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ABSTRAKT

Tato diplomova prace se zabyva modifikaci epoxidové pryskyfice (ER) na bazi diglycidyl
etheru bisfenolu A (DGEBA) polydimethylsiloxanem (PDMS). Epoxidovy monomer byl
vytvrzen diethylentriaminem (DETA) v pfitomnosti dikumylperoxidu (DCP), ktery byl
pouzit jako sitovadlo pro PDMS. Piidanim PDMS do ER vzniké fazové oddélend struktura
tvofend elastomernimi doménami dispergovanymi v epoxidové fazi. Polymerni smési byly
studovany pomoci DMA, DSC, reologické analyzy, Charpyho razového testu a rastrovaci
elektronové mikroskopie. DMA data a dosazend hodnota rdzové pevnosti pro vzorky
s PDMS (10 hm.%) za ptitomnosti DCP (2 hm.%) v ER ukazuji na nejvyssi mezifdzovou
kompatibilitu mezi PDMS a ER. Byly pfipraveny kompozity na bazi smési ER/PDMS
plnéné vodivymi plnivy (karbonylové Zelezo a nikl). Dielektrickd spektroskopie a méfeni
elektrické vodivosti prokdzalo vyznamnou zavislost elektrickych vlastnosti téchto systémut
jak na slozeni smési tak typu a koncentraci plniv. Perkola¢niho prahu bylo dosazeno

pti 5 obj.% castic niklu (o priméru 3 pm) v polymernim kompozitu.

Klic¢ova slova: epoxidova pryskyfice, polymerni smés, houzevnatost, elektricka vodivost

ABSTRACT

This diploma work deals with the modification of epoxy resin (ER) based on diglycidyl ether
bisfenol A (DGEBA) by polydimethylsiloxane (PDMS). The epoxy monomer was cured
with diethylentriamine (DETA) as a hardener in the presence of dicumyl peroxide (DCP)
as a crosslinking agent of PDMS. The addition of PDMS to ER gives rise
to a phase-separated structure consisting of elastomer domains dispersed in the epoxy phase.
Methods as DMA, DSC, reological analysis, Charpy impact test and SEM were used for
study of polymer blends. The DMA data and achieved value of impact strength for the
samples with PDMS (10 wt.%) in the presence of DCP (2 wt.%) in ER indicate the highest
interfacial compatibility between PDMS and ER. Composites on the basis of ER/PDMS
blends filled with conductive filler (carbonyl iron and nickel) were prepared. Dielectric
spectroscopy and electrical conductivity measurement have shown significant dependence
of composites’ electrical properties on both composition of blends as well as the type and
concentration of fillers. Percolation threshold was reached at 5 vol.% for nickel particles
(diameter 3 um) in polymer composite.

Keywords: epoxy resin, polymer blend, toughness, electrical conductivity
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INTRODUCTION

Polymers belong to the most widely used materials nowadays and their volume production
overcomes traditional materials such as metal or glass. However, despite the large variability
of offered polymers only a fraction of them have sufficient properties to meet our needs.
Most of polymers require the use of additives to improve the mechanical, optical, aesthetic
properties as well as resistance, durability and processability. The widely used additives
include dyes, antioxidants, stabilizers, plasticizers and others. However, there are two
separate categories of additives which have a completely dominant influence and are referred
to by specific names. The first category is the addition of a polymer to other polymer, where
the mixture is called a blend. The second category is called a polymer composite, where in
a polymer matrix an inorganic filler (as carbon fibre, carbon black, glass fibre or metal
particle) is dispersed. Both groups, blends and composites are widely used and therefore

belong to very common objects of research.

Epoxy resins have unique properties, such as high strength, chemical and solvent resistance
with very good adhesion not only to metal. Therefore they are very popular as a matrix for
preparation of polymer composite materials and adhesives. However, their disadvantage is
brittleness. Therefore, epoxy resins are often blended with rubbers. The addition of rubber,
although resulting in reduction of strength and hardness, significantly improves the
toughness of the blends. However, it is important to note that for the overall performance of
the mixture compatibility between the epoxy resin and rubber is important. Without
sufficient compatibility rubber will behave as an impurity, which will only lead to reduction
in mechanical properties. In the case that the compatibility between polymers is small,
additives called compatibilizers are used in order to increase the interaction between the two

polymers and thereby improve toughness.

Polymers are known as dielectrics, what is very useful for applications such as cable coating,
electrical devices, power switches, etc. However, the drawback of dielectrics is the ability to
concentrate static electrical charge. It means that material allows the accumulation of
electrostatic charge to up to 40 kV which might be destructive for some sensitive electronic
devices. The other problem is the risk of spark during the discharge which might cause the
ignition of flammable gases or liquids in industrial buildings or fuel tanks. In this case, it is
necessary to increase the conductivity of polymers by incorporation of conductive fillers to

prevent increase of charge to danger voltage levels. These materials are called electrical



UTB ve Zliné, Fakulta technologicka 11

discharged materials or also antistatic materials. In current work we introduce methodology
that can significantly influence the electrical percolation threshold and simultaneously
modify the brittle behaviour of epoxy resin by polydimethylsiloxane as well as develop

conductive composites with two types of filler (carbonyl iron and carbonyl nickel).
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I. THEORY
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1 MATERIALS

1.1 Epoxy resin

Epoxy resins (ER) belong to group of thermosetting polymer cured by addition reaction.
Typical for their monomers is epoxide function group. This group is quite reactive and can
react with every compound containing a reactive hydrogen. Therefore in principal curing
agents can be: amines, amides, imides, oximes, alcohols, phenols, acids, anhydrides, thiols.

However, amines and anhydrides are usually used in practice.

The production of epoxy resin started in 1940s and it is still increasing. ER have tuneable
properties because of the high variability of monomers. Both epoxy and hardener can contain
aliphatic or aromatic as well as polar or nonpolar groups varying thermal and mechanical
behaviour and chemical resistance of final product. However, all ER exhibit some common
properties which make them unique among other thermoset resins. Firstly, cure shrinkage is
low and therefore after curing low residual stress remain in product. Secondly, adjustable
curing temperature and rate of reaction using different hardeners. And lastly, there is no need
of solvents or other volatile substances. However, the drawback of ER is higher price in

comparison with other thermosets [1].

1.1.1 Diglycidyl ether bisphenol A

Although there are hundreds of possible epoxides, the most 2 common epoxides are
diglycidyl ether bispenol A (DGEBA) and novolac epoxy resin. Aliphatic epoxides are also
produced in sizeable quantity, but they are usually used only as a modifiers. Novolac ER are
based on phenol formaldehyde oligomers with additional epoxy group. Depending on
molecular weight they behave as viscous liquids or solids. There is one epoxy group on each
phenol unit providing high speed of curing. However, the system can be easily overheated
and the product can be damaged. Therefore it is safer and easier to use DGEBA.
Manufacturing of it is relatively simple and inexpensive and properties are decent. Two
precursors are needed, bisphenol A which is synthesized from acetone and phenol catalysed
by acids, and epichlorohydrin which is manufactured in two steps from allyl chloride by
addition of hydrochlorous acid and elimination of hydrochloric acid. Those precursors are
mixed in ratio 2:1 to form DGEBA. If the ratio of bisphenol A to epichlorohydrin is higher
(up to 1:1), linear oligoethers are formed. Number of epoxy groups per molecule will stay

two, but new hydroxyl groups which may undergo the cross-linking reactions will be formed
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too. Epoxide oligomers are useful for industry because bigger molecules leads to shorter

curing times.

Scheme 1: Epoxy resin - DGEBA

Usually different curing agents are used for adjusting properties rather than different
epoxides. Two basic systems are commercially available, i.e. amines and anhydrides.
Generally, anhydrides have higher thermal resistance. On the other side, amines are cheaper
and faster to process and do not need to use accelerators. They can be divided into 3 groups,
i.e. aliphatic, cycloaliphatic and aromatic. Aliphatic amines are very reactive and they can
be used at room temperature while aromatic amines need higher curing temperature or
accelerators. Nevertheless, they provide higher stiffness and hardness as well as chemical
and thermal resistance on the same or higher level as anhydrides. Therefore, aromatic amines
were widely used in the past. However, there are health risks connected with their usage as
well as problems with processing and higher price, thus are recently replaced with aliphatic
and cycloaliphatic amines. If temperature of usage is not higher than 100 °C and demands
on the mechanical properties are not very high, it is convenient to use cheaper aliphatic

instead of cycloaliphatic amines [1].

1.1.2 Diethylenetriamine

Diethylenetriamine (DETA) is one of the commonly used aliphatic hardeners. This hardener
1s easy to process because of low viscosity and starts to react at room temperature. ER cured
by DETA is not so stiff and hard but is more flexible compared to ER cured by other amine

hardeners. The main drawback of amine hardeners is hygroscopicity.

NH
H2N/\/ V\NHZ

Scheme 2: Curing agent - DETA

ER are known for their excellent mechanical properties such as high strength and toughness.
They are also very good adhesives and chemically are stable. On the other side, weak point
is their price which is higher in comparison with other resins. Therefore they are predestined
as a matrix for top composites and for low-amount application. Epoxide composites can be

found in sport equipment, wind turbines [2], airplanes and ultralights, etc. The other common
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applications of ER are universal glues and anticorrosive coatings not only in automotive [2].
ER have very good insulating properties and therefore they are widely used in electronics.
Typical usages are components of electric circuits, LEDs or smartphones as well as solar

panels and other devices [1].

1.2 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) belongs to a class of polysiloxanes. The polysiloxanes are
the oldest known group of organosilicon polymers, which are polymers where some carbon
atoms are substituted with silicon. Although polysioxanes are the technically most important
and widely used silicon-based polymers, several other classes exist, e.g. polysilazanes,
polysilanes, polycarbosilanes. However, polysiloxanes will likely remain its primary
position between organosilicon polymers in the future, because of their relatively low price,

decent mechanical and heat resistance properties.

Each polymer material is as weak as its weakest bond is strong. At polymers is considered
the strength of the bonds in the main chain as it can be found in tables that the strongest bond
possibly forming polymer chain is Si-O (C-F is stronger but cannot form a polymer chain)
with bond enthalpy 368 kJ/mol. Therefore, the thermal stability of siloxanes is high. On the
other side, the Si-O has also very high conformational flexibility which leads to very low
glass transition temperatures. The other advantages of polysiloxanes are uniform mechanical
properties over a wide temperature range, chemical stability and low friction. The
polysiloxane properties can be easily modified by usage of different side groups. The effect
of short alkanes like methyl or ethyl, benzene rings and perfluorated alkanes on temperature

dependent properties and chemical resistance of polysiloxane are different [3].

