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COMPARISON OF BETA, NEUTRON AND GAMMA ATTENUATION
PROPERTIES OF PMMA/COLEMANITE COMPOSITES

SUMMARY

Poly (methyl methacrylate) (PMMA) is a thermoplastic material with high resistivity
against abrasion and heat. PMMA material has great thermal, mechanical and radiation
shielding properties which can be improved by the addition of colemanite filler. Based
on superior structural properties of PMMA material and the addetives (colemanite
filler), the produced PMMA based polymer composites can be used in different
application areas such as the aviation and aerospace field. These new materials have
significant advantages such as high durability and high strength.

PMMA is a transparent thermoplastic polymer material from the acrylate family.
PMMA reinforced by colemanite filler has great importance in various applications
ranging from large scales to small scales. Three main polymerization methods that can
be used in the production of PMMA polymer composites are solution-mixing, melt-
compounding and in-situ polymerization. The Atom Transfer Radical Polymerization
(ATRP) method was used to disperse colemanite filler into PMMA material, in this
study. Colemanite was used to enhance the radiation shielding properties of PMMA.
Beta, neutron and gamma transmission techniques were applied to investigate the
behavior of PMMA/Colemanite composite samples against radiation. Cs-137 and Co-
60 were used as gamma source, Sr-90 was utilized as beta source and Pu-Be neutron
Howitzer (NHs) was used in neutron transmission test.

PMMA/Colemanite composite samples were produced at three different
concentrations of colemanite and irradiated for determined duration, then the linear
attenuation coefficient values were calculated for Cs-137, Co-60 and Sr-90
radioisotopes and the total macroscopic cross-sections values were evaluated for
neutron source with the rise of colemanite content in samples.

The results indicated that by the rise of colemanite concentration, the linear attenuation
coefficients and the mass attenuation coefficients were increased slowly. Based on this
fact, it is possible to improve the radiation shielding properties of PMMA based
polymer by the addition of colemanite as a filler.
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PMMA/KOLEMANIT KOMPOZITLERIN BETA, NOTRON VE GAMMA
ZAYIFLATMA OZELLIKLERININ KARSILASTIRILMASI

OZET

Poli (metil metakrilat) (PMMA), asinma ve 1stya karst yiiksek direnci olan
termoplastik bir malzemedir. PMMA malzemesi, kolemanit takviye malzemesinin
eklenmesiyle gelistirilebilecek termal, mekanik ve radyasyondan koruyucu &zelliklere
sahiptir.

PMMA malzemeler, yiiksek dayaniklilik ve yiiksek mukavemet gibi Onemli
avantajlara sahiptir. PMMA'nin baslica 6zelliklerini siralamak gerekirse; uygun optik
cizilmeye kars1 dayaniklilig: seklinde belirtmek miimkiindiir.

PMMA, akrilat ailesinden gelen seffaf bir termoplastik polimer malzemedir. Giines
isinlarina  (ultraviyole radyasyonu) ve hava etkisiyle asinmaya kars1 direngli
malzemelerdir.

Kolemanit dolgusu ile giiclendirilmis PMMA, biiyiik 6l¢eklerden kiiciik 6lgeklere
kadar ¢esitli uygulamalarda biiyiik 6neme sahiptir. PMMA polimer kompozitlerinin
tiretiminde kullanilabilecek ii¢ ana polimerizasyon metodu ¢6zelti karistirma, eritmeli
bilesik ve yerinde polimerizasyondur.

Bu c¢alismada kullanilan PMMA/Kolemanit kompozit malzemeler, Atom Transfer
Radikal Polimerizasyonu (ATRP) yontemi kullanilarak, canli polimerizasyon teknigi
ile Uretilmistir. Kolemanit, PMMA'nin radyasyon koruma 6zelliklerini arttirmak i¢in
kullanilmastir.

Atom Transfer Radikal Polimerizasyon (ATRP) yontemi ile {retilmis canli Poly
(methl methacrylate) (PMMA) matrisli yapilar, farkli sahalarda kullanilabilen yeni
nesil malzemelerdir.

Bu tezde, hafif ve dayanikli, polimer matrisli kompozit malzemelerin tiretilmesi ve
radyasyon gecirgenligi 6zelliklerinin incelenmesi hedeflenmistir.

Bu tez kapsaminda PMMA matrise eklenen kolemanitin, PMMA/Kolemanit kompozit
yapinin farkli radyasyon tiplerini zthlama 6zelliklerine etkileri incelenmistir. Boylece,
radyasyonu zirhlama kapasitesine sahip, 0zgiin niteliklerde, polimer kompozit zirh
malzemesinin radyasyon gecirgenlik 6zellikleri detayli olarak incelenmistir. Sonug
olarak malzemenin radyasyon gecirgenliginin, kolemanit artigina bagli olarak
degisimleri detayli olarak incelenmistir.

Bu tez ¢alismasinda, ATRP yontemiyle iiretilmesi saglanmis, polimer kompozit
orneklerin farkli sahalarda kullaniminin belirlenmesi i¢in polimer kompozit malzeme
yapisinda, iyonizan radyasyonun PMMA kompozit Ornekler ve kolemanit
(CaB304(0OH)3.H20) takviyeli PMMA/Kolemanitin 15, 30 ve 40 (at. %) olmak
tizere, Ui¢ farklt miktarda kolemanit takviyesinin yapilmasi ile kompozit 6rneklerin
radyasyon karsisindaki davranisi incelenmistir. Boylece, yliksek oranda bor mineral
takviyeli ve hi¢ bor mineral takviye edilmemis polimer Orneklerin davranislari
mukayeseli olarak incelenmistir.
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PMMA / Kolemanit kompozit 6rneklerinin radyasyona karsi davranigini arastirmak
icin beta, nGtron ve gama transmisyon teknikleri uygulanmistir. Gama kaynagi olarak
Cs-137 ve Co0-60, notron kaynagi olarak Pu-Be igeren Notron Howitzer (NH3)
kullanilmustir.

Bu tez calismasinda Sr-90 radyoizotopu kullanilarak, polimer kompozit yapiya
elektrikge negatif yiiklii beta pargagiklarinin etkisinin detaylarina deginilmistir. Bu
proje kapsaminda, yapiya kolemanit takviyesinin beta radyasyonu gegirgenligine
etkisi mukayeseli olarak incelenmistir.

Beta radyasyonunun malzemenin 6zelliklerine etkisi detayli olarak incelenmistir.
PMMA numunelerinin Sr-90 radyoizotopu karsisinda davraniglar1 incelenerek,
kalinligin artisiyla numunelerin bagil siddet degerlerinde meydana gelen degisiklikler
belirlenmistir.

PMMA/Kolemanit kompozit numunelerinin ii¢ farkli kolemanit konsantrasyonunda
iiretilmesi saglandiktan sonra, Cs-137, Co-60 ve Sr-90 radyoizotoplari i¢in lineer
zay1flama katsayis1 degerleri hesaplanmis ve toplam makroskopik tesir kesiti degerleri
incelenmistir. Orneklerde kolemanit miktarinin artist ile ndtron gegirgenliginin
degisimi mukayeseli olarak incelenmistir.

Sonuclar, kolemanit konsantrasyonunun yukselmesiyle lineer ve kitle zayiflatma
katsayilarinin arttigini gostermistir. PMMA bazli polimerin radyasyondan koruma
oOzelliklerini dolgu maddesi olarak kolemanit ilavesiyle gelistirmek miimkiindiir.
Polimer kompozitlerin yapisinda; matris yap1 ve bu yapiy1 kuvvetlendirmek i¢in, yap1
icerisinde cesitli partikiiller kullanilabilmektedir. Bu sekilde, kompozit yapinin,
radyasyonu zirhlamasinin  miimkiin oldugunca artirilmasinin  saglanmasina
calisiimastir.

Bu tez ¢aligmasinda kullanilan PMMA malzemesinin ve katki maddelerinin (6rnegin
kolemanit gibi takviyelerin yapiya eklenmesi ile) iistiin yapisal 6zellikler tagimasi
nedeniyle havacilik gibi farkli uygulama alanlarinda kullanildigi bilinmektedir.
Polimer kompozit yapida kullanilan kolemanit partikiillerin, iyonizan radyasyonun
sogurulmasina katki sagladigi tespit edilmistir. Bu ¢alisma sonunda, yapiya takviye
edilen farkli miktarlardaki kolemanit partikillerin ve polimer matrisin radyasyon
karsisindaki davraniglart mukayeseli olarak degerlendirilmistir. Radyasyon tiplerine
bagli olarak, kolemanit takviyesi ile radyasyonu zirhlama o6zellikleri mukayeseli
olarak belirlenmistir.

Polimer kompozit yapmim gama radyasyonu gecirgenligini mukayeseli olarak
degerlendirmek amaciyla, deneyden elde edilen deneysel kitle zayiflatma katsayisi
degerleri, WinXCOM programinda hesaplanan teorik kitle zayiflatma katsayisi ile
karsilastirilmistir. Elde edilen teorik ve deneysel kitle zayiflatma katsayilarinin
uyumlu oldugu tespit edilmistir.

Farkli tiplerdeki iyonizan radyasyon kaynaklarindan elde edilen beta, gama ve nétron
radyasyonlarina karsi tim numuneler i¢in yar1 tabaka kalinligt (HVL) degerleri
hesaplanmistir. Yar1 tabaka kalinligr degerlerinin PMMA / Kolemanit 6rneklerinde
kolemanit konsantrasyonunun artmasiyla azaldigi tespit edilmistir. PMMA polimere
kolemanit ilavesi, yapinin radyasyon zayiflatma 6zelligini arttirmistir.

Elde edilen sonuglar, farkli gama enerjilerine goére karsilastirildi. Ayrica, beta ve
ndtron pargaciklart icin listelenen yar1 tabaka kalinligi sonucglart ayr1 ayrn
karsilastirildi.

