Matrix

Polymers Metals Ceramics
[Thermosetting Thermoplastic Aluminum Alumina
Epoxies Polycarbonate Titanium Zirconia
T“ﬁéwi;ifé‘;?“ bué“:?éﬁéiiit?;ne 'f;n Sifica ;rb-de
Cyanate esters Polysulfone Igéf“'g':‘:ﬁgi: Silica nitride
Themmaosetting Polyetherimide Carbon (graphite,

polyesters

Unsaturated Polyether ether

polyesters ketone
Vinyl esters

Silicones

Phenolics

Figure 9. Matrix types and subcategories [69].
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Fibers used in FRP applications can be organic or inorganic. These fibers are the
main component of the composites that defines the structural properties. For high-
performance applications, most of the time carbon, aramid or boron fibers are preferred
[15]. Usually, these high-performance fibers are selected either because of their high

tensile strength or their chemical properties [16].

Fabrics made from these fibers usually come in two main types: Unidirectional
fabrics or woven fabrics. Unidirectional fabrics consist of all fibers oriented in a single
direction. Single direction run with no weave ensures that there are no gap is present
between the UD fibers. Fibers mechanically best perform when the forces applied are
along the direction of the fiber grains. Compared to woven fabrics, Unidirectional fabrics
have higher fiber density in the selected direction which results in better mechanical
properties [17].

Woven fabrics are made up of weaved fibers on a warp and a weft. Many different
weaves are used with different visual and mechanical properties. Generally, woven
fabrics are much easier to work with when compared to UD fabrics. During draping,
woven fabrics tend to have better structural integrity due to interlaced fibers holding the
fabric together. The most common and main types are plain weave, twill weave, harness
satin weave, and spread woven tow. Depending on the application a certain type of weave
might be more efficient to use. High-end automotive sector tends to use twill fabrics more
than unidirectional counterparts because of the esthetic properties and the better
workability during the draping process [18].

Due to the nature of the fibers, fiber-reinforced plastics are anisotropic materials.
Anisotropic materials show different mechanical properties in each direction as shown in
Figure 10. In reinforced polymer composites the direction of the fiber grain is usually
oriented with the line of force to achieve the best mechanical resistance against the loads.
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HETEROGENEOUS

HOMOGENEQUS

ANISOTROPIC

ISOTROPIC

2.7 Honeycomb Sandwich Structures

Top Facesheet

Figure 10. Heterogenous isotropy/anisotropy, Homogenous isotropy/anisotropy [70].

Sandwich composite constructions are mainly used in aerospace and space
applications due to low-weight requirements while maintaining a high in-plane stiffness,
with a low cost of manufacturing. Composite sandwich panels consist of 3 main parts:

The face sheet, core material ,and adhesive film as given in Figure 11.
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Figure 11. Schematic of a honeycomb sandwich panel with its main components [71].



The two thin, high-strength face sheets sandwich the thick core material in the
middle. A layer of the adhesive film is used between the face sheet and core structure to
ensure that the bonding interface is strong and can withstand against the shear loadings.
Ultimately a sandwich structure acts as an I-beam as shown in Figure 12. The core
material is the lightweight web that supports the load-carrying surfaces, the flanges. Due
to the range of materials available, lightweight materials are the usual choice for the core.
Being lightweight allows for the thicker core structures to be present in the sandwich
without sacrificing the overall weight. As a result, an increase in the thickness of the core
material increases the overall flexural stiffness of the structure. The use of a core material
combined with high-strength surface sheets allows lightweight and stiff structures to be
built efficiently [19].

Adhesive —__

Honeycomb core

Facing skin

Sandwich panel I-beam

Figure 12. Side to side schematics of a sandwich panel and an I-beam. [72].

There is a wide range of materials available at the market for the selection of core
structures. They can be categorized under aluminum honeycombs, Nomex honeycombs,

thermoplastic honeycombs, and stainless-steel honeycombs.

A few examples commonly used materials are steel, aluminum, fiberglass, balsa,
pvc, aramid and open and close cell foams. Based on the application, operating
temperatures, electrical conductivity, magnetic properties, vibrational damping, humidity

and loads, appropriate material selection can be achieved. This wide range of material
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selection enables the engineers to tailor their needs with the appropriate materials to suit
the design specifications [20].

When in-plane and bending loads are applied to the structure, the upper skin of
the panel bends towards the direction of the force applied as shown in Figure 13. Due to
the geometric properties, this bending results in the lower face sheets going under
compression while the upper face sheet goes under tension. While the core structure does
not carry most of the loads, it transfers the load through the thickness, carrying through-
the-thickness shear loads. Stiffness and strength values of sandwich panels in terms of

thickness are shown in Figure 14.

Skin in tension

Core in shear

Skin in compression

Figure 13. Sandwich panel under load. (The load is carried by the face sheets and the
core structure is in shearing.) [73].

Solid Material Core Thickness Core Thickness
t
v
¥

ﬁ:l op LT | 44

x i F N
Stiffness 1.0 7.0 37.0
Flexural
Strength 1.0 3.5 9.2
Weight 1.0 1.03 1.06

Figure 14. Sandwich panel stiffness, flexural strength, and weight for various core
thicknesses [74].
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Compared to balsa, open-cell foam and close cell foams, honeycomb structures
offer greater stiffness through their thickness. This through-thickness stiffness provides
increased support to the faces, therefore increases the overall flexural strength and
rigidity. Other than the material itself the type of the cell structure plays an important role
in the selection process too. The most common cell shape in the commercially available
honeycomb is the hexagon. Hexagon is the most efficient shape to distribute the load
evenly throughout the structure. The alternative cell types can be used for different
applications. Different shaped core structures such as flex-core can have better drape
ability than the standard hexagon cell core [21]. Various core types are given in Figure
15.
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Figure 15. Various core structure cell types [22].

Honeycombs are stronger and more rigid in their length direction. The reason is
that adhesive lines are aligned in the direction of the cell height and this direction strength
and flexural stiffness are solely depend on the strength of the bond interface. Therefore,

the direction of cell height is much weaker than the direction of the length. However, the

22



direction of cell thickness has the greatest compressive and tensile strength. These
different behaviors and properties in each direction make honeycomb structures

anisotropic [23].

2.8 Scanning Electron Microscopy (SEM)

As a result of various mechanical tests, scanning electron microscopy, one of the
methods of analyzing composite topographic samples, enables the determination of the
shape and size distribution of the parts that make up the object, and the determination of
the number of elements and compounds. The scanning electron microscope method is
widely used in the observation of damage mechanisms, especially in composite samples,
since it can reach higher levels than the focal depth of the light metal microscope. With
the SEM imaging method, images with the high surface resolution of nanomaterials in
the nano-size range can be obtained [58]. In SEM microscope, scanning coils are used to
scan the sample surface with the electron beam and obtain images. The signals generated
by the electrons coming to the surface of the sample through the optical column and
interacting with the sample are detected with appropriate detectors and provide various
information about the sample, such as topography and composition. The SEM equipment
which is used in this research is shown in Figure 16. However, this information is only
taken from the point where the electron beam hits the sample. Scanning should be
performed by moving the electron beam from one point to another in order to be able to
examine and create an image at other points of the sample. Scanning can be defined as
moving the beam at various positions on the sample surface by changing the current in
the scanning coils over time. The response created by the beam moving in X and Y
coordinates on the sample surface is monitored with the help of detectors. The image is
created synchronously with the scan on the CRT with the system controlled by the same
scan generator. In order to create an image, the area scanned in the x-y direction on the
sample must also be created on the CRT screen at the same time. Every point on the
sample is reflected on the CRT screen exactly. In the SEM microscope, in order to create
the image, different types of signals separated from the surface as a result of electron and
sample interaction must be collected and processed by the electronic equipment
connected to the system. Detectors collect these signals and convert them into electrical
signals. The signal generated in each half is transmitted to separate electronic circuits.
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When the difference between these two signals is taken, an image reflecting the
topographic characteristics of the sample is obtained, and when these two signals are
collected, an image is obtained according to the chemical composition of the sample.
While the image is obtained as a result of electron beam-sample interaction, the signal
intensity perceived by the detector is used to adjust the brightness on the CRT screen.