(l:H3 <‘3H3
Cl—Si—CH; 4 H,0 =—= HO%SiO}H +
|

cl CHs

l

polycondensation ring opening polymerization

Scheme 3: Synthesis of PDMS prepolymers
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PDMS is synthesized in 2 steps from dimethyldichlorosilane and water (Scheme 3) which is
exothermic reaction. The products of reaction strongly depends on the synthesis conditions
and used catalyst. Moreover it is also reversible, therefore only oligomers can be obtained.
Hydroxyl ended dimethylsiloxane oligomers than undergo polycondensation reaction in oil-
in-water emulsion stabilised by sulfonic acid surfactants. By those process can be obtained

polymers with M, = 10°.

/?H:\ THa
An’ cat’  + KESi—og/ : i
| m

CH,

e
——

C|?H3 THa -~ CHy f_|‘.H3 C|:H3
An%Si—O%Si—O' cat” + \\ES||—O%/ - An~ESi—O~:|»Si—O' cat’

| m | | m | n |

CHy CH4 CHy CH4 CH3

Scheme 4: Ring opening polymerization of PDMS

On the other side, the ring opening polymerization, usually anionic catalyzed, provides much
better control of the process enabling control of PDI (Scheme 4). Commonly used monomers
are octamethylcyclotetrasiloxane and hexamethylcyclotrisiloxane. As the base can be also

used oligosiloxanolate providing preparation of telechelic polymers.

Utilization of the siloxane polymers is very broad. Low molecular weight polymers can be
used as surfactants, antifoaming agents or lubricants and oils depending on side groups and
size of molecules. Higher molecular weights with reactive groups can be used as glues or
sealants with low stiffness but high thermal and chemical stability and good tenacity.
Siloxane elastomers can be also used for good thermal and chemical stability in rubber
industry for tubes or o-rings in automotive or for household goods. Moreover, polysiloxanes
are nontoxic and biocompatible and therefore they are highly used in medicine for syringe
pistons, respiratory masks, implantable chambers, etc. As a minor component they may also
appear in the cosmetics or food processing industry as an ingredient of oils. PDMS is also
used in soft lithography for stamps in micro or nanometer scale [3]. Another extraordinary

potential field of use may be biomedical micro/nano sensors [4] or selective membranes [5].
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1.3 Peroxides

Dicumyl peroxide (DCP) belongs to a class of organic peroxides which are compounds
containing oxygen — oxygen bond. Those compounds are not very stable and can be easily

decomposed to free radicals (Scheme 5).

2 . 2

(0] R
R1/ \O/ - . Rq/ + .O/

Scheme 5: Decomposition of peroxide

The dissociation energy for homolytic dissociation can be acquired from heat or
electromagnetic radiation (UV). It can be also catalysed by ions of metals (Fe?", Cu®) at room
temperature. Therefore lots of peroxides is unstable and only rarely can be any found in
nature. However, they are very useful in many chemical synthesis and processes and people
accomplished to find some stable structures which can be kept for long time in controlled
environment. Also by varying R!, R? is possible to adjust decomposition temperature

(50-250 °C) and rate for needed application.

One of the most important fields of peroxide usage is polymer processing. Free radicals are
used for polymerization, cross-linking of rubber (and some thermoplastic) and interfacial
grafting of polymer blends. All vinyl polymers are synthesized via chain growth
polymerisation. It can be done via ionic or coordination polymerisations which are
developed and very selective. Free radical polymerization is still very often used due to low
price, simplicity and low requirements for purity of monomer. Free radicals can be produced
by azo compounds or more often by peroxides. Most of rubbers are vulcanized by sulphur
(or sulphur containing compounds), however, some rubbers do not have double bonds
essential for reaction with sulphur. Those rubbers have to be cross-linked by peroxides. And
lastly, lots of immiscible polymers have low adhesion in interphase. This problem can be
solved by introducing graft copolymer or organosilane, by addition of reactive group to one
or both polymers, or interfacial grafting. Last method requires usage of free radicals which

create graft copolymers during the blending [6].
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1.3.1 Dicumyl peroxide

DCP is synthesized from dimethylbenzyl hydroperoxide with dimethyl phenyl carbinol
catalysed by phosphorus halide (Scheme 6) [7].

CHj

CHj
CHs HeC catalysed @—FO CHj
CH; OH CH,

3

Scheme 6: Synthesis of DCP
The decomposition temperature of DCP is above 110 °C with half-life 1 hour at 135 °C [8].

Therefore, belongs to peroxides with a moderate decomposition temperature, suitable e.g.

for interfacial grafting of polyethylene blends [9] or for cross-linking of PDMS [10].
1.4 Electroconductive fillers

1.4.1 Carbonyl iron

Carbonyl iron (CI) are highly pure spherical iron particles (+98 % Fe). CI is produced by
thermal decomposition of iron pentacarbonyl (Fe(CO)s). There are two grades of CI: “hard”
grades and “soft” grades. Hard grades are primary products of thermal decomposition
without any further chemical purification. They are typically mechanically hard with onion
like (multi-layer) structure. On the other side, soft grades are annealed in hydrogen
atmosphere after thermal decomposition. This process leads to higher purity of particles and
transformation from onion-like to polycrystalline structure. Used type of CI in this work was

soft grade SL from company BASF with diameter dso =9 pm. [11][12]

CI is relatively inexpensive easily processed filler. Important benefit is the possibility to
prepare particles with different size, microstructure, composition and electromagnetic

properties by varying the preparation process [12][13].

1.4.2 Nickel particles

Nickel powders (Ni) are highly pure hedgehog-like nickel particles (99,99 % Ni). Ni
particles are similarly as carbonyl iron produced by thermal decomposition of nickel
tetracarbonyl (Ni(CO)s). Due to three-dimensional hedgehog-like exterior structure of Ni,

polymer composites filled with hedgehog-like nickel particles exhibit low percolation
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threshold which effectively means that lower amount of filler can be used and polymer
composites with Ni are lighter. Besides other application, Ni is used as a filler for shielded

polymeric materials [14][15].
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2 POLYMER BLENDS

Although polymers are highly variable there are always new requirements that cannot be
met using only one polymer. These requirements can include mechanical, optical and safety
requirements as well as requirements for durability and price. From this reason polymers are
often blended together to balance properties. This mixture of polymers is called blend.
However, it was found that most of the polymers are not miscible even if their monomers
are miscible. Many theories were developed to explain this phenomenon. Among the most
important are Flory-Huggins and Flory equation of state theory. Flory-Huggins theory is a
mathematical model calculating Gibbs free energy of mixing from heat of mixing and
entropy. Although for many polymer systems gives good predictions of miscibility it cannot
explain the lower critical solution temperature (LCST) which can be explained only by

equation of state theory [16].

2.1 Flory-Huggins theory

Flory-Huggins theory as a thermodynamic process is derived directly from Gibbs free

energy:
AG,, = AH,, — TAS,, (1)

where AG,, is change of the Gibbs energy of mixing, AH,, is change of the enthalpy of
mixing, T is temperature and AS,, is change of the entropy of mixing. For miscibility must

be satisfied:
AG, <0 2)

As AH,, may be positive, zero or negative and AS,, positive small number, to satisfy
previous condition the enthalpy must be small enough to be overcome by entropy.

Theoretically it was derived for polymer 1 and polymer 2 interaction:
AHm = ZNlrlva(l)lz (3)

where z is lattice coordinate number, Nis number of macromolecules, r; is number of
segments in polymer, v, is volume fraction and Aw;, is change of internal energy. However

it is not easy to use parameters z,r; and Aw;, and it is convenient to use only one parameter:

ZT1A(JJ12

X2 =" (4)

where X, 1s mixing parameter and k is Boltzmann constant. Combining 3 and 4 leads to:
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AHy, = KT x12N1v, (5)
The entropy is derived directly from Boltzmann's relation:
AS,, =k InQ (6)

where Q is number of possible configurations. After a few adjustments and simplifications

was derived following equation:
AS,, = —k (N; Inv; + N, Inv,) (7)

where v is volume fraction. This equation clearly shows that polymer blends have a very
low entropy, since the number of macromolecules in the volume is about 3 orders of

magnitude lower than for the same volume of solvent. Combining 1, 5 and 7 leads to:
AGm = kT(Xllevz + N1 ln V1 +N2 ln vz) (8)

which is a key equation describing the mixture of both polymer — polymer and polymer —
solvent independently derived by Flory and Huggins. Approximate parameter y,, values can

be calculated from the equation:

X1z = B+ 2= (81 — 6,)? ©)

where V; is molar volume, § is a solubility parameter and f is lattice constant of entropic
origin which is a constant which has a value 0,35 for polymer — solvent interaction and 0 for
polymer — polymer system. It can be seen that the key to understanding the enthalpy of
mixing is just the difference of the solubility parameters, all other variables are just constants

or selected quantities and ratios [16].

2.2 Solubility parameter

Also known as the Hildebrand solubility parameter provides a numerical estimate of the
degree of interaction between materials. According to definition, it is square root of cohesive

energy density:
6= |— (10)

where AE is the energy of vaporization to a gas at zero pressure also known as cohesive
. : . A
energy and V' is molar volume of the material. The quantity 7E represents the energy of

vaporization per unit volume. Which is not easy to know for polymers, which, due to their

weight evaporate. Therefore, to determine solubility parameter for polymers is used swelling
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test. The idea is straightforward since solvent with the nearest solubility parameter will swell
the polymer. Before the measurement polymer is crosslinked to prevent dissolution and then
exposed to various solvents. After sufficient time, the samples are weighed, the swelling
coefficient is calculated and plotted against solvent's solubility parameter. Another
possibility is to calculate the solubility parameter from knowledge of the chemical structure
and the molar volume. This method was developed by Small, van Krevelen and others. The
results of these calculations will then differ by less than 5 %, compared with the measured

values.

There is a general rule that for solubility of the polymer in a solvent, the difference of
solubility parameter should not be greater than 1. For miscibility of polymers is the
maximum difference even far lower, due to low entropy of polymers. For the selected system
of ER and PDMS are the parameter values 9,7 and 7,3 which predicts mutual immiscibility
[16].