Bu karsilastirma, hem partikil/radyasyon enerjisi hem de incelenen Orneklerde
kolemanit konsantrasyonu esas alinarak yapilmaistir.
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Bu sonuglar, ATRP yontemiyle tiretilen PMMA/Kolemanit kompozitinin havacilik ve
havacilik endiistrisi gibi cesitli uygulama alanlarinda uygun bir malzeme olarak
kullanilabilecegini isaret etmektedir.
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1. INTRODUCTION

1.1 Polymers and Polymeric Materials

1.1.1 Basics of polymers

The word "Polymer” came from the Greek word “polys” which means many and
“meros” means parts and it refers to a large molecule which is made up of repeating
units with identical structure. Therefore, polymers have high molecular weight
compounds. These reaping unites are called monomers which are made up of linking
the same or different kinds of atoms or groups of atoms together by covalent bonds
[1].

Polymers form through the connection of Monomers to each other in a process that is
called “Polymerization”. Formation process of polymer occurs by linking monomer
molecules together through chemical reactions. Polymerization can be occurred
naturally or synthetically (step-growth polymerization, radical polymerization and
ionic polymerization) [2].

Number of repeating unite “-mer” determines the degree of polymerization (DP).
Based on the polymerization technique, the produced polymers show many different
structures. Polymers have several structures such as; a) linear, b) branched, c) cross-
linked, d) star, e) ladder and f) dendrimer structure, that each of which has different

properties [3].

The properties of polymers can also be determined by different amounts of monomers
and the intermolecular forces between them. Crystalline polymer structure can be
formed when monomers lying parallel to each other. The non-parallel type of
connections between monomers results in the formation of an amorphous region in the

structure of polymer [4].

The advantages that make polymer an ideal material in many application areas are such

as lightweight, low cost, high durability, easy processing, corrosion resistance, desired



design possibilities, low electrical and thermal conductivity, wide choice of colors,

transparencies [5].

Due to their behavior against heat, polymers can be classified into two groups as

thermosets and thermoplastics [6];

Thermoplastics: Thermoplastics can become softened and melted when heated
but they can be hardened again when cooled. These materials present no
chemical or mechanical changes when they cooled and heated multiple times.
Thus, these materials are recyclable even if they are used many times. They
can show linear structure or branched chain. Polythene, polyester and PVC are

some examples for this group of polymers [7].

Thermosets: These cross-linked polymers are rigid and have high thermal
stability. Thermosets are hard and resistant against heat. Some of the materials
that carry thermosets characteristics are a) epoxy, b) resin, c) polyurethanes, d)
bakelite, and e) vulcanized rubber [8].

The comparison of thermoplastic materials and thermoset materials, presented in

Figure 1.1:

1.

Thermosets are known to be resistant against high temperatures while
thermoplastic materials can be melted when heated.

Thermoplastics are resistant to some organic solvents.
Thermoset polymers are so hard to be remolded or reshaped.

Thermoplastic materials can have transparency property due to their
production method.

Thermosets have cross-linked structure while thermoplastics have straight

chain.

Thermoplastics are highly recyclable but thermosets can’t be recycled [6].

@ G (5

THERMOSET THERMOPLASTIC

Figure 1.1 : a) Thermoset materials and b) Thermoplastic materials.



1.1.2 Main characteristics and application areas of PMMA

Poly (methyl methacrylate) or PMMA is a kind of acrylic thermoplastic polymer which
has (CsHsO2)n chemical formula. PMMA can be synthesized via radical

polymerization technique by using methyl methacrylate (MMA) as monomer.

PMMA has repeating units. Chemical structure of PMMA is presented in Figure 1.2.

CH,
o
o)

H,C

CH,

Figure 1.2 : Poly (methyl methacrylate).

Radical polymerization technique used for polymerization of PMMA using MMA is

given in Figure 1.3.

fi dical
H CH; ~ freeradical CH;
\C C} vinyl polymerization ;
Pty »= —CH; _C\_]F
H C=0 C—0
/ /
0 0
b \
CHj3 CH;
methyl methacrylate poly(methyl methacrylate)

Figure 1.3 : Synthesis of PMMA via radical polymerization.

1.1.2.1 Characteristics of PMMA

The main characteristics that make PMMA applicable in large areas can be explained

as below:

1. Physical properties: PMMA is a clear, colorless polymer and its density at
room temperature is about 1.18-1.20 g/cmathat is less than the density of glass.
It is resistant to hardness and scratching. PMMA takes place in thermoplastic
group of polymers and belongs to the acrylates. It has water absorptivity of 0.3-

2% at room temperature [9-11].



Main physical characteristics of PMMA are listed below (Table 1.1).

Table 1.1: Main physical characteristics of PMMA.

Properties Value
Density 1.18-1.20 g/cms
Water Absorption 03-2%
Transmission, Visible ~92%
Refractive Index ~1.49
Hardness, Rockwell M 63 - 97
Young's modulus 1.8-3.2 GPa
Tensile Strength 47 - 79 MPa
Compression strength 70-120 MPa
Electrical Resistivity ~ 1015 Q.cm
Thermal Conductivity ~ 0.2 W/m.K
Glass Temperature ~105°C
Softening Point ~115°C
Melting Point ~ 160 °C

2. Optical properties: PMMA transmits up to 92% of visible light. The harmful
ultraviolet light can be filtered and absorbed by PMMA material. Here, the
C=0 group is the absorber of UV radiation [9-11].

3. Thermal properties: Standard PMMA has thermal stability of 65°C. Maximum
withstanding temperature for the heat resistance performance of PMMA is
around 100°C, and the minimum withstanding temperatures for it, is around
—60°C. PMMA has relatively low specific heat in comparison to the rest of
thermoplastic materials. It has high resistivity at low temperatures and has
capability of tolerating temperatures of about -70 °C [9-11].

Important thermal characteristics of PMMA listed below (Table 1.2):

Table 1.2: Thermal characteristics of PMMA.

Properties Value
CTE, linear 20 °C 60-130 um/m. °C
CTE, linear 20 °C Transverse to Flow 70-90 um/m. °C
Specific Heat Capacity 1.46-1.47 J/g. °C
Thermal Conductivity 0.19-0.24 W/M.K
Maximum Service Temperature, Air 41-103 °C
Melting Point 130 °C
Softening Point 47-117 °C
Glass Temperature 100-105




4. Mechanical characteristics: PMMA can be counted as one of the hardest
materials in thermoplastics family. It is resistant against scratch and has a great
mechanical strength property. PMM does not break or shatter when ruptured.
Its capacity for absorbing moisture and water is so low. Thus, the products of
PMMA present suitable dimensional stability property. The explained
characteristics increase by the rise of temperature. Its mechanical performance
does not show any significant changes between —60 °C and +70 °C. But

PMMA is a breakable polymer material [9-11].

Mechanical characteristics of PMMA materials are listed below (Table 1.3):

Table 1.3: Mechanical characteristics of PMMA.

Properties Value
Hardness, Rockwell M 63-97
Tensile Strength 47-79 MPa
Elongation at Break 1-30 %
Tensile Modulus 2.2-3.8 GPa
Flexural Modulus 3-3.5 GPa
Izod Impact, Notched 1.2-20 kJ/m2
Izod Impact, Unnotched 11kJ/m2
Tensile Creep Modulus, 1h 1800-2700 MPa
Tensile Creep Modulus, 1000h 1200-1800

5. Electrical characteristics: PMMA has low capacity of absorbing water and
shows relatively high dielectric characteristics. Relative humidity of air,

temperature, weather and frequency effects dielectric constant [9-11].

Electrical characteristics for PMMA are given below (Table 1.4):

Table 1.4: Electrical characteristics of PMMA.

Properties Value
Electrical Resistivity 1014-1015Q.cm
Surface Resistance 1014-1016 Q
Loss factor, 20 °C, 1000 Hz, 60% humidity 0.04
Dielectric Constant 2.8-4
Dielectric Constant, Low Frequency 3-4
Dielectric Strength 17.7-60 kV/mm
Dissipation Factor 0.03-0.55
Arc Resistance 100-180

6. Chemical properties: PMMA can be affected by Organic solvents and it
becomes durable against many chemicals. PMMA is resistant to some chemical

substances such as acid, alkaline, non-oxidizing acids, salts, but not resistant



10.

to some other materials such as acetone, methylene chloride, chloroform,
toluene, carbon tetrachloride, benzene, ethyl ether, xylene, butanone, methanol
and acid oxidation in concentrated form. Hardenability of PMMA resembles

copper hardness.
Combustibility: PMMA is a combustible material [10].

Hydrolysis resistance: In comparison to other polymer materials, PMMA has

very high hydrolysis resistance.

Weathering resistance: In small quantities, PMMA can be affected by the
change in transparency and color. PMMA has high weathering resistance
among other polymer materials.

Resistant against radiation: PMMA shows a relatively high resistivity against

ionizing radiation that is capable of damaging materials [41].

1.1.2.2 Application areas of PMMA

Optics, Vehicles, Office equipment, Medicine and Electronic devices are some

industrial fields in which PMMA has significant importance. Main application areas

of PMMA are explained below:

1.

2.

Signs and Displays
Construction and Architecture
Automotive and Transportation
Lighting

Electronics

Medical and Health

Furniture and Design [12]

1.2 Colemanite and Colemanite-Derived Materials

The mineral colemanite is one of the stable borate minerals, forms together with other

borates in evaporite deposits of alkaline lacustrine sediments. Boron exists as an

oxygenated compound of element boron in nature, primarily found in minerals as

alkaline earth salts (alkali metal). Therefore, the chemistry of boron is based on B-O



compounds. Chemical reactions of borates are commonly characterized not by boron
atom directly but with the interaction together with the associated oxygen atoms.

Colemanite is pyroelectric and Its chemical formula is (Hydrous calcium borate)
Ca2Bs011-5H20. During temperature changes, it produces an electrical charge and
may develop dust on certain crystal faces due to a pyroelectric charge. Significant
Features of colemanite are its crystal shape, hardness, cleavage, and occurrences [13].

Colemanite structure in Figure 1.4, shows the endless chains of interlocking BO2(OH)
triangles and BO3(OH) tetrahedrons with calcium, water and extra hydroxide units

which are interspersed between the chains [14].
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Figure 1.4 : Chemical structure of colemanite.