Black, low signal intensity; gray, medium signal intensity; white indicates high signal
intensity.

Damage occurs when the principal stress affecting the core material in the
sandwich panels exceeds the yield stress and this is called core failure. The types of
failures seen in composite parts such as separation of the adhesive film between the core

and face sheet layers, matrix and fiber breakage can be examined in detail with SEM. (59)
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Figure 16. Leo SUPRA 35VP FEG-SEM measurement device [75].
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2.9 Planar Green’s Function Approach

In the selection of the radome wall material, the reflection loss and transmission
loss values of the electromagnetic waves at certain frequency and incident angles are one
of the determining performance criteria independently of the geometric structure of the
radome [24]. After characterizing the transmission loss values, the optimum radome wall
material can be designed in accordance with the geometry required by the application.
There is more than one method where reflection loss and transmission loss values can be
calculated by computational electromagnetic analysis of radome arrays with single and
multiple dielectric wall structures. Planar Green's function method is the method that can
give the most accurate approach and is the most computationally effective method [25].
Thanks to this method, the transmission loss values of a radome wall with C-type
sandwich structure can be realized in different incident angles and a wide frequency band

as shown in Figure 17.

In the Planar Green’s function method, radome wall structures with multi-layered
finite thickness arrays are implemented into the model as infinite 2-dimensional planes
as shown in Figure 18, and the electromagnetic properties of dielectric layers can be
defined separately. Thanks to the dielectric layer modeling with planar infinite
dimensions, the performance of electromagnetic waves scattering through the radome

wall can be simulated with good convergence. [26]
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Figure 17. Radiofrequency wave acting on a spherical shape radome with specified
incident angles and assumption of locally tangent planar structure [26].
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Figure 18. Radome panel multilayered medium in terms of Planar Green’s theorem
[26].

2.10 Quasi-static Indentation Tests

Radome wall structures in aircraft have performance requirements that are
structurally required in addition to the purpose of electromagnetic waves reaching the
antennas with the least amount of transmission loss by seeing a dielectric window
between the air and the antennas. Some damage mechanisms such as fiber breakage, fiber
debonding, matrix cracking, delamination, core crushing may occur in the sandwich
panel's face sheet, core or the adhesive layer between face sheet and core due to the impact
loads that radomes may encounter under operating conditions should be examined in
detail during the design phase. Barely visible impact damages occur on the sandwich
panel due to loads such as bird strikes, hail strikes, runway debris strikes, and maintenance
tool drops that cause impacts at low velocity. Some researchers have carried out academic
studies on quasi-static indentation tests in order to examine and characterize the damage
mechanisms on the sandwich panel. Sorous [66] carried out quasi-static indention tests
on sandwich panels and conducted damage behavior studies with force and indention
depth data. However, it has been found that the damage due to static indentation is visibly
the same as the damage caused by the impact. Oplinger and Slepetz [65] conducted quasi-
static indentation tests on sandwich panel samples with graphite/epoxy face sheet and
Nomex honeycomb core and conducted studies on impact resistance. As a result of this
study, they found that the damage mechanisms obtained as a result of the impact tests

with a small amount of quasi-static indentation tests are similar. They observed that the
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applied load had a linear trend up to the first indentation stage when the core crushing
damage occurred locally.

The factor that causes this difference to occur is the inertial forces under the
impact loading state. As a result of this study, one of the most important outputs of the
literature is that quasi-static tests can be used as a faster method instead of low-velocity
Impact tests to investigate the types of damage mechanisms that occur on sandwich panel

samples [63].

2.11  Acoustic Emission (AE)

It is one of the test methods used to detect cracks and similar damages that occur
due to the distribution of stresses in the internal structure of the parts. Although the
acoustic emission method shows similar features with ultrasonic imaging methods, there
are some differences between them. In the ultrasonic test method, the waves emitted from
a transmitter along the part and reach a receiver and the signal cycle is completed. In this
case, if the propagating wave passes through a crack or damage, its speed and amplitude
value decrease due to the absorbed energy. When the time and velocity values of the
waves that have not encountered the damage and passed through the damage are
compared, the length of the damage on the part is calculated. In the acoustic emission
method, the method of propagating sound waves over the part is also used, but the sensors
in this method are generally called piezoelectric sensors. Due to the stresses acting on the
sample shown in Figure 19, some damage and cracks occur in the sample after a while
depending on the loading condition. The sound wave propagates in the form of an impulse
due to the energy discharge at the time the damage occurs. Acoustic emission sensors
measure this sound wave amplitude and other acoustic parameters. If more than one
acoustic sensor is used on the sample, the location of the damage can be locally
determined by obtaining the difference between the times when the sound wave reaches
the surface from the point where the damage occurred and continues to move on the
surface. The acoustic emission method is more efficient when the loading conditions on
the sample occur dynamically and the damage activities that occur under low-stress

density loading conditions may not be fully detected [27]. Acoustic emission sensors are
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usually piezoelectric and convert mechanical waves into electrical signals between 30
kHz and 1 MHz frequency by parameterizing. Low-frequency acoustic waves are more
easily noticeable on specimens made of composite material because of high attenuation.
While evaluating the structural integrity of the material, information about the initial
damage and progress of the damages is obtained thanks to the acoustic emission method.
Acoustic waves are formed as a result of instantaneous deformation energy discharge
resulting from damage in the sample. Acoustic waves formed on the specimen surface
according to different frequency values can be recorded by piezoelectric sensors. Thanks
to the acoustic emission test setup, even waves with very low energy can be easily
obtained in certain frequency ranges. Composite sandwich panel materials are generally
exposed to out-of-plane loading conditions under operating conditions, and failures such
as delamination occur in the interphase regions, which are relatively weaker parts [28]. It
Is important to determine this and similar failure criteria because of the effects of
delamination on the stiffness of the sandwich panel [29]. Acoustic emission, which is one
of the non-destructive methods among the in-situ damage assessment methods on
sandwich panels, can be applied more easily than other methods. One of the most
important features of acoustic emission is to recognize the damages on the sample in real-
time and classify them according to the damage type [30-31]. The acoustic emission
method is a natural method created by transient elastic waves that occur from

instantaneous energy discharge in the material [32].