2.3 Immiscible polymer blends

When two immiscible polymers are blended together the phase separation will occur.
Different morphologies can be reached by varying of volume ratio, viscosity and interactions
between polymers. The two most common are dispersed spherical domains of polymer in
continuous phase of other polymer (Figure 1A) and cocontinuous phases of both polymers

(Figure 1B). [17]

Figure 1: Illustration of morphologies of immiscible blends
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Those morphologies can be used for various requirements but for some specialized it may
not be enough and more complex morphologies e.g. nano-salami structure [18], gyroid or
metastable perforated—lamellar morphology [19] may be demanded. But for all immiscible
polymer systems is important the property of polymer — polymer interphase. The name
interphase is used for the penetration zone whereas some chains penetrates from polymer A
to the polymer B. The depth of penetration can be from a few A up to a several nm. This
area typically has different physical and mechanical properties than the either polymers.
Although this zone is very small in comparison with polymer domains, it is crucial for overall
performance of the polymer blend. Therefore it is important to have some bonds between
the polymers. Usually weak Van der Walls forces does not give sufficient mechanic
properties and it is favourable to use hydrogen or even covalent bond if possible. These
bonds highly can reinforce interphase and improve material properties. Basically, the better
system compatibility, the wider the interphase, the greater the number of bonds between the
polymers and the superior mechanical properties. However, it is impossible to determine
number of bonds or calculate the compatibility of the system and making and testing tons of
samples is very time consuming. The only predictable is surface interphase. The thickness

of the surface interphase can be calculated as:

2b
St = G an

where b is statistical segment length.

One last important feature was not mentioned yet the surface tension. The surface tension
can be also used for determination of miscibility or compatibility of blends. Simply said, the
polymers with similar values of surface tension tend to have higher chance to be miscible or

at least compatible.

The cohesive forces between molecules are responsible for surface tension. The molecules
in the liquid are in equilibrium because they are equally attracted by other molecules from
all sides, but the molecules at the surface do not have all neighbours and therefore it is
energetically favourable for liquid to have as small surface as possible. In other words,

energy is needed for creating new surface of the liquid:

AW
=< (12)

where y is surface tension, AW is change of energy and AA is change of surface. This

phenomenon can be also find at solids and is called surface energy. Since polymers are
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blended in liquid state is preferably to use the term surface tension. However, it is

inconvenient to use surface tension because it is not constant but a function:

Y=Yptve (13)

where yp, is dispersive part of the surface tension and yp is polar part of the surface tension.
It is important to know, that good compatibility in polymers not only requires similar surface
tension values but also, polar and dispersion parts of surface tension. Surface tension is

gaining importance at immiscible systems without any covalent bond between domains [17].

2.4 Epoxy resin — rubber polymer blends

Usage of rubber inclusion into epoxy resin was first proposed by McGarry, Willner and
Sultan in the late 1960s and early 1970s. In their work, they used carboxyl-terminated
acrylonitrile—butadiene rubber (CTBN) to enhance fracture toughness of DGEBA with
negligible losses in thermal and other mechanical properties [20][21]. This was the origin of

research of rubber-enhanced epoxy materials [22].

Since 1970s many blends with ER were proposed, for instance: hydroxyl-terminated
butadiene rubber [23][24], CTBN [25][26][27], styrene-butadiene rubber [28], acrylic
rubber [29], nature rubber [30][31][31], acrylonitrile-butadiene rubber [32], PDMS
[33][34], PDMS copolymers [35][36] and also core-shell polysiloxane nanoparticles [37],
poly(methyl methacrylate) [38] or methyl methacrylate-butadiene styrene [39] based.
However some plastics were also used, for example: high impact polystyrene [40],
triblockcopolymer of poly(methyl methacrylate) and poly(butyl acrylate) [41] or hydroxyl
terminated poly(ether ether ketone) [42]. The percentage content of rubber/plastic inclusion
vary from ones percent [23][43] up to 50 % [29] but commonly 10-20 % is used
[26][30][31][37][44].
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Figure 2: General illustration of rubber addition on mechanical properties of ER

However mechanical properties usually follow the trend (Figure 2), where impact strength
as a function of weight/volume percentage has a local maximum and Young modulus is
decreasing slightly at low concentrations and significantly at higher concentrations.
Therefore optimal content is found [33][35][44]. Increase at impact resistance might be
10 % [44], 80 % [35] and even 110 % [45] depending on types of materials and compatibility
between ER and rubber. Considering high initial gap between solubility parameters the only
possibility is covalent bond. Some studies apply reactive blending which requires telechelic
[30][31][33][46] or side chain groups [47] reacting with epoxy groups. Other common

practice is usage of organosilanes [23] and peroxides [45].
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3 COMPOSITE MATERIALS WITH A COMPLEX
OF ELECTRICAL, MAGNETIC AND ELECTROMAGNETIC
PROPERTIES

Most of the polymers are dielectrics which mean that if the electric field is applied they
behave as insulators. Every rule has an exception and electroconductive polymers such as
polyacetylene, PANI (polyaniline) [48][49], PPy (polypyrrol) [50][51] and PEDOT
(poly(3,4-ethylenedioxythiophene)) [52][53] exist and are widely used in practice. However,
at some application is needed to use plastics and rubbers with specific electric or
electromagnetic properties. For this purpose are used different, usually conductive, fillers.

They can be divided into the several groups:

a) Organic conductive fillers [53]
b) Metallic and ceramic fillers with electrical, magnetic and electromagnetic properties
[54]

c) Antistatic agents [55]

Organic conductive fillers are carbon materials including carbon black, carbon fibres,
graphite, etc. Main advantages of this group is low density and price. Carbon materials
provide electrical conductivity through the m bonding system caused by sp? hybridisation
that exists between adjacent carbon atoms. They are relatively easy to process with good
adhesion to almost all polymers. Although their influence on mechanical properties is not
negligible, considering electrical properties, the main purpose is the improvement of volume

conductivity [56].

Metallic and ceramic fillers such as carbonyl iron, Ni powder, ferrites (NiZn, MnZn, Co2Zn,
Ni2W etc.) exhibit complex of electrical, magnetic and electromagnetic properties, whereas
other metallic fillers such as Al powder, TiO», etc. may have influence only on electrical

(dielectric) properties [54].

Antistatic agents are compounds used in order to reduce or eliminate accrual of static
electricity. They utilize the facts that in our environment is relatively high humidity and
water is more conductive than plastics. Therefore antistatic agents are humectants containing
hydrophilic and hydrophobic parts. Hydrophobic part provide good miscibility with plastics
and hydrophilic part interact with air moisture. This cause the creation of thin layer of water

on the surface which will discharge any static electricity. The advantage of antistatic agent
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is the need of very low amount of this additive but on the other side the disadvantage is
dependence of performance on the air humidity. With regard to the electromagnetic

properties, the effect of antistatic agent is indirect increase of surface conductivity [55][56].

3.1 Electrostatic charge

As mentioned before, most of the polymers are dielectrics. Therefore their attribute is to
concentrate electrostatic charge. This charge might have high voltage and thus in some
application is necessary to gradually discharge it [S6]. There are different levels of materials

for electrostatic discharge according to reached conductivity as can be seen in Table 1.

Table 1: Sorting of materials according electric conductivity [57]

Material Metals Carbon powders Shleldlpg Conduct.lve
and fibres composites composites
Siglem | 10°| 10| 10°[ 10°] 10| 10°] 107 1072] 10°] 107 107°] 10°
Material Static d15$1patlve Antlstajuc e
composites composites
Siglem | 107 10| 10°] 107°] 1077] 1072| 105 10| 107 107°

The antistatic materials suppress electrostatic charging. Some electrostatic charge might
arise, however the charge is discharge at lower voltage than at dielectrics. Static dissipative
composites allows to rise only low initial charges which slowly flow to the ground. The
conductive materials have low electrical resistance. Electrons flow easily across the surface

or volume to the ground or other conductive objects [57].

3.2 Percolation theory

Percolation theory is a mathematical theory describing behaviour of connected clusters in a
randomly arranged system. Conductive filler in polymer matrix are also conductive clusters
randomly dispersed in volume and therefore conductivity—concentration dependence can be

described by this theory.
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Figure 3: General illustration of percolation threshold

As can be seen at Figure 3, at low concentrations material behaves as a dielectric.
Conductivity of composite bellow the percolation threshold can be mathematically described

by following equation:
0 =0op(v.—v)1 (14)

where o is conductivity of composite, o0, is conductivity of matrix, v, is critical volume
concentration of filler, v is volume concentration of filler and ¢ is geometrical constant. The
transfer of electrons in this region in caused mostly by tunnelling effect between isolated
conductive particles. With increasing concentration is higher probability that some particles
will touch, effectively making bigger clusters when suddenly one large cluster —a conductive
path connecting both sides of the specimen is formed. When conductive path is formed, the
conductivity of material suddenly increase by several orders of the magnitude. This critical
concentration is called percolation threshold and highly depend on the size and shape of
particles. The number of conductive paths is increased at higher concentrations and therefore
a continuous increase at conductivity can be again observed. This is described by following

equation:
o =0o(v—v.)f (15)

where g, is conductivity of filler and ¢ is geometrical constant [58].



UTB ve Zliné, Fakulta technologicka 29

3.3 Electromagnetic wave absorbers

Interest about electromagnetic wave absorbers (EW As) historically started during the World
War II. The first application was camouflaging of submarines. Later interest with EWA was
determined by the development of Stealth technology. Nowadays the renewed interest in the
EWAs is caused by wide spread of wireless electronics and the need to shield some devices
from external electromagnetic radiation in the radio and micro waves band. The frequency
range 0,8—10 GHz is of particular importance here, since the majority of communication and

information transfer systems operate in this frequency region.

Generally, EWAs materials can be classified from the viewpoint of complex permittivity
and magnetic permeability into two groups as: dielectric and magnetodielectric types [59].
Since dielectric-type absorbers are nonmagnetic, their absorptive characteristic depends only
on the frequency dispersion of the complex permittivity. This type of materials includes
polymer composites filled with conductive filler such as (i) carbon-based materials
(graphene, carbon black, carbon nanotubes, etc.), (ii) semiconductive materials (BaTiO3,
SiC, etc.) and (iii) conducting polymers (PANI, PPy, etc.). On the contrary,
magnetodielectric type are characterized by frequency dependence of both complex
permittivity and complex magnetic permeability. These types of materials includes polymer
composites filled with different types of magnetic fillers, e.g. carbonyl iron powder (CI),
ferrite powders, alloys, as well as multi-component fillers combining magnetic and

conductive phases in their composition.

The efficiency of EWA is normally estimated by two parameters: the reflection coefficient
and the operating frequency range (or bandwidth). The reflection coefficient (R) is a
parameter that characterizes the absorbing ability of EWA in decibels (dB). The level of R
equal to —10 dB which corresponds to 90 % absorption of incident energy (assuming that

there is no transmitted energy); this can be considered as a standard level for usual EWA.

The standard objective of the design of EWA is to obtain an absorber of minimal thickness
that has the lowest possible reflectance within the widest possible operating bandwidth.
These requirements are contradictory to each other: real EWAs are known to have good
performance only within a limited bandwidth. The application of magnetodielectric-type
radio absorbers allows one to obtain broader operating bandwidths compared to dielectric-
types absorbers. Nevertheless, the ratio of the edge frequencies of such absorbers (at the

level of reflection coefficient equal to —10 dB) is in the range 1,5-1,8 [60]. One of the
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beneficial properties of such absorbers is that the operating frequency range can be changed

here by varying the particle size and their concentration in the polymer matrix.