Colemanite increases the elastic modulus and the breaking strain while it decreases the
yield stress and the yield strain of material. The added colemanite to polymer matrix
can cause a reduction in its thermal expansion coefficient, due to lower thermal

expansion coefficient of colemanite, respect to polymer matrix [15].

It is detected that increasing colemanite content enhances the stiffness of composite
and the addition of colemanite can cause a noticeable rise in the fracture toughness
characteristic of sample material. Thus, introducing a mineral filler to polymeric

materials affects their toughness [16].

Main properties of colemanite can be classified as mechanical, physical, thermal,

Optical and Electrical properties.

The developed crystals of colemanite are up to 2 or 3 inch in length. They are colorless
and transparent, and the brilliant luster of their faces is vitreous to adamantine in
character. A cleavage can be observed parallel to the symmetry of the crystals. The

hardness of 4-4%2 and specific gravity of 2.42 are recorded for this mineral [17].



For the production of basic chemicals, colemanite must be upgraded to an acceptable
quality by mineral processing techniques. Boron minerals show a spectrum of
solubilities dependent on the cations in the lattice structure and this spectrum of

chemical compositions has a range of cations from monovalent to multivalent ions.

The solubility of the mineral can be determined by the type and valency of the cation

and in turn controls its electro-kinetic behavior [18].

A drop appears in melting temperature of the mix by the addition of colemanite and it
leads to low viscosity at the melting temperature, prevents crystallization and improves
the chemical and physical characteristics of product. Colemanite reduces the melting
point in glass industry and it is resistant to thermal shocks. Some of its advantages in
formulation of ceramic and enamel glazes are such as; providing a stable structure,
homogeneous melting and low segregation. It is a solvent for most of the metal oxides

and can be utilized as a fluxing agent in metallurgy industry [19,20].

When boron minerals are heated, the mineral loses water of crystallization, followed
by production of amorphous material or recrystallization into new phases. The
decomposition process of colemanite mineral exhibits intra-crystalline thermal
dissociation. While formation of the water molecules from OH groups in the structure
takes place, water molecules which have been formed by this step, released by the
heating energy. Two stages of this dissociation events are proceeded uniformly within
the crystal grains of the mineral. Colemanite contains enclosed water molecules in the
structure. The pressure from these enclosed H.O molecules grows rapidly and leads to
an explosive water loss with rising temperature. This sudden release in micropores

results in the disruption of framework by the increase in temperature [21,22].

Therefore, utilizing the colemanite mineral as a raw material is limited in ceramic
industry. On the other hand, deformation problems can appear in products when boron
containing minerals of high amounts are used in ceramic products while they are
densified in a fast firing process. based on this fact, to avoid such problems, colemanite

mineral should be calcined before application for sintering aid [23].

1.3 Polymer Composites

A composite is a combination of a polymer matrix material with fillers and it is known

as a new material with superior properties.



Enhancing the poor characteristics of polymer matrix materials, such as; thermal
performance, mechanical properties and conductivity along with keeping the supreme
properties of them at the same time, became possible by introducing polymer

composite materials.

The interaction of polymer and fillers in polymer composites introduces a new material
with great characteristics. Composite materials can be classified based on the type of

matrix material, type of reinforcing fibers or fillers and form of dispersed phase.

Polymer composites make it possible to reinforce the polymer properties with fillers.
The property improvements can be obtained with well-dispersed fillers in the host
polymer matrix at low filler concentration. The decrease in the interparticle distance
and increase in polymer matrix interaction strength occur by the addition of fillers with

high surface energy, high surface area and anisotropic geometry in the polymer matrix.

Polymer matrices such as; thermoplastic resins, thermoset resins, and elastomers are

explained below:

1. Thermoplastic resins that has a structure made up of long chains. It can be
softened When heated. Some examples of this group are; PVC, PC, PMMA.

2. Thermoset resins with crosslinked chains are composed of resins. This group
IS heat resistant. Epoxy and amino are the examples for this group.

3. Elastomers: Natural and synthetic rubber can be classified as the examples of

this group. Fillers are changeable for different applications.

Since it is possible to improve the weak characteristics of the polymer matrix by adding
fillers to obtain materials with excellent properties and reasonable production costs

Thus, polymer composites are more preferable than conventional composites [24].

Some advantages of polymer composite materials are their high stiffness, lightweight,
great corrosion and abrasion resistance and high strength. These advantages can be
explained based on the fact that fillers enhance the thermal, mechanical and optical

characteristics of polymer matrix material to a great extent.

In different application areas, polymer composites improve the properties of host
polymer in an incomparable way than conventional composites, due to the outstanding

advantages mentioned above [25].



1.4 Purpose of This Study

Polymer composites are applicable in different areas such as aerospace, electronics,
construction, biomedicine, solar cells, etc. The great features of additive fillers can be

used to improve the poor properties of the host material.

In this research, PMMA is used for polymer matrix and the radiation attenuation
property of polymers are evaluated as a function of colemanite concentration in

samples.

The aim of this study is to gain deep insight about the preparation and characterization
of polymer composites along with researching about the influence of the used filler on
polymer matrices such as interactions with the polymer matrix and the corresponding

improvements in properties of PMMA.
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2. BACKGROUND

2.1 Process of Synthesizing PMMA Using ATRP

The polymerization methods to synthesize PMMA using methyl methacrylate (MMA)

are a) free radical polymerization, b) emulsion polymerization, c¢) solution

polymerization, d) anionic polymerization, and e) bulk polymerization.

ATRP (Atom Transfer Radical Polymerization) is the most commonly utilized

technique for a controlled radical polymerization that can polymerize the monomer

(MMA) to obtain PMMA material that can be defined as living polymer with great

quality. ATRP is an effective method with controlled functionalities, topologies and

compositions that provides producing well-defined polymers easily [26].

2.2 ATRP Components

Synthesize of PMMA via ATRP has six main components, shown with structure below

(Figure 2.1) [35]:

Catalyst

\

CuBr

Monomer

L

Initiator

Polymer

j\O/?HQBr + n O

/f\ KNT
/N\ /N

7

Ligand

~

by
"4

Figure 2.1 : Components of ATRP.

Fundamental components of ATRP method are monomer, initiator, catalyst, ligand,

solvent and temperature. In this study:

1. Monomer is MMA or Methyl methacrylate.
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2. [Initiators are Alkyl halides R-X (X=ClI, Br) in this method. These initiators

contain one or more atoms of halogen.

3. Catalyst is a transition metal species (Mw) that has two available oxidation

states and generally used for lowering or increasing these states.

4. Solvent increases the solubility of catalysts complex which directly influences
the rate of reaction in polymerization process and the atom transfer

equilibrium,

5. Ligand is a metal complex. A covalent or an ionic bond connects it to the
catalyst. Solubilizing of the metal ion becomes possible by ligand. The choice
of an appropriate ligand for reaction is very essential because it has great

impact on the controlled polymerization.
6. Temperature is one of the important factors that has a direct effect on the rate
of polymerization.
2.2.1 Methyl methacrylate (MMA)

In ATRP method, MMA is the monomer for the PMMA polymerization. MMA is a
colorless liquid monomer and its chemical formula is CsHsOz2. The chemical bonds

and structure of MMA is shown below (Figure 2.2):

CH
/ 3
Hzc_— C

\C=O

P

CH;

Figure 2.2 : Methyl methacrylate (MMA).

MMA has the largest ATRP equilibrium constant (Keg=Kact/Kdeact) in comparison to the
other monomers. Some of its advantages are; a) abrasive resistance, b) great durability,

c) transparency and d) strength.
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Main characteristics of Methyl methacrylate (MMA) are listed in Table 2.1.

Table 2.1: Main characteristics of Methyl methacrylate.

Properties Value
Density 0.94 g/cm3
Molar mass 100.12 g/mole
Boiling point 100.6°C
Melting point -48°C
Flashpoint 8°C
Polymerization heat 53.97 kJ/mole

2.2.2 Initiator

Alkyl halides (RX) are widely used as the initiator in the polymerization process of
MMA using ATRP technique. The rate of polymerization process can be determined

from the concentration of Alkyl halides [27].

The characteristics of halide groups are important to obtain polymers with great
qualities. Thus, an essential part of the final material is the complete initiator molecule.
The obtained PMMA has high quality when halide group X is bromine or chlorine.
Some examples of good initiators are; a) CCIsCOCHSs, b) CHCI2COPh, c) dimethyl 2-
bromo-2 and d) 4-trimethylglutarates. Some of initiators are very active that can cause
an excessive termination or some other side reactions. RX group is either a
monofunctional or a multifunctional initiator. An important factor to provide a site for

chain growth is the number of functional groups [27,28].

2.2.3 Catalyat

Catalysts are the necessary components in ATRP method that plays an essential role
of determining the position of the atom transfer equilibrium. Both of the activating and

deactivating components of catalytic system must be present at the same time.
The prerequisites for catalyst to get efficient transition are;

1. The catalyst should have at least two available oxidation states that are

separated by a single electron.

2. There must be suitable position and dynamics for ATRP equilibrium in the

particular system.

3. The catalyst must have a sensible affinity to a halogen.
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4. There is a necessity for an expandable coordination sphere around the catalyst
in the case of oxidation.

There is a large number of transition materials available for ATRP, because of the easy
polymerization of MMA. Some examples of these transition materials are such as
ruthenium, copper, nickel, iron, rhodium and palladium. The most widely used among

them is copper based transition metal catalyst [28].

2.2.4 Ligand

In the ATRP method, ligand is another significant component for the conjunction with
various transition metals and has a great effect on the controlled polymerization.
Ligands play the essential role in solubilizing the transition metal salt into the organic

media and adjusting the catalyst potential for appropriate reactivity.

Some of ligands that are widely in use for ATRP method are nitrogen and

phosphorous-based ligands [27,28]. Examples of nitrogen-based ligands can be seen

in Figure 2.3.
Nl
N
N
| |
DTB-bpy PMDETA MesTREN

Figure 2.3 : Examples for ligand (nitrogen-based).