Various damage mechanisms such as fiber breakage, matrix breakage,
delamination, and debonding occur as a result of the loading of composite materials under
various loads [33-34]. One of the most important points in the acoustic emission method
is to distinguish different signals created by different damage mechanisms. The
researchers carried out some research on different parameters of an elastic wave such as
counts, acoustic emission energy, and amplitude in order to distinguish signals and
determine their damage mechanisms [35-36]. In the literature, studies of Kenji and Ono
[37], one of the supervised clustering methods was used in the classification of damage
mechanisms of carbon-reinforced polymer composite materials by the k-nearest method.
Supervised recognition methods are used if the number of damage mechanisms occurring
in the material is known in advance, while unsupervised recognition method is used if

there is no previous knowledge about the damage mechanisms. The neural network
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method has been used in some studies in the literature to classify damage mechanisms
different from acoustic emission signals [38-39]. Although classification methods
performed with neural networks give correct results, they are not very efficient in terms
of computational time and they have performance limitations due to the number of
neurons that need to be determined in advance and the network structure [40]. The
applications given in the above literature examples are mostly carried out with acoustic
emission signals in the time domain, but there is also important information for evaluating
the damage mechanisms in the signals in the frequency domain. The wavelet
transformation method, which is used by many researchers, has been used efficiently to
examine the signals in the time-frequency domain with the acoustic emission method [41-
42].

Although there are previous application using the acoustic emission method
regarding the investigation of the damage mechanisms of composite materials in the
literature, the number of studies conducted on sandwich panels is less. Until now, the
studies of a small number of researchers have included the examination of the acoustic
emission signals generated on sandwich panels. Quispitupa et al. [43] included the
acoustic emission signals arising under fatigue loading conditions of sandwich panels in
their research by using energy and amplitude parameters. According to the results, it is
possible to classify damage mechanisms in sandwich panels by the acoustic emission

waveforms.

The Keizer effect, which is named after the researcher who carries out acoustic
emission studies on the materials with the electronic test setup, is one of the main features
of this method. These types of acoustic emission waves cannot be reproduced when there
is no load condition greater than the previously applied load. In the research called felicity
effect, it has been shown that when a less or the same loading condition is achieved than
the previous one, acoustic emission signals are generated and can be recorded during the
experiment [44]. These types of acoustic emission waves emerge in the material and
vibrations created by the stress reaching the surface are detected by transducer sensors.
Considering the propagation patterns and waveform structures on the material, we can

divide the acoustic emission waves into three types. The wave type that occurs as a result
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of the overlapping of the resulting acoustic emission waves and where the values in the
amplitude graph are seen in a fixed way is called the continuous acoustic emission wave.
It is generally regarded as noise caused by the rubber on the sample or other
environmental factors. Burst type acoustic emission waves arise as a result of damage
criteria such as fiber breakage or delamination occurring in the sample under the loading
condition. The noise waves, which have a smaller amplitude than the acoustic emission
waves that occur during the damage, should be carefully detected and filtered when
evaluating the results. PZT sensors as given in Figure 19, made of ceramic material are

frequently used in a wide frequency band in acoustic emission applications.
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Connector /

A component of
the AE excites the PZT

Case ——>»
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Wear plate

| AE source

— ,
Propagating AE

Figure 19. Schematic of acoustic emission testing and PZT transducer [76].

While measuring with the PZT sensor, the surface quality of the composite sample
used and the way the sensors are adhered to the surface significantly affect the precision
of the measurement [45]. Due to the working principle of ceramic transducers, the normal
of the transient waves on the surface as a result of damage and the normal of the sensor
surface must be parallel to each other. The same cannot be said for the reflected waves
due to vibration, even if the stress components caused by the damage reach perpendicular
to the surface normal of the sensor. While choosing the transducers used in the
experiments, the frequency range of the waves that will occur on the part, and the

operating frequency curves of the sensors should be compatible. Sensors can work as a
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displacement transducer when there are waves propagating at low frequencies on the
sample, but it acts as velocity sensors when the incoming acoustic waves at high
frequencies [46]. The Hsu-Nielsen calibration method is used to check the connection and
sensitivity of the transducer sample. The working principle of this calibration method is
provided by the propagation of a broken pencil tip on the sample surface as if it were a
mechanical acoustic wave. Hsu states that a pen tip with a diameter of 0.5 mm should be
used during the use of this method and indicates that when the pen tip diameter is changed,
the characteristic of the acoustic emission waves changes due to the change in the
structure of the pen. Teflon should be placed between the pen and the sample surface to
obtain reproducible results in terms of accuracy [47]. In the recent studies, the researchers
examined various parameters of the signals in order to obtain meaningful results from
acoustic emission sensors. Researchers made evaluations about the damage mechanisms
by interpreting the acoustic emission data they obtained with different classification and
statistical methods. We can evaluate acoustic emission waveform data in 3 main groups

as frequency-based, hit-based, and activity-based.

Signals that occur in the form of sudden and time-dependent changes in acoustic
emission signals are called activity-based. The parameters that are important in this type
of acoustic emission signal are the number of hits obtained and the energy of the signal
[48-49]. Usually, the obtained number of hits data are cumulatively calculated and
analyzed. It is a method used for acoustic emission signals caused by friction in the

sample [50].

When a waveform is formed that fully meets the predetermined parameters such
as amplitude and time in the acoustic emission electrical test setup, it is evaluated as a hit
and this type of waveform is called hit-based. Thanks to being evaluated as a waveform
hit, it is separated from the noise waveforms originating from the test setup or other
environmental factors. Since hit-based waveforms are stress waves, they are evaluated
separately from other continuous waveforms recorded during the experiment. Various
methods are used to evaluate a waveform as a hit, the most common of which is accepting
waveforms with an amplitude value below or above a certain threshold decibel value.

When this technique is evaluated in terms of time, it has three important parameters.
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These parameters are called hit definition time (HDT), hit locked out time (HLT) and
peak definition time (PDT). According to the specified parameters, only when a
waveform reaches the required values in terms of time, the sensors save the waveform,
and a hit is obtained. There are components such as amplitude, energy and rise time in
the hit waveform, which has values above the threshold level [51]. The relationship
between these properties is shown in Figure 20. The results are interpreted by using
statistical processes such as adding or removing these components while processing the
waveform data obtained in the tests where acoustic emission measurements are

performed.

The waveform properties obtained from the process can then be turned into
histogram graphics and comments can be made about the damages that occur. The values
obtained in the histogram graph are an important evaluation tool in terms of the amplitude

differences they have about the damage mechanism in the sample.
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Figure 20. Acoustic emission hit based waveform features [77].

The waveform features obtained from the acoustic emission results can be plotted
concerning each other, and correlations can be created between them, which allows the
damage mechanism to be determined. In this way, instead of examining all the data points
obtained by the sensors, an examination can be made only among the hits caused by the
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damage mechanism. Since the elastic waves formed on the surfaces of the composite
materials provide high amounts of attenuation, the waves closer to the sensor can be
distinguished from the distant ones. While performing frequency-based waveform
analysis, computationally data storage is excessive. frequency-based waveforms include
many mechanical parameters related to the material. During the extraction process of the
waveforms, the modulus values of the material can also be calculated by obtaining lamb
waves as an example. There are two types of lamb waves, So and Ag. So mode is called
the lowest order symmetric flexural, and Ao mode is called asymmetric extension mode.
Different analysis techniques of these lamb wave types with different properties are called
modal acoustic emission [52-53]. There are many studies in which the acoustic emission
measurement method was used during the tests of composite materials [54-55]. Those
found in the range of 100-350 kHz according to the frequency of waveform hits are
associated with the matrix cracking damage mechanism. Fiber breakage damage was
observed in the acoustic emission data in the frequency range of 350-700 kHz [56].
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CHAPTER 3

3. Electromagnetic Transmission Performance of Radome Sandwich Panels

In this part of the thesis, the frequency-dependent electromagnetic transmission and
reflection loss performances of the radome sandwich specimens consisting of aramid, E-
glass skin and Nomex honeycomb core are evaluated both experimentally and
numerically. Specimens are subjected to free space electromagnetic tests in the frequency
band of C, X, Ku and K, besides their relative permittivity and dielectric loss values are
obtained. Electromagnetic performances of specimens and their constituents (face sheet
and honeycomb) are compared while verifying EMC (Electromagnetic Compatibility)
simulation results with the experimental outcomes. Research steps are shown in Figure
21.