One of efficient methods for expanding the range of operating frequencies of radar absorbers
is the application of periodic patterns called frequency selective surfaces (FSSs). The
application of an FSS allows one to increase the operating frequency bandwidth of magnetic-
type EWAs by a factor of more than 1,5 virtually without increasing the thickness of the
absorber [61].
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4 METHODOLOGY

4.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is used for measuring thermal processes in the
sample. These processes include phase changes and chemical reactions. In terms of
thermosets the most important processes are glass transition and crosslinking reaction. While
crosslinking will be followed by a significant irreversible exothermic process, the glass
transition temperature as a second order phase transition is usually identifiable by change of
the heat capacity of the material. However some polymer glasses may exhibit endothermic
peak particularly after having been aged [62][63][64]. This effect is explained by longer
relaxation times of aged glass which shows delayed response to heating. Therefore specimen

displays overshot when recovering to higher temperature equilibrium.

Crucial parts of DSC instrument are two measuring cells — for the sample and for the
reference. Reference and holder for sample are typically aluminium pans. During the
measurement both, sample and reference, maintain at same temperature and heat flux is
measured. Difference between energetic requirements of pan with sample and empty pan is

assigned to sample [65].

4.2 Charpy impact test

Impact strength is a material property, which represents the amount of energy that material
is able to absorb before fracture occurs. One way to measure the impact strength is Charpy
test. In this test the specimen is placed in the anvil of the instrument and broken by the
hammer on a pendulum. The impact strength of the material can be determined from energy

balance:
Ekl =Ek2 +Ef+EkS+Q (16)
where E} is kinetic energy of hammer before impact, E, is kinetic energy of hammer after

impact, Ef is energy needed for fracture, Ej is kinetic energy of pieces of specimen after

impact and @ is heat given by impact and friction of pendulum. The values of the last two
energies is negligible. For the pendulum, the kinetic energy is fully converted into potential

energy and vice versa. Therefore, the equation can be rewritten as:

Ey = Eyy + Ef (17)
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where E,; is potential energy of hammer at the start of test, E,, is potential energy of

hammer in highest deflection after impact. Using the equation:

Ep1 — Epy = AE, (18)

where AE,, is difference between potential energies, equation 2 can be rewritten into:
AE, = Ef (19)

It is important to note that potential energy can be directly determined from the angle of the
arm of the pendulum and vertical line. According to definition, the impact strength is given

by the following equation:

Impact strength = % (20)

where A is area of the sample [66].

4.3 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a cyclical mechanical testing of materials for study
of viscoelastic behaviour. In this measurement specimen is loaded in region of elastic
deformation. Therefore the sample may undergo hundred thousands of cycles while the
conditions are changing. Important changing parameters in terms of viscoelasticity are
temperature and frequency. Generally at high frequencies specimen behaves more elastic
and less viscous. On the other side at high temperature specimen is softer and may undergo
several phase transitions. While semi-crystalline polymers exhibit melting (first-order phase
transition), other polymers undergo glass transition, so called alpha transition. At glass
transition large segments of main chain start freely moving. However there are two other
second-order phase transition at lower temperatures. Namely beta and gamma transitions
associated with movement of side groups respectively bond bending and stretching.
Transition temperatures are easily determined from temperature profile of loss angle, which
is given by equation:

tg o == (21

=
where § is a loss angle, E” is storage modulus and E” is loss modulus. That modulus can by

combined to:

E*=E +iE” (22)
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where E* is complex modulus and i is imaginary unit. Measurements of temperature or
frequency dependencies are performed by using different mechanical stress. Used geometry
should match the application usage of material. Different types of stress are according to

used geometry tension, shear, bending etc. [67].

4.4 Rheological analysis

Rheological analysis is powerful technique for study curing reactions of thermosets. While
the curing is time and temperature dependent, rotation viscometers are used, typically with
parallel-plate geometry. This type of viscometer consists of two horizontally positioned
circular plates. Between those plates is inserted sample. While the lower plate is static the
upper plate oscillate with chosen frequency and amplitude. However oscillation movement
is hindered by the presence of the sample. Therefore oscillator needs higher torque to move
with upper plate. This torque is directly proportional to viscosity of sample, which

undeniably arises from following equations:

T=c¢.M (23)
where 7 is shear stress, ¢; is geometrical constant and M is torque,

y=¢.0 (24)
where y is shear rate, c, is geometrical constant, w is angular velocity,

T
n=>: (25)
where 77 is shear viscosity. During the curing reaction viscosity increases and also material
becomes more elastic and less viscous. At one point there is an intersection between storage
and loss modulus (tg § = 45°). This point is called gelation point that corresponds to the
formation of the first infinite macromolecule penetrating from one side of sample to the other

side [68].

4.5 Scanning electron microscopy

Although there are many methods to examine the material characteristics, to understand
some phenomena is necessary to identify the material morphology. One of the possibilities
is scanning electron microscopy (SEM). This method is used for characterization of
heterogeneous materials on nanometer and micrometer scale. Small area of sample is

irradiated with focused electron beam. Those electrons interact with material and produce
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secondary electrons which are collected, analysed and used for creating three-dimensional-
like images of surface. Electrons are generated in electron gun and accelerated to an energy
in range 0,1-50 keV. The beam of electron is then focused by electron lenses to a spot on a
sample with a diameter usually smaller than 10 nm. This size defines the smallest point on
the picture which can be obtained from SEM. The image is than created point by point. The
lenses cause the beam to move along the line on a sample, than along the other line bellow
the first line and so on, until a rectangular image of the sample is generated. To avoid
interaction of electron with air, measurement is performed under high vacuum

of about 10 Pa [69].

4.6 DC electric conductivity

Direct current (DC), unlike the alternating current (AC), is a flow of electric charge carries
only in one direction. Simply said, materials can be divided into conductors and insulators
depending if the current can flow through them or not. This can be mathematically described

by equation:

G = (26)

L
U
where G is conductivity, I is electrical current and U is voltage. The conductivity is also

geometrically dependent and therefore specific conductance is used:

l
6=G= 27)

where ¢ is specific conductance, [ is length of conductor and A is its area. Conductivity can
be easily measured just by connecting two electrodes with sample at opposite sides. However
this might be problematic for characterization of dielectrics due to the presence of surface
conductivity caused by thin layer of water conducting better than sample. Besides that, other
problem is contact resistance. Therefore more sophisticated method was developed, i.e.

four-point method.

A two-point method is based on standard measurement described above. The surface
conductivity is eliminated by a guard ring placed around one electrode to absorb surface

current. Therefore only the current flowing through the material is measured [70].
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Scheme 7: Two-point method

A four-point method was proposed by Van der Pauw [71]. In this method, four probes are
placed on one side of the sample. Current flows between two probes and the other two probes
measure voltage. This effectively eliminates the effect of contact resistance and thus allows
conductivity measurements of samples with low resistivity. This method is also suitable for

measuring conductivity of thin films [70].

4.7 Dielectric spectroscopy

Dielectric spectroscopy (DS) is method based on the interaction of electromagnetic field
with electric dipole moments. Behaviour of dipole moments in alternating current is
expressed by permittivity (¢). Commonly used frequencies are lower than 10'° Hz, i.e.
frequency region up to microwaves. At this frequency region significant decrease in
permittivity (¢ dispersion) for materials containing induced dipole moments is usually

observed. On the other side the lower limit of DS is 10° Hz.

Dipole moments exist due to asymmetry of charges in molecules and atoms. There are
several causes of this asymmetry. Electronic polarization arises from electrons orbiting
atomic nucleus. Dipolar and ionic polarizations originate in asymmetrical molecules which
turn according to the direction of the electric field. The response of material is described by

complex permittivity:

=g +ig” (28)
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where €* is complex permittivity, & is real part of permittivity, € is imaginary part of
permittivity and i is imaginary unit. It is useful to express ratio of imaginary and real

permittivity as:
tg 65 == (29)

where &g is a dielectric loss angle. This can be used for classification of materials. The

materials with gg— > 1 are referred as a conductors while SS— « 1 are dielectrics (insulators).
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Figure 4: Frequency dependence of storage and loss permittivity for dielectrics [72]

Frequency dependence of real and loss permittivity for dielectrics is schematically illustrated
in Figure 4. Permittivity is the ability of dipole moment to change orientation according to
orientation of external electric field. At higher frequencies some dipoles might not be able
to rotate as fast as the external field is changing and their contribution to real permittivity

disappear.

Dielectric spectroscopy is used in polymer science with a goal to study structural transitions
such as Ty or crystal transitions (for semi-crystalline polymers), as well as chemical changes
of polymers as cross-linking or ageing. This method is also very sensitive to evaluate the
quality of polymer surface for coating or gluing. This method is also useful for evaluating of

polymer blends, composites and additives in polymers [73].
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II. ANALYSIS
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S AIMS OF DIPLOMA THESIS

The aim of the work is to modify the brittle behaviour of epoxy resin by

polydimethylsiloxane and to develop composites with controllable total conductivity.

The work that has been carried out within this diploma work entitled “The Development and
Characterization of Epoxy-Silicone Blends as a Matrix for Antistatic Composites” can be

summarized into following parts:

1. Development of technology for preparation of epoxy-silicone system with improved

mechanical properties.

2. Development of homogeneous polymer composites based on epoxy-silicone systems

filled with different types of conductive fillers (carbonyl iron and carbonyl nickel).

3. Characterization of structural, mechanical and electrical properties of polymer

composites.

4. Optimization of polymer composites technology with a view to improve their toughness

and electrical properties.
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6 PREPARATION OF POLYMER BLENDS

In the first part of my work was goal to optimize of processes and properties of polymer
blends based on epoxy resin (ER) and polydimethylsiloxane (PDMS) for use as a polymer
matrix for antistatic and electromagneticshielding composites. ER was prepared from
bisphenol A diglycidyl ether (DGEBA, D-3415, Sigma Aldrich, USA) cured by
diethylenetriamine (DETA, D93856, Sigma Aldrich, USA). Dicumyl peroxide (DCP, Sigma
Aldrich, USA) was used as free radical initiator. In my work were used two kinds of PDMS:
vinyl-terminated polydimethylsiloxane (V, Sigma Aldrich, USA) and Sylgard 184 (S,
Sylgard 184 — base A, Dow Corning, USA).