Three main advantages of ligands for an efficient polymerization are explained below:
1. Ligands control reaction via structural and electronic effects selectively.
2. In the reaction, ligands can solubilize the metal.

3. Ligands have influence on the oxidation-reduction chemistry of final metal

complex.

The choice of ligand is an important factor in controlling the reaction and molecular
weight in the system. Ligand adjusts the solubility of the catalyst to control the

concentration of the activator and deactivator in reaction phase.
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It enables the coordination sphere to expand and provides selective atom transfer
without promoting any other reactions [29].

2.2.5 Solvent

The structure of a catalyst Complex can change by a variety of solvents. The atom
transfer equilibrium and rate of polymerization process are affected by this change.
Thus, the effect of solvent on ATRP method is so important. The choice of solvent is
so essential to achieve an effective polymerization. Various solvents are in use for
different monomers such as; alcohol, ethylene carbonate, ethyl acetate, toluene and
benzene. The solvents that are used to improve the solubility of the catalyst complex
are polar solvents. Using solvents become necessary when the formed polymers are

not soluble in their monomers [27,28].

2.2.6 Temperature

Temperature plays an undeniable role in the polymerization process. High temperature
increases the amount of heat loss and decreases the time for the completion of reaction.
Due to the increase of collision frequency, a rise appears in the rate of reaction in high
temperature. Temperature has direct effect on the polymerization rate. With the rise of
temperature, the increase in both of the atom transfer equilibrium and the radical
propagation rate constants leads to the increase in polymerization rate. Solubility of

the catalyst decomposition happens by the rise of temperature.

Most of the MMA polymerizations performed in solution are at temperatures of about
70 to 90 °C. At high temperatures, the solubility of the catalyst increases. Also, chain
transfer and other side reactions are remarkable at high temperature. Optimal

temperature is dependent on catalyst, monomer and targeted molecular weight [27,28].

2.3 ATRP Mechanism

ATRP is a complex polymerization technique consist of three elementary reactions as
below;

a) initiation.

b) propagation.

c) termination.
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By controlling all of these three reactions and the reactivities of the involved species,

suitable results for polymerization can be obtained [28].

1.

Initiation: Initiator is the Thermal unstable part of this mechanism. It requires
energy to split into two free radicals that contain unpaired electrons. The
important factors that affect the decomposition rate of initiators are reaction
temperature and solvents. In this process, free radical should find another
radical for coupling. Then, radicals can get stabilized. Highly reactive free
radical attacks the double bond of the monomer molecule. Double bonds are
made up of two electrons. First one appears as sigma and second one appears
as pi electrons. In initiation reaction, R-X plays role as an initiator, a metal
complex (Mtn) goes through a one-electron oxidation and get a halogen atom
from a starting species at the same time. An organic radical (R-) and a metal
complex (Mtn+1) can be produced by this reaction. This process consists of
the activation (kact) and deactivation (kdeact) rate constant. In ATRP,

initiation should be complete and fast at low monomer conversion [27,28].

Propagation: In the second process of ATRP mechanism, the propagation of
polymer chains occurs by adding new monomers to the growing chain ends. It
is important to rapidly deactivate growing chains to obtain polymers with high

quality. The explained condition is continuous until the end of process [28, 29].

Termination: this reaction is the last step of polymerization process with rate
constant (kt) that is mainly through radical coupling and dis-proportionating in
ATRP method. Only a small percent of polymer chains can reach and
experience the termination reaction in a controlled ATRP [27,28]. This process
can be separated into two different categories of coupling termination and dis-
proportionating termination. The dis-proportional termination has shorter

chain length than coupling termination.

In living polymerization systems, the chain ends must not be terminated at the end of

the ATRP and they must be living to be usable as macroinitiators in further

polymerization processes. To achieve this goal, all polymer chains should have a

halogen atom at the end of the chain when the polymerization is completed. Then, they

can be reused to obtain block copolymers or other advanced polymer architectures
[27,28].
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2.4 Process of Synthesizing Polymer/Colemanite Composites

Various methods for fabrication of polymer composites are such as; a) solution mixing,
b) melt compounding and c) in-situ polymerization that are in use to produce
polymer/colemanite composites. Same as the other types of polymer composites, the
dispersion and distribution of colemanite in polymer matrix are very important during
the synthesize of polymer/colemanite composites. Due to this fact, the most
appropriate method must be used to obtain the effective dispersion and distribution
[30,31].

2.4.1 In situ polymerization method

In this method of polymerization, monomer and colemanite filler should be mixed in
first step. It allows the interaction between the monomer and filler (particles). After
the occurrence of homogeneous mixture, initiator is added and polymerization is
initiated after the monomer intercalation. Heat accelerates the polymerization process.

The general in-situ polymerization is presented below (Figure 2.4)

Fillers Monomer

Mixing

Initiator

A

Polymerization

v

Composites

Figure 2.4 : Diagram of in-situ polymerization process.

Compared to the other methods, the in-situ polymerization has outstanding

performance. This method of polymerization improves the dispersion and distribution
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of layered colemanite-filler in matrix. Compared to composites synthesized by melt
mixing or solution mixing, the synthesized composites by this method have superior
performance [32,33].

2.4.2 Process of mixing the solution

Solution mixing is a common technique to prepare polymer composites. This method
has an extensive use because of its simple operation process. First, the solid polymer
is dissolved in a chemical solvent, and then mixed with the dispersed filler in the same
solvent by stirring or sonication. Consequently, the effective interaction between
polymer molecules and the colemanite layers occurred. Polymers form the composites
after removing the solvent with evaporation. This method has both advantages and
disadvantages. Its advantage is to work very well with small sample sizes. Also, this
polymerization method has consistent dispersion. The schematic representation of the

explained synthesis technique is shown below (Figure 2.5).

Fillers Solvent Polymer
Dispersion Dissolution
Mixing
Evaporation
. Solvent

\J

Composites

Figure 2.5 : Process of solution mixing.
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Some disadvantages of this method are such as the necessity to use chemical solvent
and sonication for mixing the colemanites with the polymer suspension. The other
problem is that the available organic solvents are limited. In addition, environmental

effects are a result of using solvent in large quantities [30,31,32].

2.4.3 Process of melt compounding

Melt compounding is on of useful techniques to produce large-scale polymer
composites, thermoplastic polymers and fillers. This technique can’t be utilized at low
compositions based on the fact that their aspect ratios are high. Direct combination of
colemanites into the molten or viscous polymer takes place in the polymerization
process of this method. The solid polymer can be softened by high temperature. This

high temperature also can cause the easy dispersion of colemanites.

However, this is not an effective method to disperse colemanites in molten polymer or
viscous polymer, especially in the case of preparing higher concentration of

colemanite.

The disadvantage of this method is to limit the potential nanoscale reinforcement
ability. In this method, the mechanical and electrical performance of the obtained
composite are limited too. Thus, the melt compounding method results in poor
dispersion of colemanite in polymer matrix, compared to in situ polymerization and
solution mixing [30,31,32]. The process of melt compounding technique is shown in

Figure 2.6.

- »

Melt compounding

y

Composites

Figure 2.6 : Process of melt-compounding.
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2.5 Gamma Radiation Transmission

Gamma rays are photons with high energies about 10000 times more than energy of
visible photons and wavelengths shorter than 10-11 m. The decay of nucleus from a
state with high-energy to another state with lower energy leads to the production of
gamma rays. This process is called gamma decay. Gamma photons have no mass and
electrical charge. Thus, they can only cause indirect ionization. Gamma ray is a highly

penetrating electromagnetic radiation [34].

These rays pass through materials and interact with them in different ways. This is a
complex process and there are a variety of interactions that can occur between the
gamma radiation and material but there are three important interactions that have high

probability of occurrence. These interactions are mentioned below [35,36]:

1. In photoelectric event, y-ray interacts with an inner electron of atom, then the
incident photon loses all of its energy and disappears. This interaction occurs
at low energies of gamma rays. A part of its energy overcomes the binding
energy of electron and the rest is transferred to ejected electron as kinetic
energy. The energy of photoelectron can be calculated from equation below:

Ee = hU - Eb (21)

Where, hv is the energy of incident photon, Eb is the binding energy of electron
and Ee is the energy of photoelectron. Photoelectric absorption occurs when
Ey >Eb [35,36].

The photoelectric interaction is presented in Figure 2.7.
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Figure 2.7 : Illustration of photoelectric effects.
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2.

In compton scattering process, the coming gamma ray interacts with target
electron (Ey >>Eb) in the atom and transfers a part of its energy to the recoiled
electron. Different angles of scattering are possible in this event. Thus,
transferred energy has a range that changes from zero to the energy values of
incident photon. This interaction results in deflection of electron from the atom

with a scattering angle and a decrease in the energy of the photon [35,36].

The Compton scattering process is presented below (Figure 2.8).
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Figure 2.8 : Compton scattering.

3. Pair Production occurs when incident photon with energy twice the rest mass

of the electron (at least 1.022 MeV) passes near the nucleus and interacts with

electric field of nucleus. As the result of this electric field, pair production

occurs which is the transformation of photon into a positron and an electron.
The formed electron and positron of pair production are slowing down inside
material and lose their kinetic energy. Then the combination of the electron
and the positron through annihilation process results in the emission of two
gamma photons, each has energy of 0.511 MeV. This is a common interaction
in the case of materials with high atomic number [35,36]. The pair production

interaction is presented in Figure 2.9.
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Figure 2.9 : Pair production process.