Cured ply Flat-panel
Radome wall thickness specimen layup
material selection — X calculation of the —" and hot press
face sheets curing

l

4 ) 4 N 4 N

. ¢ Planar Green’s Extracting
Cotr::)?or:ocso function method frequency based
frequency results - _baSEd_ EMC - loss per.forma.nce
inC X Ku K simulations by and dl.electrlc
bar,\d\;vidt'h using Altair FEKO prOperjtles of the
software specimens by

\ / \ J \ free space tests J

Figure 21. Electromagnetic performance assessment of the research steps.
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3.1 Experimental Study

E-glass and aramid fabric composite materials are selected to be able to represent
the radome material widely used in today's aerospace applications. To this end, two
different sandwich panels have been produced. Prepregs with EF12 epoxy-based resin
system and properties listed in Table 3 are purchased from Kordsa company and used as
face sheet material in sandwich panel manufacturing. Nomex® honeycomb is used as core

material.

Table 3. Detailed information and properties of radome sandwich panel face sheet plies.

. FAW Fiber | Weave Warp End Warp End Warp & Tg Resin
Design | Prepreg Code (gsm)| T T Count Count Weft Yam C) Content
£ ype YPE | (Ends/cm) | (Endsfem) | (dtex) : (%)
KEF12 AR 3140 ) ,
1 PL400 400 Aramid Plain 6.4 6.4 3140 =»180 35%,
) KEF12Z . o y . . .
2 E-Class PL380 380 E-Glass Plain 6.4 6.3 3000 =180 35%

To be able to conduct electromagnetic wave transmission tests on the sandwich panel
samples reliably, it is important to use a sandwich panel with identical thickness. For
calculating the cured ply thickness of the face sheets of the samples, the rule of mixture
formulation is used by calculating the resin content weight ratio of prepregs, fabric areal
weight (W) and fiber density (o) and matrix density (p,,) as given in Equations 14 and
15 where n denotes the number of plies, W is the fiber areal weight, V; and V;,, are the

volume fractions of the fiber and matrix, respectively.

- _ (ww by
Cured Ply Thickness = (1000xpfxpm) X |, (ps pm)] (14)
W, = — PV (15)
PFXV rt+pmXVm

As such, the skin thicknesses of the radome sandwich panel samples are obtained
as a result of cured ply thickness calculations. The typical geometrical dimensions of the
sandwich radome structures used in today’s industry include 0.762 mm skin and 5.8 mm
honeycomb core thicknesses [2]. In this study, the cured ply thickness of the face sheet is
calculated to be 0.75 mm for both aramid and E-glass prepreg materials and accordingly,
the number of plies for both face sheet types are determined. The honeycomb core
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material is selected to be 5.5 mm thick. Both aramid and E-glass prepreg materials are
chosen to have %35 weight resin content.

HEATED PRESS

L1

TOP PLATEN

il I

BOTTOM PLATEN

Figure 22. Schematic representation of the hot press curing process and layer layout
[78].

The hot press curing method, which is illustrated schematically in Figure 22, is
chosen as the production process in order to achieve the desired thickness values of the
samples and to reduce the void content amount that may occur during the production. The
hot-press consists of two heating platens located at the top and bottom and 2.6 bar
pressure is continuously applied during the curing process of the sandwich panel. The
resin system of the prepregs is chosen to be suitable for the hot press curing process,
where temperature ramp vs. appropriate pressure profile has been provided by the
manufacturer [82]. An epoxy-based structural adhesive film 3M AF163-2 is used to
ensure that the face sheet and core layers adhere to each other and act as a solid sandwich
panel. The adhesive film is cured in accordance with the curing process of the face sheets.
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Figure 23. Waterjet cutting free space test specimen preparation.

The large panel produced by hot-press with the dimensions of 3m by 1.3m was
cut into several specimens for structural and electromagnetic test samples with the help

of a robotic water jet without inducing any possible cutting damage as given in Figure 23.

Figure 24. Aramid skin and honeycomb core radome sandwich panel free space test
specimen.
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Laminated samples are also manufactured using both face sheet types as shown in
Figures 25 and 26. The specimens extracted from these laminates are cut into to the
sample dimensions for measuring the dielectric coefficient and loss tangent values of the
constituents through using free space test method. The obtained results are employed as

an input parameters for the EMC simulation model.

Figure 25. Aramid laminate free space test specimen.

Figure 26. E-glass laminate free space test specimen.
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Figure 27. E-glass skin and honeycomb core radome sandwich panel free space test
specimen.

The hot press forming method is one of the most preferred approach in composite
part manufacturing with the flat-panel geometry due to its effectiveness in reducing the
void content in the final part. As briefly mentioned above, in this method, the core,
prepreg, and adhesive layers are laid between the upper and lower mold as illustrated in
Figure 28.

(@) (b)

Figure 28. Aramid and E-glass honeycomb panel hot press layup.

39



3.2 Experimental Setup

The free space method test setup is used to measure the electromagnetic wave
transmission and reflection performances of the sandwich panels and their constituents
individually in the frequency range of C, X, Ku, and K bands (5.85-25 GHz). The samples
that are prepared for the test have a flat geometry with a dimension of 30 cm x 30 cm as
shown in Figures 24-27. During the tests, dielectric coefficients and loss tangent values

of the constituents are also measured in the frequency range of 8-25 GHz.

The permeability (loss tangent) and permittivity (dielectric constant) values are
obtained through utilizing the transmission and reflection waves, which occurs as the
electromagnetic waves travel along the thickness of constituent materials, namely, face
sheets and the core. The free space test setup used in this study is shown in Figure 29 and
essentially contains two horn antennas such that one of which is a transmitter and the
other is a receiver that enables electromagnetic wave transmission at specified

frequencies.

Figure 29. Free space test setup [79].

In addition to the antennas, one of the most important components of the test setup
is the network analyzer. Network analyzers can measure by giving instant reaction to

electromagnetic waves in the frequency range of 300 kHz to 110 GHz [10]. The network
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analyzer consists of three basic components, i.e., processor, detector, and the source that
generates the signal itself as given in Figure 30.

e =

Fixture

Incident Transmitted
O— = IR o —

Source Reflected

gt (X

Incident Reflected Transmitted
(R) (A) (B)

1

Receiver/detector

Processor/display

Figure 30. Component diagram of the vector network analyzer [10].