Blends were prepared by following procedure. DGEBA and DCP were put into the triple-
neck round-bottom flask and stirred it half an hour at 80 °C. Than PDMS was added and
stirred 30 minutes at 130 °C. After cooling to 50 °C, DETA was added and stirred another
10 minutes for pre-crosslinking. Prepared material was casted into the forms and air bubbles
were removed in vacuum desiccator. Forms were closed and placed into the oven preheated
on 100 °C and material was cured for 1 hours. After cooling, the sample was took out of the
form and post-curing was performed at 130 °C for 1 hour. All stirring was performed under
N> atmosphere and stirred at 300 rpm by MM-8000. If prepared blend did not contain DCP
or/either PDMS, the processing of mixture remained same. Considered reaction mechanism

for curing ER is:

- 2
W + HzN_R = W + HN—R =
R ot HN—R’
v + HN—R’ =—= \( =

Scheme 8: Mechanism of cross-linking reaction of ER
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As was shown before, active hydrogen is needed for opening oxirane ring. While DGEBA
has 2 epoxy groups, DETA has 5 active hydrogens and therefore for full conversion is needed

molar ratio DGEBA:DETA as 5:2.

I suppose that cross-linking via DCP begins with decomposition:

CHs CHs
@O\ il == ¢ >_'*O‘
CH; ©

CHj,

Scheme 9: Decomposition of DCP

followed by initiation:

CH
CH THS CHy | s
< > 30- 4 HC—Si—0 _ @—’—OH T HC—si—o0
CH | \Rz CHy (|) \R2
3 1/O 1.~
R R

Scheme 10: Initiation of cross-linking of PDMS

There are different possible cross-linking reactions as well as other terminations, but two

most important reactions are:

R? T
CH, THa o/ HyC o
o—s|,i—cH'2 4 HC—Si—0 == \Si/\/ Sl\
{ | | N e 0o
R 0 _0 R ’ 0 /
\R1 R3 / R
R1
R’
CHj3 O/
O0—Si—cH, + HiC——Epoxyresin =——= Epoxy resin  + H’
| 2 3 /\ Si/\/
R’ (@) H3C \ 2
\R1 O0—R

Scheme 11: Possible cross-linking reactions

First reaction leads to cross-linking of PDMS spheres giving them shape, size and

mechanical properties. Second reaction improves interphase and prevents coalescence.
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For better understanding of the influence of elastomer on mechanical properties of ER,
0-15 % weight concentrations of PDMS has been chosen. Weigh concentration of DCP was
varied between 0-3 %. List of specimen with their composition and codes is presented in the

Table 2.

Table 2: List of prepared blends ER/PDMS

DGEBA + DETA PDMS-V PDMS-S DCP
Samples
(wt.%) (Wt.%) (Wt.%) (Wt.%)
DO 100 - - -
Dd1 99 - - 1
Dd2 98 - - 2
Dd3 97 - - 3
DV5 95 5 - -
DV10 90 10 - -
DV15 85 15 - -
DVsdl 94 5 - 1
DV5d2 93 5 - 2
DV5d3 92 5 - 3
DV10d1 89 10 - 1
DV10d2 88 10 - 2
DV10d3 87 10 - 3
DV15d1 84 15 - 1
DV15d2 83 15 - 2
DV15d3 82 15 - 3
DS5 95 - 5 -
DS10 90 - 10 -
DSI15 85 - 15 -
DS5dl1 94 - 5 1
DS5d2 93 - 5 2
DS5d3 92 - 5 3
DS10d1 89 - 10 1
DS10d2 88 - 10 2
DS10d3 87 - 10 3
DS15d1 84 - 15 1
DS15d2 83 - 15 2
DS15d3 82 - 15 3
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7 DIFFERENTIAL SCANNING CALORIMETRY

7.1 Determination of ratio of epoxy resin and curing agent

For creating of any epoxy resin with good mechanical properties is necessary to determine
ratio of epoxy resin and curing agent. The exact ratio is required for the formation of the
maximum possible number of bonds, leading to high network density. This ratio can be

calculated using the following equations:
nE = TLH (29)

where ng is number of epoxy groups and ny is number of active hydrogens in curing agent.

Equation 29 can be also written as:

ZEME — Zymyg (30)

where zg is quantity of epoxy groups in molecule of epoxy resin, mg is weight of epoxy
resin, Mg is molar mass of epoxy resin, zy is quantity of active hydrogens in molecul of
curing agent, my is weight of used curing agent, My is molar mass of curing agent. This

equation can be converted to:

mg _ ZuME (31)
myg  ZgMpy

Finally, substituting the values used for the system DGEBA and DETA gain ratio:

mg _ 5.3404 _ 100
my  2.103,2 12

(32)

In many other works is eventually selected a lower ratio for easy processing. For DGEBA
and DETA system the frequently used ratio 100:6,5. For comparison, there was chosen ratio
100:9. DSC method has been used to study curing reaction with a view to determine the
optimal between DGEBA and DETA. The measurement was performed in the temperature

range from -50 to 180 °C with a heating rate of 10 °C/min.
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Figure 5: DSC thermogram of curing reaction with varying ratio

DGEBA:DETA

As was expected, a higher amount of hardener leads to a higher amount of released heat of
reaction, which means more formed bonds (Figure 5). Indeed, for the ratio 100:12 the
amount of released energy is about 50 % higher than for the ratio 100:6,5. From this it can
be assumed that the reaction is incomplete, because otherwise the energy increase would be
100 %. It can be explained by an increase in viscosity, which reduces the mobility of the
reactive groups and thereby prevent completion of the reaction. However, even if the
reaction is not complete, still more groups undergo the reaction than at lower selected ratios,

leading to higher density networks. Specific values are given in the Table 3.

Table 3: Released heat reaction for different ratios DGEBA:DETA

Released reaction heat

DGEBA:DETA ratio
(J/g)
100:6,5 309
100:9 436

100:12 464
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7.2 Determination of curing temperature

For the preparation of the epoxy resin, the proper curing temperature selection is required.
At high temperatures there is a danger of degradation, boiling of hardener or a large
temperature gradient leading to uneven network. In contrast, low temperature leads to long
reaction times (risk of sedimentation of silicone elastomer) and possible incompletion of the
reaction. To determine the correct curing temperature and time several methods can be used:
measurements of T, mechanical properties (hardness), residual heat of reaction, etc. [74].
For the simplicity, in the current work, measurement of the residual heat of reaction by DSC,
which also reveal T,. Thus, several compositions with selected ratio of epoxide and hardener
have been prepared and casted into the moulds and then cured at different temperatures.
After a sufficient time of curing small samples were taken for DSC measurements. The

samples were cooled to -20 °C and then heated to 150 °C with a heating rate of 10 °C/min.
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Figure 6: DSC thermogram of ER cured at different temperatures for
DGEBA:DETA ratio 100:12
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Figure 7: DSC thermogram of ER cured at different temperatures for
DGEBA:DETA ratio 100:6,5

As seen from the Figure 6, the full cross-linking was reached in all selected temperatures
when the epoxy resin:hardener ratio was 100:6,5, which is proved by the absence of any
exothermic peak on the DSC thermogram. The only observed endothermic peak is between
45-50 °C where samples undergo a glass transition with an enthalpy relaxation. The situation
is different for the epoxy resin:hardener ratio 100:12 (Figure 7). The crosslinking reaction at
100 °C resulted in the fully cross-linked system and only one noticeable heat process is
identified for Ty with enthalpy relaxation between 80 and 90 °C. If the crosslinking
temperature is lower than T (e.g. 60 °C), the reaction does not proceed completely, resulting

in exothermic reactions when heated above Tg.

Based on the results obtained, the epoxy resin:hardener ratio 100:12 and the crosslinking

temperature 100 °C has been selected.
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8 RHEOLOGICAL MEASUREMENT

Rotational rheometer (Bohlin Gemini, Malvern Instrument, UK) was used to monitor the
crosslinking reaction. The measurement was performed on plate geometry (d = 25 mm,
h = 0,5 mm) in oscillatory mode at constant temperature. The aim was to find gelation point
and the time-dependent viscosity. At single frequency test (f =1 Hz, strain = 0,05) gelation
point was found as a cross-section of storage and loss modulus. Although this method is
generally accepted, the results are slightly imprecise. The reason is, that when stress is
applied to system forming network, stress relaxation takes place. Therefore it is difficult to
measure the frequency dependent modulus when the chemical crosslinking occurs as a
function of time. However, tan 9 is independent on frequency at the true gelation point and
therefore if cross-linking is measured at several frequencies, all of them will pass through a
single point. This unambiguously defined point is the instant at which the gel forms. This
method, called multiwave test [75][76], was performed at frequencies

(0,1;0,2; 1; 4 and 16) Hz.

8.1 Gelation point

Single test measurement of DO at 80 °C (Figure 8) shows the increase in both elastic and
viscous modulus during the time of cross-linking reaction. It is evident that for the first
10 minutes of reaction, only small molecules are created and therefore the value of elastic
moduli is low in the range G = (0,05; 0,2) Pa. However then exponential growth of elastic
modulus starts and a cross-section of both modulus (effectively gelation point) appears at

t=913s.

Multiwave test measurement of DO at 60 °C (Figure 9) shows evolution of loss angle 6 for
different frequencies in the time of cross-linking reaction. Loss angle o for all frequencies
start at 90° and significant change appear around the time 1500 s. At this point starts the
decrease of loss angle for the highest used frequency (16 Hz) successively followed by
smaller frequencies (4; 1; 0,2 and 0,1) Hz. Their cross-section is found at t = 2047 s which

is the true gelation point.
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Figure 9: Example of gelation point determination from multiwave

test (DO — 60 °C)
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The Table 4 shows that the addition of PDMS reduces the gelation time. This might be
explained by the fact that the elastomer in the sample occupies some volume; thereby this
volume is unavailable for growing macromolecule leading to formation an endless
macromolecule penetrating whole sample sooner. On the other side, the addition of DCP
should reduce the gelation time due to the creation of larger molecules in previous step.
However this assumption was fully confirmed only at ER/V blend, for ER/S blend this

remains unclear.