Probability relationship for these interactions can be obtained by the use of quantum
mechanics. It shows the probability of each interaction, which is defined as absorption
coefficient or cross section of interaction. The cross section of interaction and the
intensity of gamma-ray determine the amount of attenuation when rays pass through
the polymer material. The sum of absorption coefficients for photoelectric effect,
Compton scattering and pair production is equal to total attenuation coefficient ()
calculated by equation below:

ul (Cm_l) = Upn t Heo T+ Hpp (2.2)

In this equation, ppn is the defined absorption coefficient for photoelectric effect, pico
determines absorption coefficient of Compton scattering and ppp gives absorption

coefficient of pair production [34].
Lambert-Beer equation determines the y-ray attenuation inside the material.
I = Ioe (WX (2.3)

I is the intensity of radiation passes through absorber material with thickness of x (cm).
lo is the initial radiation intensity without any sample material. The gamma radiation
transmission of composite sample is given by ratio I/lo. In this equation, p is linear
attenuation coefficient and it dependent on gamma-ray energy, density and atomic
number of sample material. Gamma-ray transmission decreases by the increase of

absorber thickness. On the other hand, transmission increases by the increase of
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gamma-ray energy. Mass attenuation coefficient is another useful expression that can
be defined as the ratio of linear attenuation coefficient to density (u/p) and has unit of

area per unit mass (cm?/g). [35].

2.6 Neutron Transmission

Neutron is a subatomic particle that derives its name from the fact that it is neutral; it
has no electrical charge. Neutron is extremely dense and mass of it is slightly greater
than the mass of proton. All atomic nucleuses have at least one neutron except
hydrogen. Protons and neutrons come together with nuclear force for the formation of

atomic nuclei. Neutrons are composed of two down and one upward quartz [42].
The classification of neutrons based on their energies is given below:

a) cold and ultracold: E~meV~ peV

b) Thermal/slow: E ~ kT~1/40 eV

c) Epithermal: 100 keV >E >0.1 eV

d) Fast: 10-20 MeV > E >100-200 keV

e) High-energy: E>100 MeV

Neutrons interact with matter in different ways. When neutron interacts with a nucleus,

five reactions are possible to occur (Figure 2.10).
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Figure 2.10 : Neutron-Nucleus interactions.

e

23



Elastic scattering: Neutrons transfer a part of their energy to the nucleus in this
collision and then they separate to different directions. Target nucleus receives energy

and moves faster.

Inelastic scattering: A neutron may be temporarily absorbed when it hit the nucleus.
As the result, the compound nucleus appears. This compound nucleus is excited and
can turn back to initial state by the emission of another neutron with lower energy

along with emission of a gamma photon [43].

Neutron Absorption: These reactions occur when neutron is completely absorbed. The
formation of compound nucleus takes place at the end of the reactions. This group of

reactions occur in nuclear reactors.
Two main absorption reactions can be classified as below:

1. Radiative Capture: It is the only possible absorption reaction to occur in case
of non-fissionable nuclei. In this reaction, incident neutron is fully absorbed
and formed compound nucleus decays to its initial state of energy by emission
of gamma. Thus, capture reaction results in the loss of a neutron coupled with

emission of one or more gamma rays. Its cross-section is presented by oy.

2. Neutron-induced Fission: A neutron can be absorbed or can cause a nuclear
fission in the case of fissionable materials. Due to this, the absorption cross

section can be given as: 6a =6,+ot.

Neutron transfer: In this type of reactions, neutron can be absorbed in order to produce
compound nucleus. Compound nucleus can emit different charged particles such as a
photon or maybe an alpha particle. At the end, a nucleus of a different element appears.

Neutron transfer group of reactions are; (n, 2n), (n, a), (n, p).

The total probability for the interaction of neutron with material is the sum of cross
sections for all interactions explained earlier. Attenuation coefficient value for

neutrons can be obtained from equation below:
[ = Jo e Z(toD)x (2.4)

Where, ot is the total macroscopic cross-section of neutrons, lo is the initial intensity
and | is the measured intensity after passing through the absorber material with

thickness of x.
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2.7 Beta Transmission

In this experiment, the emission of beta particles was together with the emission of
Bremsstrahlung radiation which is produced from the deceleration of a charged
particle, typically an electron at Coulomb interaction. In the case of materials with high
Z number, there is a more intense production of Bremsstrahlung radiation when
negative beta particles interact with material. Thus, using low Z number materials is
more appropriate to reduce the intensity value of Bremsstrahlung radiation in the

experiments [37].

The changes in relative intensity value (1/10) of beta radiation were calculated for pure
PMMA and PMMA/Colemanite composite samples by using equation below:

I = Ioe (#) (2.5)

When, |, is the initial intensity, | is the transmitted intensity passed through material
and x is the thickness of sample material. Linear attenuation coefficient value in this

equation is presented by p.
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3. EXPERIMENTALS

3.1 Used Chemicals

The used materials were; a) Tetra-n-butylammonium bromide (Bu4NBr), b) 98+%
(Alfa Aesar), ¢) Copper bromide (CuBr), d) Puratronic®, e) 99.998% (metals basis)
(Alfa Aesar), f) Methyl methacrylate (MMA), g) 99%, stab.( Alfa Aesar), h) 1,1,4,7,7-
Pentamethyldiethylenetriamine (PMDETA), i) 98% (Alfa Aesar), j) Ethyl 2-
bromoisobutyrate (EBiB), k) 98+% (Alfa Aesar), I) pure argon, m) regulator and n)

Colemanite filler.

3.2 Preparation of PMMA/Colemanite Composite Samples

In this experiment, all the preparations and measurements were performed in two
hands AtmosBag at ITU Prof.Dr. Adnan Tekin Materials Science and Production
Technologies Applied Research Center (ATARC).

First, the chemical materials and tubes together with a magnetic mixer were placed
inside this AtmosBag (Figure 3.1). Before the measurements, the Atmosbag was
vacuumed. Then the system was filled with pure argon. The chemicals weighting

process was performed in the argon atmosphere of AtmosBag.

Figure 3.1 : The chemicals weighting in AtmosBag.
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For the preparation of base samples, Bu4NBr of 1.211 g and 3.76 mmol as solvent
together with CuBr of 0.067 g and 0.47mmol as catalyst were weighted and for
composite samples, extra colemanite concentrations of 15 %, 30 %, 40% were added
to tubes and placed inside AtmosBag. Measurements of chemicals were performed
using Precision Libra. After the measurements, tubes were sealed and taken out from
the AtmosBag in order to put them in another AtmosBag for synthesis process (Figure
3.2). The prepared MMA of 28.2 g and 0.282 mol was added to the tubes and mixed
with chemicals via gas tight syringe. Then, PMDETA of 0.081 g and 0.47mmol as
ligand was added to mixtures. Then, mixtures were degassed using pure argon for
about 3 minutes. At last, EBIB of 0.092g and 0.47 mmol as initiator was added to tubes

in order to start polymerization process.

Figure 3.2 : The synthesis process performed in the AtmosBag.

All the tubes were taken out of the AtmosBag, closed and sealed with parafilm. Then,
tubes were put on a magnetic stirrer with adjustable temperature property to complete

the polymerization process (Figure 3.3).

Figure 3.3 : The completion of polymerization process with magnetic stirrer.
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Images of base PMMA and PMMA/colemanite composite samples were presented

below (Figure 3.4).

LELE B

Figure 3.4 : Prepared base PMMA and PMMA/Colemanite composite samples.

3.3 Application of Cs-137 and Co-60 Radioisotopes in Gamma Transmission

Technique

Cs-137 and Co-60 radioisotopes with different gamma photon energies were utilized
as gamma sources in gamma transmission method to calculate attenuation coefficient
values for PMMA/colemanite composites. The Cs-137 radioisotope with the half-life
of 30.1 years and a single peak of gamma that appears at the energy of 0.662 MeV
(Figure 3.5). The Co-60 radioisotope has the half-life of 5.23 years which is short
compared to Cs-137 (Figure 3.6). It shows two peaks of gamma at energies of 1.17
MeV and 1.33 MeV. The relation between linear attenuation and colemanite content

can be determined by the use of these gamma radioisotopes [38].

Figure 3.5 : The image of Gamma source (Cs-137 radioisotope).
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Figure 3.6 : Images of the Gamma source (Co-60 radioisotope).

The gamma rays that can pass through material are measurable using gamma
transmission method. Detector and gamma source were placed face-to-face on the

opposite sites of the same-axis, presented in Figure 3.7.

Absorption

sample Gamma detector

Lk %:J

Gamma source

Figure 3.7 : The experimental set up for gamma transmission technique.

The linear attenuations were measured for samples by using gamma spectrometer that
contains a detector (Canberra Bicron of Model: 802-2X2) and it was connected to a
Multi-Channel Analyzer with 1024 channels.

The diameters of both Cs- 137 and Co-60 radioisotopes were 6mm. The thickness of
lead collimator was 10 mm and collimator hole had 7mm diameter. The diameter of
used detector was 20 mm. The source-detector distance was 160 mm during all
measurements. Collimator was used to focus radiation intensity into detector. The
source-sample distance was maintained 110 mm.
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The intensity of the intensity coming gamma rays from the source were measured by
detector. First, the initial baseline (lo) was measured, which is the intensity of the
atmosphere without using any composite material. Then, the PMMA/colemanite
composites were placed in the distance between source and detector. Gamma intensity
was measured for 15 minutes per PMMA/colemanite composite sample. In order to
calculate the mean values, all of the measurements were performed at least three times
in the same parameters. This experiment was performed in Radiation Applications

Laboratory-B of ITU Energy Institute.

3.4 Application of Neutron Howitzer (NH3) with Pu-Be Neutron Source

This Neutron Howitzer (NH3) contains 239Pu-Be neutron source (o, n), neutron
collimator, neutron detector and neutron shielding equipment used in experiments for
neutron transmission measurements. Table 3.1 gives the characteristics of *°Pu-Be

neutron source containing Neutron Howitzer [44].

Table 3.1: Characteristics of Neutron Howitzer (NH3) with 23°Pu-Be neutron source.

Properties Value
Neutron Source Pu-Be Neutron Source
Neutron Source Type Nuclear Chicago Corporation
Neutron Production Reaction (o,n)
Average Neutron Energy 53.97 kJ/mole
Neutron Flux 10* n/cm? s
Activity 2Ci
Number of the Irradiation Ports 2
Thickness of the paraffin 25cm
Sizes of the Howitzer @60 cm x 90 cm

Two radial beam ports of neutron howitzer are 29 cm long and have the diameter of 5
cm. One Port is used for thermal neutrons and it is utilized to calculate total
macroscopic cross section for various materials such as polymeric materials. The other
port is used for epithermal neutrons. It is utilized to calculate effective cross section

for denser materials.