During the test, a wave at a certain frequency is generated by the signal source
and directed towards the sample material. Electromagnetic waves that are transmitted
through and reflected from the sample material are detected by the receiver. The reflected
and transmitted waves are compared to the source signal in terms of their frequencies
within the network analyzer. In this way, the magnitude and phase values of the wave at
the detected frequency are obtained. By repeating this step for each frequency increase or
decrease, the transmission and reflection values are calculated in terms of a frequency-

dependent function according to the waves in the frequency range measured.

3.3 Electromagnetic Simulation

The experimentally measured electrical material properties are used as input
parameters for numerically modeling electromagnetic compatibility for which
Hyperworks Feko® software is utilized as a solver. During the simulations, while defining

the plane wave affecting the sandwich panel sample of the radome structure, the
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mathematical variables are defined according to Planar Green’s function theorem as

shown in Table 4.

Table 4. Input parameters for the electromagnetic transmission simulation.

Variable Name Value Unit Expression
Permittivity of free space 8.85x 102 | F/m -
Speed of light in f 299792458 / L
eed of light in free space 79245 m/sec ——
Y g Y o0 X o
Permeability of free space 1.26 x 10° | H/m TX4x1077
Ratio of a circle's circumference to its 3141592654 i i
diameter
Characteristic impedance of free space 376.7303135 | Ohm ?
0

For numerical EMC modeling of the sandwich panels, each domain, namely, free

space, face sheet, and honeycomb core layers are defined as distinct dielectric medium as

shown in Figure 31. Plane-wave frequency values acting on the sandwich panel are

defined as the boundary condition in the range of 5.85-25 GHz with 1836 numbers of

discrete data points. The plane-wave has a linear polarization angle and travels along the

z-direction as show in Figure 31 with the magnitude of 1,500,000 V / m. In modeling

sandwich panel layers, the multilayer substrate option of the HyperWorks Feko software

is used. The parameters utilized in the software for the individual layers are presented in

Figure 32 and Figure 33 for E-glass and aramid sandwich panels, respectively.
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Figure 31. Numerical model for electromagnetic transmission simulation of radome
sandwich panel.
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Figure 32. Multilayered substrate parameters of the E-glass radome sandwich panel
model for the electromagnetic transmission simulation.
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Figure 33. Multilayer substrate parameters of the Aramid radome sandwich panel
model for the electromagnetic transmission simulation.
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3.4 Results and Discussions

In this study, recall that the dielectric coefficient and loss tangent values of the
samples in the frequency range of 5.85-25 GHz are measured by utilizing the free space
tests method. The electrical material properties of individual layers of the radome
sandwich panels are obtained and are used as material inputs during the numerical

analyses to simulate transmission and reflection loss.

The dielectric constant of the E-glass on a ply basis follows a linear horizontal
curve between 5.85-25 GHz and has a value of approximately 4.75 as shown in Figure
34. Aramid prepregs, on the ply basis, draw an almost constant curve in the same way
and has a value of approximately 3.5. Nomex honeycomb core with its hollow structure,
on the other hand, is the most insulating and ideal material among the samples with a
dielectric coefficient of approximately 1.0. According to the dielectric coefficient graph
that is shown in Figure 34, considering only the ply basis, the more ideal material for
radome design is found to be aramid than E-glass, while honeycomb as a core material
has a very low dielectric coefficient value.

Aramid Laminate

—— E-Glass Laminate

Sl IO JRUSS S R cebib il | —— MNomex Honeycomb
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Frequency (GHz)

Figure 34. Dielectric constant results of the free space test.

The second finding from the free space tests that aramid prepreg ply has a loss

tangent value of about 0.026 while E-glass prepreg ply has a loss tangent value of about
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0.017 as given in Figure 35. Since the low loss tangent value is the desired electrical
property in the choice of radome material, E-glass face sheet material is considered more
ideal than aramid. Lastly, the honeycomb core material has a loss tangent value of
approximately 0.002. As previously stated in the dielectric coefficient comparison, there
Is a huge difference in the loss tangent between the face sheet materials and the

honeycomb core due to its hollow structure.

Aramid Laminate
—— E-Glass Laminate

i | Nomex Honeycomb| -
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Figure 35. Loss tangent results of the free space test.

In Figure 36, the frequency-dependent transmission loss values that are obtained
by free space test measurements and EMC simulations of E-glass and aramid sandwich
panel samples were plotted comparatively. It is seen that the transmission loss curve of
the samples fluctuates according to the frequency bands. In order to better
characterization of the electrical transmission performance of the samples, examinations
are carried out according to each frequency band. In the frequency range that is associated
with the C band [5.85-8 GHz], the transmission loss ratios of the aramid and E-glass
panels have an average value of 0.24 dB and 0.53 dB, respectively. As a result, the aramid
panel sample possesses a better electrical transmission performance in the C frequency
band. In the continuation of the test the frequency intervals of 8-12 GHz which implies
the X band is discussed. The transmission loss of the aramid panel is calculated at an

average value of 0.20 dB, while the E-glass panel transmission loss is calculated as 0.22
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dB. It is also depicted by the experimental and simulation results that both of the sandwich
panels have a quite insignificant transmission loss difference within the X frequency
band. In the frequency range of the Ku band (12-18 GHz), the transmission loss curve of
the aramid and E-glass panels have a parabolic downward trend. One can easily see that
the transmission performance gap between the samples increases in the Ku frequency
band to the advantage of the aramid panel. According to results obtained in the frequency
band of K (18-25 GHz), both samples have the lowest electrical transmission performance
values obtained throughout the tests that are 3.6 dB and 6.2 dB respectively for the aramid
and E-glass. Eventually, it has been concluded that the optimum operating frequency
range of both radome sandwich samples is the X frequency band where transmission loss
values are the least. The second major finding is that the excellent agreement of the
experimental and EMC simulation frequency-based transmission loss results.
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Figure 36. Comparison of free space test and electromagnetic simulation results for the
transmission loss.
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Figure 37. Comparison of free space test and electromagnetic simulation reflection loss
results of the specimens.

Another way to compare the electromagnetic performances of radome materials
is the interpretation of the reflection loss values. As shown in Figure 37, the free space
test and EMC simulation reflection loss results of the samples are plotted in the frequency
domain. At the beginning of the test, the E-glass sample has a relatively weaker
electromagnetic performance against the aramid panel with a reflection value of
approximately -11 dB. In the continuation, both samples get low reflection loss values
and reach their optimum electromagnetic performance at 10-12 GHz frequency range. In
coincidence with the lowest reflection loss values, both samples have the lowest
transmission loss values in the same frequency range as previously mentioned. Towards
the end of the free space test are approached, the reflection loss values of both samples
increase and this is evidence that they do not show the desired radome electromagnetic
performance values in the frequency range of 13-25 GHz. As a result, the experimental
reflection loss values and the values obtained as a result of the EMC simulations coincide

perfectly.
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CHAPTER 4

4. Damage Characterization of Radome Sandwich Panels

This research is about the failure characterization of barely visible damages caused
by low-speed impacts in radome sandwich panel structures with the quasi-static
indentation tests approach. During the tests, several types of composite failure were
observed in the face sheet, core, and interphase layers. Thanks to the piezoelectric
transducers attached to the upper surface of flat sandwich panel samples, various acoustic
emission parameters were analyzed according to the severity and type of damage. The
damage clustering results obtained were verified by scanning electron microscopy images

of the damaged areas.