Table 4: Gelation points of polymer blends ER/PDMS

T Single frequency test Multiwave test
Samples
(°C) (s) (s)
DO 60 2642 2047
DO 80 913 782
DO 100 279 210
DV5 80 695 700
DV10 80 660 570
DV15 80 632 420
DV10d2 80 612 449
DS5 80 850 500
DS10 80 815 453
DS15 80 665 367
DS10d2 80 690 500

8.2 Viscosity

The importance of gelation point of ER/PDMS blends is certainly indisputable, however the
viscosity plays an important role also. After crossing some level of viscosity, the processing
will become more difficult even if the gelation point will not be reached yet. On the other
side, for a blend with low viscosity there is a threat of coalescence and sedimentation of
particles. Therefore there is a processing window of viscosity for blend and particular

process (casting).
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Figure 10: Evolution of viscosity in time during curing reaction of

blends at 80 °C

The increase of viscosity during the reaction is shown in Figure 10. The effect of DCP on
acceleration of curing is more evident than from gelation points. Polymer blends with DCP
(DV10d2 and DS10d2) cross-links faster than polymer blends without DCP (DV10 and
DS10). It might be concluded that during reactive blending, some DGEBA molecules are
bonded with PDMS or with other DGEBA molecules, forming bigger molecules which

cross-link faster and therefore viscosity increases more rapidly.
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Figure 11: Time dependence of loss angle and complex viscosity

cross-linking reaction of PDMS-S by 2 wt.% DCP at 130 °C
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Figure 12: Time dependence of loss angle and complex viscosity during

cross-linking reaction of PDMS-V by 2 wt.% DCP at 130 °C
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Rheological measurements were performed for cross-linking of both PDMS (S and V) and
gelation points were found to be 990 and 1560 s respectively. From Figure 11, 12 it is
evident, that cross-linking of PDMS-S is faster than for PDMS-V, nevertheless the
difference is negligible and thus it was decided to use the same technology for preparation

of both blends containing PDMS (S and V).

Rheological measurements revealed the gelation points and increase of viscosity with
reaction time of blends which could be used for adjustment of the preparation process.
However, it was found that it is very complicated to use it, because of the fact that curing
reaction behaves differently in small amount (1 ml) inside of the rotation rheometer with
defined temperature and in big amount (30 ml) inside of the flask with temperature
significantly rising due to chemical reaction. Nevertheless, it is important that curing times
of all blends are within one relatively narrow time range indicating that prepolymerization

phase of preparation can be same for all blends.
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9 MORPHOLOGY OF POLYMER BLENDS

SEM (PhenomPro, BSED, USA) was used to observe the morphology of polymer blends.
Samples for test were prepared by cooling in liquid nitrogen and fractured by mechanical

force.

Figure 14: SEM micrographs for polymer blend DS15d2

In the polymer blend DS15 (Figure 13) can be seen relatively broader size distribution of
PDMS spheres than in polymer blend DS15d2 (Figure 14). The difference in the shape of
PDMS spheres is observed on the SEM images at high resolution: while PDMS in polymer
blend DS15 are smooth, some of them are “wrinkled” in the polymer blend DS15d2. This
might be caused by some interfacial bonding between ER and S created by DCP.
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Figure 16: SEM micrographs for polymer blend DV15d2

In the polymer blend DV15 (Figure 15) can be seen similar size distribution of PDMS
particles as in polymer blend DV15d2 (Figure 16). However, in higher resolution SEM
images the difference in the shape of PDMS spheres can be seen, i.e. DV15d2 polymer blend
(Figure 16) have also “wrinkled” PDMS spheres like DS15d2 (Figure 14).

Consequently, SEM images showed that using PDMS-V creates slightly smaller particles
than PDMS-S and this difference retains even if DCP is used. Also the addition of DCP leads
to “wrinkling” of the surface of some PDMS particles which might indicate the creation of

some interface.
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10 CHARPY IMPACT STRENGTH

Charpy impact tests were performed according to ISO 179 on unnotched izod specimens
(80x10x4) mm using an impact tester (Zwick/Roell, Germany). Each polymer blend was
measured on 10 specimens and some specimens might be excluded by Grubb's test for

outliers.

Table 5: Toughness of polymer

mixture ER/DCP

Impact strength

Samples
(J/em?)

DO 1,04 £0,16
Ddl 1,04 +0,06
Dd2 1,02 +£0,12
Dd3 1,00 £0,07

It was found that toughness of neat ER is 1 J/cm? (Table 5) and addition of PDMS generally
improves this value. However, there are significant differences among the specimens as can

be seen at table varying between 1 to 1,7 J/cm? as can be seen in Table 6.

Table 6: Toughness of polymer blends ER/PDMS

Impact strength Impact strength
Samples Samples
(J/ecm?) (J/em?)

DV5 1,28 +£0,08 |DS5 1,33 +£0,10
DVs5dl 1,30 £0,10 |DS5d1 1,18 £0,06
DV5d2 1,36 £0,15 |DS5d2 1,42 +£0,11
DV5d3 1,10 £0,06 |DS5d3 1,30 +£0,16
DV10 1,49 +£0,15 |DSI10 1,28 +0,08
DV10d1 1,51 £0,07 |DS10d1 1,15 £0,09
DV10d2 1,69 £0,12 |DS10d2 1,46 £ 0,09
DV10d3 1,48 +0,12 |DS10d3 1,20 +£0,09
DVI15 1,13 £0,09 |DSI15 1,02 £0,03
DV15dl 1,31 £0,12 |DS15d1 1,06 +0,05
DV15d2 1,39 +£0,11 |DS15d2 1,07 +£0,02
DV15d3 1,43 +0,14 |DS15d3 0,99 +0,04
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Based on the results obtained, the critical concentration of PDMS is 10 wt.% and efficient
concentration of DCP is 2 wt.%. Therefore only samples DO, Dd2, DV5, DV10, DV10d2,
DSS5, DS10 and DS10d2 were chosen for further studies and tests.
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Figure 17: Impact strength of blends ER/V

Addition of PDMS-V has good influence on toughness of blend as can be seen from Figure
17. However the addition of DCP exhibit synergetic effect on phase-separated rubber-rich

inclusion in brittle matrix as can be seen on SEM photos (Figure 16).
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Figure 18: Impact strength of blends ER/S

Although the addition of PDMS-S also improves toughness of the blend, overall effect is
smaller (Figure 18). From the decrease of toughness in blend DS10 in comparison with DSS5,
it can be concluded the poor compatibility of blended polymers. Also the effect of DCP is
not so evident, some improvement of toughness was observed, however, considering

standard deviation of the result obtained, the difference is very small.
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Figure 19: Impact strength of blends
Although both PDMS exhibit improvement of toughness by amplification of plastic
deformation, the difference between DV10d2 and DS10d2 is clear: improvement of
toughness by roughly 70 and 45 % respectively (Figure 19). Consequently, there is
compatibility between ER/V than ER/S blends which is supported by SEM images.
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11 DYNAMICAL MECHANICAL ANALYSIS

DMA was performed on specimens of dimensions (35x10x2,5) mm. Measurements were
performed in dual cantilever mode at the temperature range from -120 to 180 °C with heating
rate 3 °C. Before starting the actual measurement, the area of linearity was controlled and

measuring force was determined as 2 N.

11.1 Comparison of stiffness of polymer blends at room temperature

The comparison of real part of complex elastic modulus of polymer blends at 30 °C is shown

on Figure 20.

2000

1500

1000

E’ (MPa)

500

0 T f T f 1 T 1
DO Dd2 DS5 DS10 DS10d2 DV5 DV10 DVv10d2

Figure 20: Stiffness of polymer blends at 30 °C

Although DMA is not suitable for accurate determination of the stiffness it can be used for
comparison of the stiffness of similar polymers. As can be seen from the Figure 20, neat
resin, exhibits the highest value of stiffness which decreases after addition of different types
of PDMS. However, the stiffness of three other samples (Dd2, DV5 and DV10d2) decreased
only about less than 10 %. For samples Dd2 and DVS this is probably due to the small
amount of addition. On the other side sample DV10d2 exhibits improved compatibility of
blend ER/PDMS via DCP and therefore decrease of mechanical properties is lower in
comparison with DV10. In contrary, the same effect of compatibility was achieved for the

sample DS10d2 only partially. It is also important to note the difference between samples
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DS5 and DVS5 and in contrary a similarity of result for DS10 and DV10. However, at overall
comparison of the PDMS additions (S and V), ER/V blends exhibits higher stiffness due to
better compatibility.

11.2 Stiffness of polymer blends as a function of temperature

Real part of complex elastic modulus is plotted against temperature for polymer blends in
following Figure 21-23. Generally, the gradual decrease of stiffness is observed with
increasing temperature for all blends. However, the ER/PDMS blends should have three
regions where the elastic modulus significantly changes at -120 °C, -50 °C, and 120 °C
for the o transition of PDMS, vy transition of ER, and a transition of ER respectively.
Although there was an effort, the Ty of PDMS was not found, probably because of the low

concentration in samples.
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Figure 21: Temperature dependence of elastic moduli of ER/S blends

The Figure 21 shows that there is evident decrease in the stiffness of the blend with
increasing amount of silicone. Besides, the effect of the DCP addition to S is not obvious.
There is only small improvement of mechanical properties at positive temperatures. Another
phenomenon is observed in the y transition area around -50 °C, which is accentuated by the

presence of silicone.
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Figure 22: Temperature dependence of elastic moduli of ER/V blends
The blends ER/V (Figure 22) exhibit reduced stiffness likewise as ER/S blends. However,
the effect of DCP addition is much clearer than for S: curve of DV10d2 follows the curve
DVS5 and both are clinging to DO. Another phenomenon is observed in the vy transition area
around -50 °C, which is significant only for sample DV10. It can be clearly seen that DCP

addition reduce the effect of y transition.
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Figure 23: Temperature dependence of elastic moduli of blends
From the comparison of temperature dependence of elastic moduli (Figure 23), it is clear
that the compatibility between ER/S is significantly lower than for ER/V. Despite the same
amount of PDMS, ER/V blends exhibits much better mechanical properties.

11.3 Tg 6 as a function of temperature for polymer blends

Evolution of tangent of loss angle o is plotted against temperature for polymer blends in
Figure 24-26. Generally, the tg 6 has very low value (around 0,05) and only if some losses
appear in the system, tg 6 peaks appear. The highest point of the peak is one of the options

how to determine transition temperature.
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Figure 24: Temperature dependence of tg 6 of ER/S blends
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Figure 25: Temperature dependence of tg & of ER/V blends
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Figure 26: Temperature dependence of tg & of polymer blends

From Figure 24-26 it is obvious that the highest influence on mechanical properties has Ty,
1.e. o transition in region around 140 °C. However the existence of broad vy transition around
-50 °C is not negligible. Transition temperatures of ER are shown in Table 7. It was found

that the concentration of PDMS is too low to exhibit any difference detectable by DMA.

Table 7: Transition temperatures of prepared blends

o transition | vy transition o transition | y transition
Sample Sample
°C) °C) °C) C)
DO 139 -46 Dd2 132 -43
DS5 141 -34 DVS5 139 -48
DS10 148 -43 DV10 135 -39
DS10d2 139 -37 DV10d2 132 -44

While DO and some other blends exhibit Tg around 140 °C, two other specimens, namely
Dd2 and DV10d2 shown lower T,. The addition of DCP (Dd2) it probably leads to some
degradation of ER or it behaves as a plasticizer. However for blend DV10d2 might be
suggested another explanation. Theory says that immiscible polymer blend will exhibit two

glass transition temperatures that are equal to the respective polymers, while a complete
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miscible blend will have one glass transition between the two polymers. Many polymer
blends have partial solubility and will exhibit two glass transitions akin to respective
polymers but shifted towards the centre. If this would be the case of DV10d2 blend, it would
mean that there is partial miscibility between ER and PDMS. This explanation is supported

by SEM images which show presence of an interphase.