Pu—Be neutron source has average neutron energy of 5 MeV with activity of 5 Ci and
the neutron howitzer generates neutron flux (at 106 n/cm?). Insignificant amount of

fast and epithermal scattered neutrons was received from port and thermalized, then
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absorbed by the hydrogen and carbon content at paraffin wax of NH3. Samples were
examined by thermal slow neutrons with energy of 0.025 eV.

Changes in values of total macroscopic cross sections for PMMA/Colemanite

composites were evaluated by using Thermal neutron port of NH3 (Figure 3.8).

Figure 3.8 : Port of the used Neutron Howitzer.

This experiment was performed in the Neutron Howitzer at ITU Energy Institute
(Figure 3.9). Neutron attenuation property of PMMA/colemanite composites was

examined by the rise of colemanite amount in composite.
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Figure 3.9 : The used Neutron Howitzer.

In the first step, initial count (lo) was measured. Then, the PMMA/colemanite

composite samples with determined thicknesses were placed in experimental setup.
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Duration of count measurements were 90 seconds for each sample. Each count was

repeated at least three times to calculate mean value.

3.5 Application of Sr-90 Radioisotope in Beta Transmission Test

Beta transmission test is usable for thickness measurements in industry. This method
is useful in control processes for polymers and ensures the assessment of the density
changes [39]. Sr-90 radioisotope has the activity of 3.58 mCi and the half-life of 28.1
years. This radioisotope emits beta particles at energy of 0.546 MeV. Yittrium-90
radioisotope with 64 h half-life appears from the decay of Sr-90 and emits beta
particles. It emits high-energy beta radiation (2.28 MeV).

In this study, the experimental settlement was prepared in order to determine the beta
attenuation of PMMA/Colemanite composite samples. The used beta source in this
experiment was Sr-90 of 2.86 mCi with radius of 0.015 cm and max electron energy
of 0.546MeV (Figure 3.10). Beta measurements were performed in a cell made of

plexiglass.

Figure 3.10 : The used beta source (Sr-90).

In beta transmission test, half-life of the source and its energy can be considered as

important parameters in evaluation of radiation penetration.

In this experiment, survey meter was performed dependent on its high counting
efficiency. This survey meter is a high-quality Geiger-Muller type of detector in use
for X-ray and gamma measurements which is a suitable choice for protection from

radiation and health physics applications [40].

The produced Bremsstrahlung radiation was considered as X-ray. The changes of beta

intensity were studied considering Bremsstrahlung radiation. In this experiment, there
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was the emission of Bremsstrahlung radiation as X-ray together with the emission of
beta particles from Sr-90 and its decay product Y-90. In measurements, the emitted X-
ray was eliminated and the counts were taken by detector only for the emission of beta
particles. In order to have an acceptable electron beam and eliminate electron
scattering, a special polymer collimator was used in this experiment. This collimator
had outer and inner diameters of 13 cm and 6 cm.
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4. RESULT AND DISCUSSION

4.1 Gamma Transmission Measurements

By the use of Cs-137 and Co-60 radioisotopes as two different sources of gamma, the
changes in relative intensity for PMMA/Colemanite composite samples were defined
as a function of sample thickness. Therefore, it became possible to determine the
changes in values of attenuation coefficient (u) for pure PMMA and
PMMA/Colemanite composites samples at different colemanite concentrations and

sample thicknesses.

At the end of the measurements, values of linear attenuation coefficients (i) for gamma
sources (Cs-137 and Co-60 radioisotopes) were obtained from the thicknesses versus

relative counts graphs.

4.1.1 Gamma transmission measurements using Cs-137

The changes of relative intensity values for pure PMMA with the rise of the thickness
using Cs-137 as gamma source were listed below (Table 4.1). The linear attenuation

coefficient results were given in Figure 4.1.

Table 4.1: Results of gamma transmission measurements for pure PMMA using
gamma source (Cs-137).

O Camt comcz Cama A SO Sl
0 3258 3270 3285 3271.000 0.003377 1.00000
05 2980 3085 3050 3038.333 0.013345 0.92886
1 2889 2851 2980 2906.667 0.005065 0.88861
15 2675 2827 2875 2792.333 0.019814 0.85366
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Figure 4.1 : Graph of relative intensity-thickness for pure PMMA using gamma

source (Cs-137).

Results of gamma transmission measurements for examined samples at 15 %

colemanite concentration using Cs-137 radioisotopes were listed below (Table 4.2).

Changes in relative intensity of PMMA/Colemanite 15 % samples by the rise of

thickness were given in Figure 4.2. It also represents the linear attenuation coefficient.

Table 4.2: Results of gamma transmission measurements for PMMA/Colemanite 15
% samples using gamma source (Cs-137).

S Gt comcz Cama A SO Sl
0 3258 3270 3285 3271.000 0.003377 1.00000
0.5 2985 2976 2992 2984.333  0.002002 0.91236
1 2841 2815 2796 2817.333 0.005639 0.86130
15 2726 2778 2671 2725.000 0.013356 0.83307
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Figure 4.2 : Graph of relative intensity-thickness for PMMA/Colemanite 15 %
samples using gamma source (Cs-137).

Results of gamma transmission measurements for PMMA/Colemanite 30 % samples
using Cs-137 as gamma source were presented below (Table 4.3). Linear attenuation

coefficient can be seen in Figure 4.3.

Table 4.3: Results of gamma transmission measurements for PMMA/Colemanite 30
% samples using gamma source (Cs-137).

Thickness count1 Count?2 Count3 Average Standard  Relative

(cm) Count  Deviation Count (I/10)
0 3258 3270 3285  3271.000 0.003377  1.00000
0.5 2960 2862 2886 2902.667 0.012751 0.88739
1 2597 2759 2758  2704.667 0.023275  0.82686
1.5 2610 2567 2625 2600.667 0.007515 0.79506
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Figure 4.3 : Graph of relative intensity-thickness for PMMA/Colemanite 30 %
samples using gamma source (Cs-137).

Results of gamma transmission measurements for PMMA/Colemanite 40 % samples
using Cs-137 were listed below (Table 4.4). Linear attenuation coefficient was
presented in Figure 4.4.

Table 4.4: Results of gamma transmission measurements for PMMA/Colemanite 40
% samples using gamma source (Cs-137).

Thickness count1 Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (l/10)
0 3258 3270 3285 3271.000 0.003377 1.00000
0.5 2850 2937 2834  2873.667 0.013836  0.87852
1 2610 2736 2690 2678.667  0.015916 0.81891
15 2528 2462 2549  2513.000 0.009512  0.76826
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Figure 4.4 : Graph of relative intensity-thickness for PMMA/Colemanite 40 %
samples using gamma source (Cs-137).

Theoretical mass attenuation coefficients were evaluated with XCOM program by

using the chemical compositions of samples in the calculations (Figure 4.5).
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Figure 4.5 : Calculation of theoretical mass attenuation coefficient using
XCOM program.
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The values for linear attenuation coefficients were obtained from the experimental
results and presented in prepared graphs based on sample thicknesses versus relative

counts.

Pycnometer measured the changes in density of prepared samples by the rise of
colemanite concentration. Then, the values of mass attenuation coefficients were
determined from um = w/p. Theoretical and experimental results were compared below
(Table 4.5).

Table 4.5: Comparison of theoretical and experimental results for gamma source

(Cs-137).
Theoretical
Linear Mass mass
samples attenuation  Density ~ attenuation  attenuation Difference
coefficients  p (g/cm®)  coefficients  coefficients (%)
u(em™) wp (em?g)  wp (em?g)
(XCOM)

PMMA 0.112 1.110 0.10090 0.10310 2.1
15 % 0.134 1.216 0.11019 0.11370 3.0
30 % 0.170 1.232 0.13798 0.14270 33
40 % 0.189 1.247 0.15156 0.16390 7.5

Based on the results presented in Table 4.5, linear and mass attenuation coefficients
increased with the rise of the colemanite concentration in the PMMA/colemanite

composite samples.

Results determined that theoretical mass attenuation coefficients are greater than
experimental mass attenuation coefficients. The calculated difference between
theoretical and the experimental results indicated that the obtained values were in

acceptable ranges.

The results of gamma radiation attenuation at different colemanite concentrations for
PMMA/colemanite composite samples against Cs-137 radioisotope were compared in
Figure 4.6.
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Figure 4.6 : Comparison of gamma radiation attenuation at different colemanite
concentrations for Cs-137 radioisotope.

4.1.2 Gamma transmission measurements using Co-60

Results of gamma transmission measurements for base PMMA samples using Co-60
at 1.17 MeV gamma-peak were listed below (Table 4.6). Linear attenuation coefficient
was shown in Figure 4.7.

Table 4.6: Results of gamma transmission measurements for pure PMMA using Co-
60 radioisotope (at 1.17 MeV).

Thickness Countl Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (I/10)
0 3623 3490 3477 3530.000 0.018690  1.000000
0.5 3412 3234 3260  3302.000 0.022239 0.935411
1 3164 3176 3129 3152.500 0.005648  0.893059
15 3016 2954 3158  3042.667 0.024190 0.861945
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Figure 4.7 : Graph of relative intensity-thickness for pure PMMA using Co-60
radioisotope (at 1.17 MeV).

Result of gamma transmission measurements for PMMA/colemanite 15 % samples
using Co-60 at 1.17 MeV gamma-peak were listed below (Table 4.7). Linear
attenuation coefficient can be seen in Figure 4.8.

Table 4.7: Results of gamma transmission measurements for PMMA/Colemanite 15
% samples using Co-60 radioisotope (at 1.17 MeV).

Thickness Countl Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (l/10)
0 3623 3490 3477 3530.000 0.018690 1.00000
0.5 3392 3256 3227  3291.667 0.020376  0.932483
1 3103 3042 3063 3069.333 0.007168  0.869500
1.5 2928 2974 2937 3264.00 0.005639  0.834655
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Figure 4.8 : Graph of relative intensity-thickness for PMMA/Colemanite 15 %
samples using Co-60 radioisotope (at 1.17 MeV).