4.1 Materials and Manufacturing of Sandwich Panels

The sandwich panels subjected to quasi-static indentation tests are made of Nomex®
honeycomb core and E-glass or Aramid face sheet and manufactured through the hot-
press method whose production details are provided in the previous chapter. The
mechanical and electromagnetic transmission free space tests are conducted on the same
specimens cut from the sandwich panels through water jet cutting system to the
dimensions of 100 x 150 mm as given in Figure 23.

4.2 Experimental Test Setup

Quasi-static indentation tests are performed using a universal tensile machine (Instron
8803 model) with a load cell capacity of 250 kKN under the displacement control of 0.5
mm/min. The indentation compression force is applied on the samples utilizing a
hemispherical indenter of 16 mm tip diameter. The specimens are simultaneously

clamped on the table from its four corners to circumvent its movement due to the applied
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compression force. At the bottom surface of the fixture is left a rectangular gap of 80 x
130 mm to allow for the deflection of the specimen vertically.

AR VA&
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o

Figure 38. Mistras acoustic emission test setup.

As presented in Figure 39 (a), the piezo electric transducer acoustic emission sensors
are mounted on the top surface of the specimen with a hot silicon thereby ensuring
reliable acoustic coupling between the sensor and the indentation locations. Elastic waves
generated due to the micro damages at various locations of the specimen during the test
are acquired through employing Mistras PCI-2AE the acoustic emission setup with
wideband sensors (PICO-200-750 kHz, Mistras) as shown in Figure 38. To amplify the
output signal of the sensors, a pre-amplifier Mistras 0/2/4 with the gain of 20 dB is used.
The acoustic emission waveforms occurring on the sample are limited to a 45 dB
threshold and the waveforms have 50 microsecond peak definition time (PDT), 100
microseconds hit definition time (HDT), and 200 microseconds hit lockout time (HLT)
as acoustic emission data acquisition parameters. A sampling rate of 40 MSPS is used for

each of the acoustic emission sensors and the noise in the waveforms is removed by

49



applying Bessel band-pass filtering. To calibrate the acoustic emission sensors, the pencil
lead break method is applied according to the ASTM E976-10 standard before each test.
To prevent any possible source of noise from the clamp regions, a rubber material

between the specimen surface and the fixing clamp is used.

(a) (b)

Figure 39. Piezo electric acoustic emission sensors placement on the specimens: a)
Aramid sandwich panel, b) E-glass sandwich panel.

4.3 Quasi-Static Test Results and Discussion

The damage mechanisms within the constituent of the sandwich panel (i.e., the face
sheet and core structure) are investigated under the quasi-static indentation loading
configuration. Figure 40 presents representative load versus deflection curves for
sandwich panels with the E-glass and aramid face sheets. For the aramid sandwich panel
specimen, the second sharp drop in the indentation load, taking place at the deflection of
8.76 mm, is associated with the damage formation in the upper face sheet. As the test
continues, the core structure and bottom face sheet start carrying the applied load.
Subsequently, the core is completely crushed thereby leading to the second drastic drop
in the load level. The bottom face sheet carries the load until sandwich panel is fully
penetrated by the indenter at the load and the displacement levels of 3624 N and 15.9
mm, respectively. As for the sandwich panel with the E-glass face sheet, the upper face
sheet is entirely damaged at about the load and deflection values of 1634 N and 6.08 mm,
which corresponds to the first drop in the graph. As in the case of the aramid sandwich
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panel, the lower face sheet and core structure embrace the indentation load as the test
progresses until the core structure is totally crushed where the load level drops down to
the value of 1125 N. The second larger drop in the load level occurs at the load and
deflection values of 2702 N and 13.2 mm deflection, indicating the onset of complete
deformation and penetration of the core and the bottom face sheet. Considering the areas
under the load-deflection graphs of the E-glass and aramid sandwich panels, it can be
concluded that the aramid panel has a better energy absorbing capability. Additionally,
Figure 41 (a) and (b) indicate that the aramid panel is deformed in a non-localized manner
under the indentation load and thus withstands a higher load level through distributing
the indentation energy across panel geometry. On the other hand, due to the brittle nature
of the E-glass fiber with respect to the aramid one, the upper E-glass face sheet fails at
lower load level and the induced damage is rather localized as can be seen from Figure
42 (a) and (b). The comparison on the slope of the load versus deflection curve for E-
glass and aramid sandwich panels also indicates the brittle nature of the E-glass panel

face sheet under the indentation loading.
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Figure 40. Quasi-static indentation test load and deflection results.
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(@) (b

Figure 41. Aramid sandwich panel before (a) and after (b) the indentation test.

() (b)

Figure 42. E-glass sandwich panel before (a) and after (b) the indentation test.

4.4 Acoustic Emission Results and Clustering

Clustering was performed based on the acoustic emission count and weighted peak
frequency which are determined for each hit point of the acoustic emission data acquired
during the indentation test. Acoustic emission counts represent the number of times that
the signal amplitude exceeds a specified threshold. The waveform data in the time domain
is converted to the frequency domain by applying Fast Fourier Transform (FFT). As can
be seen in Eq.16, the weighted peak frequency (WPF) is a function that depends on the
frequency centroid (fcentroid) and the peak frequency of the hit. The frequency centroid
(feentroid) IS considered as the center of mass of the frequency spectrum while the peak
frequency (fpeak) is the maximum frequency value in the frequency domain of a waveform.
The frequency centroid can be obtained through a weighted mean formula as given in

Eq.17 where M(s) is the magnitude of each frequency (s).

WPF = \/fcentroid X fpeak (16)
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foentroid = Zgzéooof(s)M(S) / 222(1)000 M(s) (17)

Clustering is performed using the k-means algorithm with the Euclid distance
parameter by using the Elki software. Given the fact that k-means clustering approach is
an unsupervised method, and hence does not define any preset number of possible
clusters. In order to specify an optimum cluster number by using hit points in the acoustic
emission data, GAP function method is used which is frequently preferred approach in k-
means clustering algorithms as seen in Figure 44 and Figure 45. Thanks to this function,
an error value (wy) is found for different cluster numbers used in the clustering algorithm.
The number of clusters that maximize the GAP function computed based on the input
data is considered the most accurate number of clusters for the entire data set. GAP

function is defined as in Equation 18;

GAP, (k) = Epf{log(wi)} — log(wy) (18)

where n denotes the size of a hit-based sample points data, k is the number of the
clusters which are evaluated. By using the Monte Carlo method, E;{log(w;)} is the

expectations which are calculated from the sample points [62].
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Figure 43. AE counts versus weighted peak frequency plot of aramid and E-glass
samples.

53



The graph of the filtered acoustic emission data obtained from the samples as a
result of quasi-static indentation tests is shown in Figure 43. This plot represents the hit
data before the implementation of the clustering algorithm. For correct clustering of the
acoustic emission data, the estimation of the initial clustering coefficient in the k-means

algorithm is very important.
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Figure 44. Aramid panel GAP values of calculated for each cluster.

Figure 44 and Figure 45 show the GAP values of sandwich panels obtained from
the function. Composite sandwich panels have various failure mechanisms such as matrix
cracking, fiber breakage, and the delamination of face sheet plies, fiber-matrix debonding
and core crushing. In this case, GAP function is evaluated for five main different clusters.
The GAP analysis has generated respectively three and four clusters for aramid and E-
glass as an optimum number for k-means algorithm clustering. This means that when the
acoustic emission data is classified with three and four clusters, the best separation of the

data points is achieved thereby representing the most dominant damages on the samples.
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Figure 45. E-glass panel GAP values of calculated for each cluster.