The addition of PDMS to ER leads to reduction of stiffness of polymer blend. However,
there are significant differences between the effect of PDMS-S and PDMS-V. While the
stiffness of mixture ER/V exhibit clings to behaviour of pure resin, ER/S blends tend to have
more significant decrease in stiffness. In other words, ER/V blends exhibit higher degree of
compatibility than ER/S blends. Glass transitions of blends was observed around T = 140 °C
and vy transitions in broad range between -70 °C and -20 °C with a peak around

-45 °C.
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12 PREPARATION OF POLYMER COMPOSITES

The second part of thesis is focused on preparation of polymer composites, which can be
used as an antistatic coating and electromagnetic waves shielding materials. As a matrix of
composites was used DV10d2 blend with good mechanical properties (impact strength
1,7 J/em2) due to uniform distribution of PDMS particles in epoxy resin (SEM images,
Figure 16). Three types of fillers were used: carbonyl iron particles with diameter 9 um (SL
type, BASF) labelled as Fe (CI-SL) and carbonyl nickel particles with diameter 3 pum
labelled as Ni(3) and 45 um as Ni(45). The main physical characteristics of fillers are listed
in Table 8.

Table 8: Physical characteristics of used fillers [12][77]

. Diameter of particles Purity Density | Resistivity
Filler pm % g/cm® uQem
Carbonyl Iron (SL) 9 99,5 7,9 9,6
3-7 99,8
Carbonyl Nickel 45 995 8,9 6,9

The major difference between two used fillers is the shape of particles. While carbonyl iron

are smooth spheres (Figure 27a), nickel particles are hedhedog-like (Figure 27b).

Figure 27: SEM micrographs of filler a) Fe b) Ni

Preparation of composites is based on blend preparation. DGEBA and DCP were put into
the triple-neck round-bottom flask and stirred it half an hour at 80 °C. Than PDMS was
added and stirred one hour at 130 °C. Afterward metallic filler was added to the blend and
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stirred one hour at 80 °C. After cooling to 50 °C, DETA was added and the procedure was

continued exactly as explained in the chapter 6 (Preparation of polymer blends).

Weight concentration of metallic fillers was gradually increasing from 10 wt.% up to
70 wt.%. Besides, the effect on electrical properties of different PDMS and DCP contents
were studied for samples containing 50 wt.% of CI. List of polymer composites based on
polymer blend DV10d2 filled by Fe, Ni(3) and Ni(45) with their composition and codes is
listed in the Table 9. Polymer composites based on different matrixes are presented in

Table 10.

Table 9: List of composites based on polymer blend DV10d2

Samples DV10d2 Fe (CI-SL) Ni(3) Ni(45)
(Wt.%) (Wt.%) (Wt.%) (Wt.%)
DVdFel0 90 10 - -
DVdFe20 80 20 - -
DVdFe30 70 30 - -
DVdFe40 60 40 - -
DVdFe50 50 50 - -
DVdFe60 40 60 - -
DVdFe70 30 70 - -
DVdNi(3)10 90 - 10 -
DVdNi(3)20 80 - 20 -
DVdNi(3)25 75 ] 25 -
DVdNi(3)30 70 - 30 -
DVdNi(3)40 60 _ 40 -
DVdNi(3)50 50 - 50 -
DVdNi(3)60 40 - 60 -
DVdNi(45)10 90 - - 10
DVdNi(45)20 80 _ - 20
DVdNi(45)30 70 - - 30
DVdNi(45)40 60 - - 40
DVdNi(45)50 50 - - 50
DVdNi(45)70 30 - - 70
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Table 10: List of composites with other polymer matrixes

DGEBA Fe .
Samples | +DETA | TPMSV | PDMS-S | DCP | (/o Ni(3)
Wt%) | (Wt%) | (wWt%) | (wt%) | (wt.%) (Wt.%)
DFel0 90 - - - 10 -
DFe30 70 - - - 30 -
DFe50 50 - - - 50 -
DV 10Fe50 45 5 - - 50 -
DS10d2Fe50 44 - 5 1 50 -
DS10Fe50 45 - 5 - 50 -
DNi(3)20 80 - - - - 20
DNi(3)30 70 - - - - 30
DNi(3)40 60 - - - - 40
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13 MORFOLOGY OF POLYMER COMPOSITES

Morphologies of samples were investigated by scanning electron microscope NOVA

NanoSEM 450 (FEI). Samples for test were prepared by cooling in liquid nitrogen and

fractured by mechanical force.

Figure 28: SEM micrographs for polymer composites based on polymer blend DV10d2
filled with 40 wt.% of'a) 9 um-sized carbonyl iron particles, b) 3 um-sized carbonyl nickel
particles

In Figure 28 we can observe the silicone phase (gray spheres) and the metal particles (white
dots) dispersed in the continuous phase of the epoxy resin. Micrographs show that the metal
filler is dispersed mostly within the epoxy phase. This occurred for both composites filled
with carbonyl iron particles (Figure 28a) and composites filled with carbonyl nickel particles
(Figure 28b). This can be caused by the fact that silicone particles are very well and
preferably cross-linked by peroxides. Thus, for metal particles, the silicone phase becomes

less available than the epoxy phase.
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14 DC ELECTRICAL PROPERTIES

Polymer composites with low DC electrical conductivity (<10 S/cm) were measured by
2-point method by using programmable electrometer (KEITLEY 6517A, USA), which also
served as a DC power source. While the samples with higher conductivity (>10® S/cm) were
measured by 4-point method by using programmable electrometers (KEITLEY 6517B,
2410) and (KEITHLEY 7002 Switch system). From each composite (Table 9) were prepared
three cylindrical specimens with a diameter of 1,5 cm and thickness of 2 mm. Specimens
were measured under DC voltage (10 V). Mass concentration of filler was converted to the

volume concentrations.

1
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Figure 29: Comparison of DC conductivity for polymer composites

based on DV10d2 matrix filled by Fe, Ni(3) and Ni(45) particles

DC Conductivity of composites based on DV10d2 matrix filled with carbonyl iron and
carbonyl nickels are compared in Figure 29. Percolation threshold is observed only for
hedgehog particles Ni(3) at relatively small concentration 5 vol.%. Increase of conductivity
at percolation threshold is from 107'* S/cm to 1a0® S/cm. According to the mathematical
model as introduced by Schren-Zallen [78], the percolation limit was reached between
(14-17) vol.% for randomly distributed conducting spheres. However, composites filled

with Fe (CI-SL) particles (9 pm) with similar dimension as Ni(3) does not reach percolation
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threshold even at five times higher concentration. It is caused by different shape of particles.
While CI particles are smooth spheres, Ni particles are hedgehog-like with many protrusions.
This significantly increases the probability that particles will be in touch and thus create a
conductive path connecting both sides of the sample. On the other side, Ni(45) particles also
did not reach percolation threshold even if they have similar shape. The reason is 15 times
larger diameter of Ni(45) than for Ni(3). It means that there is roughly 3000 particles in
Ni(3) for 1 particle of Ni(45) in same weight amount of filler, which significantly increases
the chance that particles will form clusters and reach percolation threshold at much lower

concentration.
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15 DIELECTRIC SPECTROSCOPY

Dielectric spectroscopy of composites was measured by using impedance analyser
Novocontrol (Concept 50, Germany). Samples with the same dimension as for DC
conductivity measurement (chapter 14 DC electrical properties) were measured by AC
voltage (2 V) in a frequency range (107'-10°) Hz. As a result, frequency dependent AC

conductivity, real and loss par of complex permittivity of composites were obtained.

15.1 Polymer composites filled with carbonyl iron particles

In this chapter was studied the influence of polymer matrix and amount of filler on dielectric

behaviour of polymer composites filled with carbonyl iron.

15.1.1 Polymer composites filled with carbonyl iron based on blend DV10d2

In Figure 29 is presented AC conductivity in frequency dependence of polymer composites
filled with carbonyl iron particles. The gradual increase in conductivity suggests that
dielectric behaviour of polymer composites with CI is driven mostly by polarization process.

Among the composites, only DVdFe70 exhibits DC plateau indicating free current

availability.
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Figure 30: Frequency dependence of AC conductivity for composites

based on DV10d2 matrix filled with Fe (CI-SL) particles
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for composites based on DV10d2 matrix filled with Fe (CI-SL)
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The blend DV10d2 exhibits dielectric behaviour. AC conductivity (Figure 30) is
exponentially increasing with frequency, due to polarization current caused by the
movement of electric dipole moments. This is typical for materials consisting of phases with
different conductivities. Real part of the complex permittivity (Figure 31) of polymer blend
has value 4,5 independent on frequency and only small changes (102-10"") for low value of
loss part of complex permittivity (Figure 32) can be observed. With addition of iron particles
is observed gradual increase in all quantities, however the composites behave still as a
dielectrics. At high concentrations of CI (>50 wt.%) interfacial polarizability leading to
significant increase of both real and loss parts of complex permittivity at low frequencies.
AC conductivity (Figure 30) of all composites is driven by polarization current, except
DVdFe70 which exhibit DC plateau in the frequency range (10'-10') Hz, which indicates
free current. However, the amount of filler was not sufficient enough to reach percolation

threshold.
15.1.2 Influence of PDMS on dielectrical behaviour of composites with carbonyl iron
particles

The effect of matrix with or without PDMS-V on electric properties of polymer composites

filled with carbonyl iron were studied for (10, 30 and 50) wt.% concentration of CI.
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Figure 33: Frequency dependence of AC conductivity for polymer
composites based on DO and DV10d2 matrix filled with Fe (CI-SL) particles
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Figure 34: Frequency dependence of real part of complex permittivity
for polymer composites based on DO and DV10d2 matrix filled with Fe
(CI-SL) particles
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35: Frequency dependence of loss permittivity for polymer

composites based on DO and DV10d2 matrix filled with Fe (CI-SL)

particles

From the comparison of conductivity of polymer composites based on epoxy matrix with

and without PDMS (Figure 33) might someone think that there is not much difference,

however, the increase of conductivity is (50-100) % as shown in Table 11. Real part of

complex permittivity effectively (Figure 34) describes the ability of dipoles to rotate in AC

field which is dominantly controlled by amount of filler and therefore there are negligible

differences caused by different matrixes. However, the dielectric losses (Figure 35), which

are connected with conductivity, exhibit increase if blends are used instead of neat ER.