The obtained Results of gamma transmission measurements for PMMA/colemanite
composite 30 % samples using Co-60 at 1.17 MeV gamma-peak were presented below

(Table 4.8). Linear attenuation coefficient was calculated and presented in Figure 4.9.

Table 4.8: Results of gamma transmission measurements for PMMA/Colemanite 30
% samples using Co-60 radioisotope (at 1.17 MeV).

Thickness  ~ount1 Count2 Count3 Average  Standard Relative

(cm) Count  Deviation Count (I/10)
0 3623 3490 3477  3530.000 0.018690  1.000000
0.5 3263 3253 3195 3237.000 0.008492  0.916997
1 3037 3049 2998  3028.000 0.006168 0.857790
1.5 2847 2939 2840 2874.333 0.012379  0.814259
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Figure 4.9 : Graph of relative intensity-thickness for PMMA/Colemanite 30 %
samples using Co-60 radioisotope (at 1.17 MeV).

Results of gamma transmission measurements for PMMA/colemanite 40 % samples

using Co-60 radioisotopes at 1.17 MeV gamma-peak were listed below (Table 4.9).

Linear attenuation coefficient can be found in Figure 4.10.

Table 4.9: Results of gamma transmission measurements for PMMA/Colemanite 40
% samples using Co-60 radioisotope (at 1.17 MeV).

Thickness  ~qunt1 Count? Count3 Average Star)de}rd Relative
(cm) Count  Deviation Count (I/10)

0 3623 3490 3477  3530.000 0.018690  1.000000

0.5 3250 3165 3173 3196.000 0.010856  0.905382

1 2922 2973 2977 2957.333 0.007093  0.837771

1.5 2750 2832 2793 2791.667 0.009487  0.790840
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Figure 4.10 : Graph of relative intensity-thickness for PMMA/Colemanite 40 %
samples using Co-60 radioisotope (at 1.17 MeV).

Comparison of theoretical and experimental results for Co-60 radioisotope (at 1.17
MeV) was given in Table 4.10. Comparison of gamma attenuation at different

colemanite contents for Co-60 radioisotope (at 1.17 MeV) was given in Figure 4.11.

Table 4.10: Comparison of theoretical and experimental results for Co-60
radioisotopes (at 1.17 MeV).

Theoretical
Linear Mass mass
samples attenuation ~ Density ~ attenuation  attenuation  Difference

coefficients p (g/cm®  coefficients  coefficients (%)

i (cm™) wp (em?g)  wp (cm?/g)

(XCOM)

PMMA 0.106 1.110 0.09549 0.09870 3.2
15% 0.127 1.216 0.10444 0.11370 8.1
30 % 0.144 1.232 0.11688 0.12110 34
40 % 0.165 1.247 0.13231 0.13960 5.2
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Figure 4.11 : Comparison of gamma radiation attenuation at different
colemanite concentrations for Co-60 radioisotope (at 1.17 MeV).

Changes in the relative intensity values of pure PMMA samples were measured by the
rise of thickness against Co-60 radioisotope at 1.33 MeV gamma-peak and presented
in Table 4.11. The calsulated value for linear attenuation coefficient can be seen in

Figure 4.12.

Table 4.11: Results of gamma transmission measurements for pure PMMA using
Co-60 radioisotope (at 1.33 MeV).

Thickness Countl Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (I/10)
0 3853 3735 3848 3812.00 0.01429 1.00000
0.5 3679 3665 3523 3622.33  0.01849 0.95024
1 3470 3338 3433 3413.67 0.01458 0.89551
15 3209 3154 3429 3264.00 0.03117 0.85624
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Figure 4.12 : Graph of relative intensity-thickness for pure PMMA using Co-60
radioisotope (at 1.33 MeV).

Results of gamma transmission measurements for PMMA/Colemanite 15 % samples
using Co-60 at 1.33 MeV gamma-peak were listed at Table 4.12. Linear attenuation

coefficient was given in Figure 4.13.

Table 4.12: Results of gamma transmission measurements for PMMA/Colemanite
15 % samples using Co-60 radioisotope (at 1.33 MeV).

Thickness  ~ount1 Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (I/10)
0 3853 3735 3848 3812.00  0.01429 1.00000
0.5 3515 3597 3521 3544.33  0.00979 0.92978
1 3329 3400 3235 3321.33 0.01773 0.87128
15 3190 3194 3227 3203.67  0.00435 0.84042
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Figure 4.13 : Graph of relative intensity-thickness for PMMA/colemanite 15 %
samples using Co-60 radioisotope (at 1.33 MeV).

Result of gamma transmission measurements for PMMA/Colemanite 30 % samples
using Co-60 at 1.33 MeV gamma-peak were listed at Table 4.13. Linear attenuation

coefficient can be seen in Figure 4.14.

Table 4.13: Results of gamma transmission measurements for PMMA/Colemanite
30 % samples using Co-60 radioisotope (at 1.33 MeV).

Thickness  ~ount1 Count2 Count3 Average  Standard Relative

(cm) Count  Deviation Count (I/10)
0 3853 3735 3848 3812.00  0.01429 1.00000
0.5 3485 3562 3497 3514.67 0.00887 0.92200
1 3309 3392 3227 3309.33  0.01767 0.86814
1.5 3158 3160 3163 3160.33 0.00054 0.82905
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Figure 4.14 : Graph of relative intensity-thickness for PMMA/colemanite 30 %
samples using Co-60 radioisotope (at 1.33 MeV).

Results of gamma transmission measurements for PMMA/Colemanite 40 % samples
against Co-60 at 1.33 MeV gamma-peak were listed at Table 4.14. The value of linear
attenuation coefficient was calculated and presented in the given equation at Figure
4.15.

Table 4.14: Results of gamma transmission measurements for PMMA/Colemanite
40 % samples using Co-60 radioisotope (at 1.33 MeV).

O Comes camz Camea ATEe Sended | fee
0 3853 3735 3848 3812.00 0.01429 1.000000
0.5 3466 3583 3468 3505.67 0.01435 0.91964
1 3244 3269 3206 3239.67 0.00679 0.84986
1.5 3087 3084 3065 3078.67 0.00256 0.80763
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Figure 4.15 : Graph of relative intensity-thickness for PMMA/colemanite 40 %
samples using Co-60 radioisotope (at 1.33 MeV).

Comparison theoretical and experimental results for Co-60 radioisotopes (at 1.17

MeV) was given in Table 4.15. Comparison of gamma attenuation at different

colemanite contents for Co-60 radioisotope (at 1.33 MeV) was given in Figure 4.16.

Table 4.15: Comparison of theoretical and experimental results for Co-60

radioisotopes (at 1.33 MeV).

Theoretical
Linear Mass mass
attenuation ~ Density ~ attenuation  attenuation -
Samples coefficients p (g/cm®)  coefficients  coefficients D|ﬁz§/2e)znce
u(cm™) wp (cm?g)  wp (cm?/g)
(XCOM)

PMMA 0.105 1.110 0.09459 0.09717 2.6
15 % 0.124 1.216 0.10197 0.10200 0.2
30 % 0.132 1.232 0.10714 0.11120 3.6
40 % 0.150 1.247 0.12028 0.12660 4.9
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Figure 4.16 : Comparison of gamma radiation attenuation at different
colemanite concentrations for Co-60 radioisotope (at 1.33 MeV).

4.2 Neutron Transmission Measurements Using 2*®Pu-Be Neutron Source

The rise of colemanite concentration in the samples resulted in the variations in relative
count (I/10) against Pu-Be. Total macroscopic cross sections (Xtotal) were obtained
from thickness versus relative count graph. Results of pure PMMA for Pu-Be neutron
source were listed at Table 4.16. Changes in relative intensity values for pure PMMA

samples depending on thickness against neutron source were presented in Figure 4.17.

Table 4.16: Results of neutron transmission measurements for pure PMMA using
Pu-Be (neutron source).

Momy - Countt Countz counts FEORE SEERL ot (o
0 1542 3068 4593  3067.667 0.406030 1.0000
0.5 1486 2374 3237  2365.667 0.233033 0.7711
1 1002 2056 2820  1959.333 0.242965 0.6387
1.5 922.0 1752 2786  1820.000 0.248558 0.5932
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Figure 4.17 : Graph of relative intensity-thickness for pure PMMA using Pu-Be

neutron source.

Results of PMMA/Colemanite 15 % samples using Pu-Be as neutron source were

listed at Table 4.17. Changes in relative intensity values of PMMA/colemanite

composite samples depending on their thicknesses against neutron source were

presented in Figure 4.18.

Table 4.17: Results of neutron transmission measurements for PMMA/Colemanite
15 % samples using Pu-Be (neutron source).

OIS com1 Cume camca A Sended Moehe
0 1542 3068 4593 3067.667 0.406030 1.0000
0.5 1430 2278 3185 2297.667 0.233601 0.7487
1 920.0 1923 2773 1872.000 0.246879 0.6102
15 910.0 1634 2605 1716.333  0.226369 0.5594
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Figure 4.18 : Graph of relative intensity-thickness for PMMA/Colemanite 15 %
samples using Pu-Be neutron source.

Results of PMMA/Colemanite 30 % samples using Pu-Be as neutron source were
listed at Table 4.18. Changes in relative intensity values of the prepared samples
depending on their thicknesses against neutron source were measured and presented
in Figure 4.19.

Table 4.18: Results of neutron transmission measurements for PMMA/Colemanite
30 % samples using Pu-Be (neutron source).

S couns coma coma A Sended e
0 1542 3068 4593 3067.667 0.406030 1.0000
0.5 1356 2143 3086  2195.000 0.230542 0.7155
1 900.0 1832 2699 1810.333  0.239465 0.5901
15 881.0 1719 2332 1644.000 0.193873 0.5359
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Figure 4.19 : Graph of relative intensity-thickness for PMMA/Colemanite 30 %
samples using Pu-Be neutron source.