For aramid sandwich panel, figure 46 shows three distinctive clusters with their
center of mass located at the weighted peak frequencies of 110, 215 and 390 kHz. The
fact that the center of mass of each cluster is distinctly far from each other bespeaks the

effective clustering of the acoustic emission data.
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Figure 46. Acoustic emission vs weighted peak frequency graph of aramid panels in
terms of k-means algorithm clusters.

Acoustic emission cumulative energy is used to be able to assign each cluster to a
specific damage type. To this end, we have plotted the applied indentation load, and
cumulative AE energy for each cluster versus time (recording time of the waveforms) for
the aramid panel in Figure 47. The cumulative acoustic emission energy of each cluster
is calculated separately as a function of time through summation over acoustic emission
energy of each hit point in the corresponding cluster. The comparison of the load versus
time and the cumulative AE energy versus time graphs enables one to associate a given
damage type to a cluster. Figure 47 is divided into four different stages. In the stage I, the
panel experiences elastic deformation until the minuscule kink due to the first damage
induced by the tip of the hemispherical indenter. The load versus time plot in this region
is of a slightly concave nature as also reported in the literature. Moreover, this region is

almost devoid of acoustic emission activity pointing to the fact that there is no significant
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amount of damage formation in the panel. This can also be inferred from the lack of any
noticeable drop in the applied load as a function of time.

As for the second stage, the load curve acquires a convex shape deviating from
the linearity indicating the formation of damage in the panel. The convex curve might be
attributed to the consolidation/compaction of the core due to the crushing of the cell walls.
Correspondingly, the cluster 1 goes through a sudden upsurge and then remains almost
constant, thus implying that the cluster 1 is related to the AE activities originating from
core compaction or crushing. Towards the end of the second stage, the load curve
experiences two obvious drops pointing out to a notable damage development in the face
sheet material. These two drops are in coincidence with the jumps in the cumulative AE
energy corresponding to the cluster 2 in Figure 47. As such, the cluster 2 can be prudently
associated with the matrix cracking failure mechanism in the upper face sheet. This
argument can also be corroborated referring to the findings of literature such that AE
counts with the weighted peak frequency range of 180-260 Hz have been reported to
belong to matrix cracking [64].

At the beginning of the third stage, the indenter has already penetrated the upper
face sheet completely and hence starts inflicting damage within the core. Therefore, the
cumulative AE energy of the matrix cracking damage type (cluster 2) remains nearly
constant within the third stage. Also note that the cumulative AE energy of cluster 1,
already associated with the core material, reveals a mild uplift, which is being an evidence
of the fact that the core has been penetrated and gradually damaged by the indenter. At
the end of the third stage, the cumulative AE energy of matrix cracking (cluster 2)
indicates a sudden jump, which corresponds to a large drop in the load level therein. This
sharp rise in the cumulative AE energy of cluster 2 can be contributed by damage
formation in the matrix of the bottom face sheet as well as in the phenolic resin used to

impregnate Nomex paper in the core material.

In the stage IV, the cumulative AE energy for matrix cracking keeps increasing
due to the damage formation in the matrix of the bottom face sheet and phenolic resin of
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Nomex paper in the core material. Additionally, given the fact that in the stage 1V, the
core material is being crushed further through shearing of the cell walls, cumulative AE
energy for the cluster 1 continuously increases in this region, further confirming our
assignment of the cluster 1 to the core crushing damage type. Having attributed the cluster
1 and 2 to core crushing and matrix cracking, respectively, it is meaningful to associate
the cluster 3 with the fiber breakage. In the stage I, it is realizable that the magnitude of
the cumulative AE energy has the highest, intermediate and lowest values for core, matrix
and the fiber. This is due to the fact that the stiffer constituent gives rise to high-frequency
waveform with a small amplitude. In the stage 1V, the magnitude of the cumulative AE
energy of the core falls below the matrix, which might be an indication that there is a

stiffening on the cell walls due to the core crushing.
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Figure 47. The variation of cumulative AE energy and load as a function of time for the
aramid panel.
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For E-glass sandwich panel, Figure 48 shows the AE counts versus weighted peak
frequency values of the four clusters with their center of mass located in the weighted
peak frequencies of 115 kHz, 190 kHz, 315 kHz and 400 kHz, respectively. According to
the clusters obtained from the AE results, it is seen that unlike the aramid panel, there are
four clusters belonging to each distinct damages type. As indicated in the Figure 45, the
optimum GAP criterion evaluation is performed for cluster numbers varying between one
and five. However, it is seen that the optimum GAP value is maximized for the cluster

number of four. Hence, it is concluded that there is four main and dominant damage.
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Figure 49. Cumulative AE energy versus Load chart of E-glass panel in time domain.

In Figure 49, the indentation load and cumulative AE energy of each cluster are
plotted as a function of time for the E-glass sandwich panel. Knowing that the specimen
will show distinct damage formations during the test during which the corresponding
cumulative AE energy accumulates, Figure 49 is discussed under the consideration of
four different time stages. In the stage I, one can easily realize that the force-displacement
curve is identical to the one in Figure 47, which has a negligible fracture kink caused by
the hemispherical geometry of the indenter. Additionally, the absence of a significant
acoustic emission activity indicates that the specimen undergoes an elastic deformation

during this stage.

The load curve acquires a non-linear profile in the stage 1l where each cluster
experiences an abrupt or notable increase in the cumulative AE energy thereby pointing
to the fact that various damage types concurrently emerge in the upper face sheet and the
core. The core walls are subjected to compaction and crushing due to the transfer of
indentation load from the upper face sheet. This is in line with the sudden increase in the
cumulative AE energy of the cluster 1 whereby one can reliably associate this cluster to

the core crushing or compaction damage in the E-glass sandwich panel. It is noted that

60



the peak load value of the E-glass panel is lower than that of the aramid panel, thus
implying that the partial penetration of the upper face sheet by the indenter occurs earlier
for the E-glass panel. This prominent difference might be attributed to the considerable
amount of delamination and matrix-fiber debonding damages eventuated in the upper face
sheet and in turn, the load-carrying capability of the upper face sheet is decreased. In the
light of these evaluations, the instantaneous sharp uptrend in the cumulative AE for the
cluster 3 can be associated with the interface damage type. This conclusion is supported
by literature findings such that the weighted peak frequency of delamination and fiber-
matrix debonding damages typically takes place in the frequency range of 250-300 kHz
[80].

At the beginning of the stage Ill, the upper face sheet is critically cracked, and
consequently, the indenter tip makes a point contact with the core thus leading to a drop
in load magnitude. The cumulative AE energy of cluster 3 is of a rapidly ascending trend
due to the delamination and debonding damage formations within the upper face sheet
and this further confirms our assignment of the cluster 3 to the interface damage type.
Moreover, within the stage 111, the sudden increase in the cumulative AE energy of cluster
4 coincides with the drop of the load to its minimum value, which is attributed to complete
penetration of the upper face sheet by the indenter. This observation enables us to infer
that the cluster 4 is related to fiber breakage, which is one of the significant damage types
in the face sheet. It is also known from the literature that the fiber breakage damage type
occurs in the frequency level higher than 400 kHz [81]. It can be concluded in a
straightforward manner that interface failure and fiber breakage are dominant damage
types induced by the penetration of the upper face sheet. The remaining cluster, namely,
the cluster 2 can be expediently attributed to the matrix cracking. Due to the brittle
material behavior of E-glass face sheet, permanent deformation occurs only in the area
where there is intense indentation load. The cumulative AE energy increase for the matric
cracking is expectedly low at the early stages of the test as there is relatively less damage

in other locations of the sandwich panel.