Table 11: AC conductivity of polymer composites filled with
carbonyl iron particles at f= 1200 Hz

: AC conductivity at f = 1200 Hz
Concentration of CI (S/cm)
(Wt. %) . .
Matrix DO Matrix DV10d2
10 Q=1)10™M" 4=1)10™"
30 (6+3) 10 (8£3) 10!
50 2+1)107"° (5+2) 1010




UTB ve Zliné, Fakulta technologicka 76

The results obtained can be explained by the morphology of ER/V blend. Some volume of
blend is filled by PDMS and therefore this volume is inaccessible to electrical filler which
is in agreement with SEM (Figure 28). It means that carbonyl iron particles which are
excluded from rubber particles are within the epoxy resin phase. Therefore the concentration

of conductive filler in epoxy resin is higher, thus AC conductivity is also higher.

15.1.3 The effect of polymer matrixes on dielectric properties of composites filled

with 50 wt.% of carbonyl iron

The effect of matrixes with cross-linked and uncross-linked particles of both elastomers on

electrical properties were studied for polymer composites containing 50 wt.% of carbonyl

iron particles.
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Figure 36: Frequency dependence of AC conductivity of composites

based on different matrixes containing 50 wt.% of Fe (CI-SL) particles
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Figure 37: Frequency dependence of real part of complex permittivity
of composites based on different matrixes containing 50 wt.% of Fe

(CI-SL) particles

-
Eﬁﬁﬁﬁﬁﬁﬁﬁasﬁ*ﬂfggﬁzgﬁ
| EEHEHEEEEE -
B 102f (HZI):O3 T
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It is clear from Figure 36 that usage of uncross-linked particles of PDMS (without DCP)
leads to decrease of AC conductivity while crosslinked particles (with DCP) exhibit synergic
effect on AC conductivity. This effect was found for both used elastomers (S and V). It might
be caused by better affinity of iron particles to PDMS than to ER. Therefore some CI might
be trap inside of rubber inclusions which are effectively isolated islands in continuous phase

of epoxy resin.

Interestingly, it was found that usage of PDMS-S instead of PDMS-V leads to slight decrease
of conductivity. This difference is even more obvious when real and loss pats of complex
permittivity are compared (Figure 37, 38). This might be due to higher purity of PDMS-V
than PDMS-S, which might lead to better dispersion of CI in polymer blend.

15.2 Polymer composites filled with carbonyl nickel particles

In this chapter was studied the influence of polymer matrix and amount of filler on dielectric

behaviour of polymer composites filled with carbonyl nickel particles.

15.2.1 Polymer composites filled with Ni(45)

Frequency dependence of AC conductivity of polymer composites filled with 45 um-sized
nickel particles is shown in Figure 39. The gradual increase in conductivity of composites
with filler concentration suggests that polymer composites with Ni(45) exhibit only

polarization processes.



UTB ve Zliné, Fakulta technologicka

F = |
10° - ..-...
107; un" == ;EEEE
: —— E;!ggg!lll'
10-8 E- !!!-- Eiiggigi.g!!
— EEE nloE" !I'Iﬂ”“
g 10-10;_ EEEEEEEE . ;;:E; l:..!==: :
o [ ;;;E; ot DV10d2
© 10" ﬁ .!#I Lii!ﬂj = DVdNIi(45)10
i Eﬂggﬁii!!ﬁg DVdNi(45)20
10" | ' iiii!!ﬁﬁ = DVdNi(45)30
g e = DVdNi(45)40
107 F fﬁﬂﬁ ot = DVdNi(45)50
[ = DVdNi(45)70
10-14 Er #+¢f

f (Hz)

Figure 39: Frequency dependence of AC conductivity for polymer
composites based on DV10d2 matrix filled with Ni(45) particles
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Figure 41: Frequency dependence of loss part of complex permittivity

for polymer composites based on DV10d2 matrix filled with Ni(45)

particles

The observed effect of nickel particles with diameter 45 um on dielectric properties of

composites is similar to what was observed for 9 pm-sized carbonyl iron particles filled

composites, i.e. gradual increase of AC conductivity and complex permittivity with filler

concentration. However the DC plateau was not observed for any composites (Figure 39).

Indeed, the real part of permittivity increase from tens for low-filed composites (up to

30 wt.% of Ni(45) particles) to hundreds for composites with 70 wt. % (Figure 40).

15.2.2 Polymer composites filled with Ni(3)

The size of electroconductive particles significantly influence the behaviour of polymer

composites in both, AC and DC electrical fields. Thus, the nickel particles with diameter

3 wm represent smaller particles if compared with nickel particles with diameter 45 pum.

Therefore the number of charge carriers in polymer composites with Ni(3) is significantly

higher and percolation threshold was reached at as low concentration as 30 wt.% (5,2 vol.%).
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Figure 42: Frequency dependence of AC conductivity for composites

based on DV10d2 matrix filled with Ni(3) particles
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Figure 44: Frequency dependence of loss part of complex permittivity

for composites based on DV10d2 matrix filled with Ni(3) particles

While Ni(3) composites (Figure 42) with low filling (up to 25 wt.%) behave as dielectrics
with polarization dipolar conductivity, conductivity of composites with more than 30 wt.%
of Ni(3) reached percolation threshold and exhibit only free conductivity. The standard
deviation at the concentration 30 wt.% is enormous due to fact that while some samples at
this concentration behave as a conductors, the other exhibit insulator behaviour. This is given
by certain probability that particles will create a conductive path from one side of the
specimen to the other side. At filler concentration above percolation threshold (>25 wt.%) is
again observed exponential increase of conductivity and composites behave as conductors
with frequency dispersion of complex permittivity (Figure 43, 44). Therefore is observed the
decrease (5 orders of magnitude) of permittivity with increasing frequency. Also it is
important to note that the values of loss part of complex permittivity £* = (10°~10'?) are
higher than real part of complex permittivity £” = (10°~10®) which is also sign of conductor

behaviour.

15.2.3 Influence of PDMS on dielectric behaviour of composites filled with Ni(3)

The effect of matrix with or without PDMS-V on dielectric properties of polymer composites

filled with nickel particles were studied for composites with (20, 30 and 40) wt.% of Ni(3).
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Figure 47: Frequency dependence of real part of complex permittivity
for composites based on DO and DV10d2 matrix filled with Ni(3)

particles

The effect of PDMS on composites dielectric properties filled with nickel particles is more

evident than for composites filled with carbonyl iron particles. According to the AC

conductivity frequency dependence (Figure 45), the addition of PDMS to epoxy resin

decreases the percolation threshold of composites filled with Ni(3) particles: the polymer

composites with PDMS reach percolation threshold at 30 wt.% (5,2 vol.%) of Ni(3), whereas

polymer composites without PDMS required 40 wt.% (7,9 vol.%) of Ni(3). This is caused

by exclusion of metal particles from rubber phase as can be seen in Figure 28. Moreover,

ER/PDMS composite filled with 40 wt.% of Ni(3) exhibits the AC conductivity of two orders

of magnitude higher than ER composite filled with the same concentration of filler.
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CONCLUSIONS

The diploma work is aimed at the investigation of the addition of polydimetylsiloxanes
(PDMS) for processing of epoxy resin ER-PDMS blends with improved physical-
mechanical properties. Such type of polymer matrix can be used for the preparation of

antistatic coatings and the design of electromagnetic shielding materials.

To this end, the epoxy resin based on diglycidyl ether bispfenol A (DGEBA) has been
modified by two types of PDMS: polydimethylsiloxane (PDMS) vinylterminated (V) and
PDMS Sylgard 184 (S). The epoxy monomer was cured with diethylentriamine (DETA) as
a hardener in the presence of dicumyl peroxide (DCP) as a crosslinking agent of PDMS.

The composite materials were prepared by addition of conducting filler (carbonyl iron and
nickel particles) to the blends. The morphology, network structure, and the mechanical and
fracture behaviour of modified epoxy resin and its composites with conducting fillers have
been determined by SEM, DMA, Dielectric Spectroscopy, Charpy impact strength and
Rheological studies.

The conducted investigations showed the following:

1) The addition of PDMS to ER gives rise to a phase-separated structure consisting of
elastomer domains dispersed in the epoxy phase. Moreover, homogeneous distribution
of elastomer inclusions in ER can be achieved by (i) introduction of DCP (2 wt. %) that
plays a role of compatibilizer, and (ii) the use of PDMS-V rather than PDMS-S, since
former reacts better with ER during the curing process.

2) The stiffness of the modified DGEBA decreases with increase of PDMS concentration.

3) According to the charpy impact test, the highest impact strength is recorded with
samples with PDMS-V (10 wt.%) in the presence of DCP (2 wt.%) in ER due to the
interfacial compatibility between PDMS and resin: the Charpy impact strength reached
(1,7 £ 0,1 J/em2), which equals to a 70 % improvement.

4) By electrical conductivity measurements, the cross-linked PDMS-V increased
conductivity and shifted the percolation threshold from 8 vol.% to 5 vol.% for polymer
composites filled with Ni particles.

5) The metallic filler’s geometry in polymer composites leads to (i) increase of
conductivity with decreasing size of filler and (ii) increase of conductivity with

increased specific surface of filler particles.
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LED light-emitting diode
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DCP dicumyl peroxide

uv ultraviolet light

CI carbonyl iron

Fe(CO)s iron pentacarbonyl

Ni(CO)4+ nickel tetracarbonyl

LCST lower critical solution temperature
AGm change of the Gibbs energy of mixing
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T temperature
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z lattice coordinate number
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I number of segments in polymer
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k Boltzmann constant
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AQ
AA

YD
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CTBN
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Ppy
PEDOT
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number of possible configurations
molar volume

solubility parameter

lattice constant of entropic origin
cohesive energy

molar volume of the material
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conductivity of filler
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Ep1 potential energy of hammer at the start of test
Ep potential energy of hammer

AE, difference between potential energies

A area of sample
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delta loss angle

E’ storage modulus

E” loss modulus

E* complex modulus

1 imaginary unit

T shear stress

C1 geometrical constant
M torque

y shear rate

C2 geometrical constant
® angular velocity
SEM scanning electron microscopy
DCP direct current

AC alternating current

G conductivity
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electrical current

voltage
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dielectric spectroscopy

complex permittivity

real part of permittivity
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dielectric loss angle

glass transition temperature

vinyl-terminated polydimethylsiloxane
polydimethylsiloxane Sylgard 184

number of epoxy groups

number of active hydrogens in curing agent
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molar mass of epoxy resin
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weight of used curing agent

molar mass of curing agent
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frequency
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