Results of PMMA/Colemanite 40 % samples using Pu-Be as neutron source were

listed at Table 4.19. Changes in the relative intensity values of examined samples

depending on their thicknesses against neutron source were measured and shown in

Figure 4.20.

Table 4.19: Results of neutron transmission measurements for PMMA/Colemanite
40 % samples using Pu-Be (neutron source).

O Cus o coma A SO S
0 1542 3068 4593 3067.667 0.406030 1.0000
0.5 1294 1988 2780 2020.667 0.197902 0.6586
1 947.0 1456 2205 1536.000 0.168428 0.5007
15 686.0 1292 2080 1352.667 0.186041 0.4409
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Figure 4.20 : Graph of relative intensity-thickness for PMMA/Colemanite 40 %
samples using Pu-Be neutron source.

Total macroscopic cross sections (X1) for PMMA/Colemanite composite samples were
obtained from relative intensity curve using Equation 2.4. The calculated total
macroscopic cross sections for samples using Pu-Be as neutron source were used to
determine the neutron attenuation at composite with rise of colemanite concentration.
Total macroscopic cross sections for PMMA/Colemanite composite samples were
given in Table 4.20. Comparison of neutron attenuation at different colemanite

concentrations for Pu-Be neutron source was given in Figure 4.21.

Table 4.20: Results of total macroscopic cross-sections for PMMA/Colemanite
composite samples using Pu-Be (neutron source).

The total macroscopic cross-sections

Samples Mean free path 1/Z7 (cm)

(Z7) (cm™)

PMMA 0.389 2.570
15% 0.431 2.320
30 % 0.466 2.145
40 % 0.608 1.644
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Figure 4.21 : Comparison of neutron attenuation at different colemanite
concentrations for Pu-Be neutron source.

4.3 Beta Transmission Measurements Using Sr-90 Radioisotope

Results of pure PMMA samples using Sr-90 were given in Table 4.21. The changes of
relative intensity values for pure PMMA samples with rise of thickness were given in
Figure 4.22.

Table 4.21: Results of beta transmission measurements for pure PMMA samples
using Sr-90 (beta source).

Thickness Countl Count? Count3 Average  Standard Relative

(cm) Count  Deviation Count (lI/10)
0 0.13 0.13 0.12 0.126667 0.004714 1.0000
0.5 0.11 0.12 0.11 0.113333 0.004714 0.8947
1 0.10 0.11 0.10 0.103333 0.005774 0.8157
1.5 0.10 0.09 0.10 0.096667 0.004714 0.7631
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Figure 4.22 : Graph of relative intensity-thickness for pure PMMA using Sr-90
radioisotope.

Results of the PMMA/colemanite 15 % samples against Sr-90 radioisotope were listed
at Table 4.22. Changes of relative intensity values for samples with the rise of

thickness were presented in Figure 4.23.

Table 4.22: Results of beta transmission measurements for PMMA/Colemanite 15 %
samples using Sr-90 (beta source).

O comt camtz camta A Sed Reee
0 0.13 0.13 0.12 0.12667  0.00577 1.0000
0.5 0.11 0.10 0.10 0.10333  0.00577 0.8157
1 0.09 0.08 0.09 0.08667  0.00577 0.6842
15 0.07 0.08 0.08 0.07667  0.00577 0.6052
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Figure 4.23 : Graph of relative intensity-thickness for PMMA/Colemanite 15 %
using Sr-90 radioisotope.

Results of the PMMA/colemanite 30 % samples against Sr-90 radioisotope were listed
at Table 4.23. Changes in relative intensity values of samples with the rise of thickness

were shown in Figure 4.24.

Table 4.23: Results of beta transmission measurements for PMMA/Colemanite 30 %
samples using Sr-90 (beta source).

S co1 comz Cama A S e
0 0.13 0.13 0.12 0.12667 0.00471 1.0000
0.5 0.10 0.09 0.10 0.09667 0.00471 0.7631
1 0.08 0.07 0.08 0.07667  0.00471 0.6052
15 0.08 0.06 0.07 0.07000  0.00816 0.5526
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Figure 4.24 : Graph of relative intensity-thickness for PMMA/Colemanite 30 %
using Sr-90 radioisotope.

Results for the PMMA/colemanite 40 % samples against Sr-90 radioisotope were
listed in Table 4.24. Changes in the relative intensity values of PMMA/colemanite
composite samples with the rise of thickness were measured and illustrated in Figure
4.25.

Table 4.24: Results of beta transmission measurements for PMMA/Colemanite 40 %
samples using Sr-90 (beta source).

O o1 o cua A S e
0 0.13 0.13 0.12 0.12667 0.00471 1.0000
0.5 0.08 0.08 0.09 0.08333  0.00471 0.6578
1 0.06 0.07 0.07 0.06667 0.00471 0.5263
15 0.06 0.05 0.06 0.05667  0.00471 0.4473
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Figure 4.25 : Graph of relative intensity-thickness for PMMA/Colemanite 40 %
using Sr-90 radioisotope.

The experimental results of linear and mass attenuation for Sr-90 radioisotopes were
listed at Table 4.25. Comparison of beta attenuation at different colemanite
concentrations for Sr-90 radioisotope was given in Figure 4.26.

Table 4.25: Results for linear and mass attenuation coefficients using Sr-90
radioisotopes.

Linear Mass
attenuation Density attenuation
Samples coefficients p (g/cmd) coefficients
u(cm™) wp (cm?/g)
PMMA 0.190 1.110 0.17117
15 % 0.353 1.216 0.29029
30 % 0.436 1.232 0.35389
40 % 0.588 1.247 0.47153
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The effect of irradiation on radiation attenuation properties can be explained by the
obtained linear and mass attenuation coefficients for PMMA/Colemanite composite

samples.

The results of this experiment enabled us to compare the linear attenuation coefficient
values for gamma and beta sources together with the obtained values of total

macroscopic cross sections for neutron source.
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Figure 4.26 : Comparison of beta attenuation at different colemanite
concentrations for Sr-90 radioisotope.

Half-value layer (HVL) is defined as a thickness that is required to stop half of the
coming radiation. The half-value thicknesses of PMMA/Colemanite composite
samples were determined from experimental values for linear attenuation coefficients
(n) using Cs-137, Co-60 and Sr-90 radioisotopes and total macroscopic cross-sections

(27) for neutrons in equations below:
HVL = In2/u = 0.693/u 4.2)
HVL = In2/%; = 0.693/%; (4.2)

The results of the Half-value layer for pure PMMA and PMMA/Colemanite composite

samples using Cs- 137, Co-60 as gamma sources were listed in Table 4.26.
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The obtained results for half value layer thicknesses of the examined samples were
compared based on gamma energies at different colemanite concentrations in Figure
4.27.

Table 4.26: HVL values for PMMA and PMMA/Colemanite composite samples
using Cs- 137 and Co-60 (gamma sources).

HVL (cm) HVL (cm) HVL (cm)
Samples  for Cs-137  for Co-60 radioisotope  for Co-60 radioisotope
radioisotope (at 1.17 MeV) (at 1.33 MeV)

PMMA 6.187 6.537 6.600

15% 5.171 5.456 5.588

30 % 4.076 4.812 5.250

40 % 3.666 4.200 4.620
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Figure 4.27 : Comparison of HVL thicknesses at different gamma energies.

Results of the HVL values for PMMA/Colemanite composite samples against Pu—Be
(NH3) and Sr-90 radioisotope were calculated in Table 4.27.
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The obtained results for HVL thicknesses of samples were compared based on

colemanite concentrations for neutron particles in Figure 4.28.

Table 4.27: HVL values for PMMA and PMMA/Colemanite composite samples
using Pu—Be (NH3) and Sr-90 radioisotope.

HVL (cm) HVL (cm)

Samples for Pu-Be (NH3) for Sr-90 radioisotope

PMMA 1.781 3.647

15 % 1.607 1.963

30 % 1.487 1.589

40 % 1.139 1.178
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Figure 4.28 : Comparison of HVL thicknesses for neutron particles at different
colemanite concentrations.

The obtained results for HVL thicknesses of samples were compared based on

colemanite concentrations for beta particles in Figure 4.29.
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Figure 4.29 : Comparison of HVL thicknesses for beta particles at different
colemanite concentrations.
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5. CONCLUSION

This study was performed in order to understand the influence of colemanite filler on
Poly (methyl methacrylate) polymer matrices and the corresponding improvements in
the radiation attenuation properties of PMMA base Polymer/colemanite composites

against beta, neutron and gamma sources for shielding purposes.

ATRP technique was used to produce PMMA. Then, the colemanite filler was
dispersed in the produced PMMA by in situ polymerization method. This method was
an effective method to obtain homogeneous dispersion in PMMA/Colemanite

composite samples.

The beta, neutron and gamma transmission techniques were utilized to study radiation
shielding performance for PMMA/Colemanite composite samples at different
colemanite concentrations against beta, gamma and neutron sources. Linear
attenuation coefficient for PMMA/Colemanite composite samples improved slightly
by the rise of the colemanite filler amount in the PMMA polymer. Then, the obtained
experimental attenuation coefficient from the experiment were compared with
theoretical attenuation coefficient calculated in XCOM program. The result of this
comparison determined that there was a similarity between obtained theoretical and
experimental attenuation coefficients. Using Pu-Be Neutron Howitzer, the effect of
added colemanite in the PMMA/Colemanite composite samples was examined. The
results indicated that there was a rise in the total macroscopic cross-sections values

with the addition of colemanite filler into the PMMA polymer.

HVL values for all of the samples against beta, neutron and gamma radiation from the
used four sources was calculated. In order to the obtained results, the HVL values were
reduced by the increase of the colemanite concentration in PMMA/Colemanite
samples. HVL is the required thickness of the samples that attenuates the half of the
incident ionizing radiation. Thus, the addition of colemanite to the PMMA polymer

improved its attenuation properties.
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The PMMA reinforced by different fillers such as colemanite can be examined to
perform at various lightweight material applications. In this study, the obtained results
indicated that PMMA/Colemanite composites produced by ATRP method can be used
as a suitable material in several application areas such as the aviation and aerospace
industries.
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