In the stage 1V, due to the complete penetration of the upper face sheet, the bottom

face sheet and the core structures do carry the load. This explains the monotonic second
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increase of the load as a function of time. A substantial increase in the cumulative AE
energy of both the cluster 1 (core crushing) and cluster 2 becomes obvious. Gradual
advancement of the hemispherical indenter through the core causes core walls to expand
and get damaged under the shear force. As a result, the cumulative AE energy of the core
crushing keeps increasing and at the end of the stage IV, it reveals a rapid jump due to
the complete penetration of the core. Moreover, the gradual rise of cumulative AE for the
matrix cracking is contributed by the damage formation in the matrix of the bottom face

sheet and the phenolic resin constituent of Nomex paper.

4.5 Scanning Electron Microscopy Analysis of Failed Sandwich Panels

Having tested sandwich panel specimens under indentation loading, the
specimens are dissected using a circular diamond saw to expose the fracture surface for
microscopic analysis. SEM images of the fracture surface are taken to examine the types
of damages along the thickness direction of the panels. Various damage types have been
observed across the fracture surface, each of which is elaborated in figures 50-54. Figure
50 and Figure 51, shows damage types in the E-glass face sheet created due to the
indentation load such as matrix cracking which triggers the fiber-matrix debonding and

fiber pull-out, inferred by the fiber imprints.

EHT = 3.00 kV Signal A= SE2
WD= 9.3mm Photo No. = 64028 Time :9:52:30

il Vo AR TS SRR

Figure 50. Damage types observed in the face sheet of the E-glass panel.
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Date :26 Oct 2020
Time :9:50:14

Figure 51. Micrograph of the fiber-pull out damage mechanism observed in the face
sheet of the E-glass panel.

Cracking in the matrix of face sheet layers contributes to poor bonding between
the fiber and matrix structure. As a result of this, the fiber pull-out damage mechanism
occurs which is being an evidence of the fact that the fibers separated from the matrix by

dragging left traces on the matrix.

The damage mechanism caused by the separation of the layers in the face sheets
of the sandwich panel is named delamination. We can able to make an inference across
the literature findings for the strength degradation of the face sheet because of
delamination [61]. As a consequence of the damage mechanism that started with the
adhesion between the laminated layers consisting of E-glass fibers, a gap was observed
between the plies in the microstructure and delamination took place there, as presented in
Figure 52 and Figure 53.
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WD = 10.2mm Photo No. = 64031 Time :10:07.11

Figure 52. SEM image of the delamination damage mechanism between E-glass face
sheet layers.

- -~ 1
EHT = 3.00 kV Signal A= SE2 Date :26 Oct 2020
WD= 8.0 mm Photo No. = 64050 Time :11:08:09

Figure 53. Various face sheet and honeycomb core damage mechanisms existing on the
interface of the E-glass panel.

As mentioned in the previous section, growing acoustic emission activity in the
third stage of the aramid panel indentation test was observed and these clusters are

associated with the core crushing and matrix cracking. Figure 54 shows these damage
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formations which are appeared due to the indentation load acting on the bottom face sheet
and the core of the aramid panel.

EHT= 3.00kV Signal A= SE2 Date :26 Oct 2020
WD= 85mm Photo No. = 64037 Time :10:42:53
v — =

Figure 54. Damage mechanisms of the aramid panel in the microstructure.
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CHAPTER 5

5. Conclusion

This thesis investigates the electromagnetic and structural performance of two
different flat-shaped radome sandwich panels composed of E-glass and aramid skin and
low dielectric constant Nomex honeycomb core. In this context, free space test
measurements are conducted on the sandwich panels manufactured with the hot press
method as well as their constituents in the frequency range of 5.85-25 kHz to acquire
electrical parameters of the samples such as dielectric constant and loss tangent values.
For this measurement, a network analyzer with the capability of providing instant reaction
to the electromagnetic waves in this frequency range is used. It is found that the aramid
and E-glass face sheets have an almost linear dielectric constant versus frequency curve
with dielectric constant values of approximately 3.5 and 4.75, respectively. Since the
aramid prepreg face sheet material has a lower dielectric coefficient, it can be a suitable
insulator skin material for the radome sandwich panel applications. In contrast, the E-
glass face sheet has a lower loss tangent value which is another significant electrical
parameter for a well insulating radome wall. The measured electrical properties of the
face sheets could not provide conclusive results in terms of finding the most appropriate
face sheet material for constructing improved electromagnetic transmission performance
for the sandwich panel. Therefore, we have also performed free space tests on the
sandwich panel. It is important to note that for reliable comparison between two different
sandwich panels in terms of their electromagnetic performance, the panels should have
identical thicknesses for both face sheets and the core given the fact that the
electromagnetic waves have different transmissions and reflections depending on the
thickness of the layer they pass through. The results of the free space tests on the sandwich
panels indicate that in the frequency range of 5.85-12 kHz, there is no considerable
amount of loss difference between E-glass and aramid sandwich panel samples whereas
the aramid panel has a substantially superior against the E-glass in terms of transmission

loss in the frequency range of 12-25 kHz.
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The experimental results in terms of free space transmission loss are also numerically
generated by using the multilayer substrate numerical model together with the Planar
Green’s function solver with an excellent agreement among each other. Considering the
low dielectric coefficient of the aramid panel as well as the small amount of transmission
loss rates especially at high frequencies, one can prudently conclude that the aramid
sandwich panel can be a better radome structure with respect to the E-glass sandwich

panel.

In the second part of the thesis, we studied the formation and classification of
various damage mechanisms in the aramid and E-glass sandwich panels for radome
application under the quasi-static indentation loading by using the acoustic emission
method. The results of the indentation mechanical tests indicate that the aramid sandwich
panel has a higher energy absorption capacity than the E-glass one. Additionally, the
aramid panel deforms in a non-localized manner and thus withstands a higher load level
through distributing the indentation energy across panel geometry. As for the AE analysis,
GAP function method is used for selecting the optimum cluster number, which led to the
three and four clusters for the aramid and E-glass panels, respectively. To this end,
clustering is performed with the k-means algorithm over 3 clusters for the aramid panel
and 4 clusters for the E-glass panel, based on the acoustic emission count and weighted
peak frequency. Furthermore, the cumulative AE energy and load values are plotted and
analyzed in the time domain in order to associate the damage types with the appropriate
clusters. As a result, for the aramid panel, the three clusters with the WPF range of 80-
120 kHz, 150-250 kHz, 300-460 kHz are associated respectively with three distinct
damage types, namely, core crushing, matrix cracking and fiber breakage. Moreover,
there is an additional cluster observed for the E-glass in the WPF range of 260-360 kHz,
which is attributed to the interface failure due to the debonding/delamination within the
face sheet. SEM analysis of damaged cross-sections of the samples reveals that all failure
types identified with the AE method form as a result of the quasi-static indentation test,
proving that the AE method can be reliably utilized for the identification of the barely

visible damage types for the sandwich panels.
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