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In this thesis, normally highly immiscible blends of low-density polyethylene and poly-
amide 66 were created and studied. Blends, which are based on engineering thermo-
plastic, like polyamide, and on commodity plastic, like polyethylene, are an interesting
research target because it would be possible to create blends, with many desired properties
and low cost. These blends could be then exploited in many applications in different
fields. The usual problem of polymer blending is related to the different chemical struc-
tures of blend’s components. This leads to phase separation in the blend, which leads to
poor properties. To tackle this problem, a third component can be added to the blend.
These components are called compatibilizers and they are usually block or graft copoly-
mers but using them in blends has many challenges. That is why in this work, graphene
oxide was used as a compatibilizer to research its potential to enhance blends properties.

The theoretical part of the thesis presents information about low-density polyethylene,
polyamide66, polymer blending and graphene. The basic properties, structural infor-
mation and typical uses of low-density polyethylene and polyamide 66 are discussed first.
Followed by this, is a section of polymer blending. Polymer blending is introduced by
providing information about extruders, mixing processes and thermodynamics. Also,
compatibilizers are introduced. Finally, graphene is presented. The focus is mainly on
graphene oxide and reduced graphene oxide, providing information about their structures,
properties and ways to produce them. The functionalization of graphene oxide is also
presented.

The experimental part included modified Hummers’ method to produce graphene oxide
and preparation of suitable masterbatches for processing. Melt compounding with twin-
screw extruder was performed to mix the blends and to potentially partially reduce and
functionalize the graphene oxide. Various characterization methods were used in this
work with suitable programs to analyze the samples and to see if there were any indica-
tions about successful blending.

Several characterization methods indicate, that the dispersion of polyamide 66 in low-
density polyethylene matrix was enhanced with the use of partially reduced and non-co-
valently functionalized graphene oxide as a compatibilizer. This is a key thing in blending
and in enhancing blends properties. Also, positive results on enhanced thermal properties
and chemical interactions between components are witnessed.
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Tadmén tyon aikana muodostettiin polymeeriseoksia, jotka koostuivat pienitiheyksisesti
polyeteenistd ja polyamidi 66:sta. Normaalisti ndmai kaksi polymeerilaatua ovat toisiinsa
sekoittumattomia, johtuen komponenttien erilaisista kemiallisista rakenteista. Teknisen
muovin, kuten polyamidin, ja valtamuovin, kuten polyeteenin, sekoittaminen toisiinsa on
mielenkiintoinen tutkimusaihe. Mikéli teknisen muovin ja valtamuovin sekoittaminen
toisiinsa onnistuu, syntyy uusia polymeeriseoksia, joilla on hyvit ominaisuudet ja edulli-
nen hinta. Ndin ollen néilld polymeeriseoksilla olisi lukuisia eri kdyttokohteita eri sovel-
luksissa. Seosten muodostaminen on kuitenkin hankalaa, johtuen polymeerilaatujen eri-
laisista kemiallisista rakenteista. Tdma aiheuttaa seosten faasierottumista, mikd puoles-
taan johtaa huonoihin ominaisuuksiin. Erilaisia sekoittumisen parantamisaineita, kuten
kopolymeerejd, on olemassa, mutta niiden kdytossd on omat haasteensa. Tdmén vuoksi
tissd tyOssd keskitytddn tutkimaan grafeenioksidin potentiaalia sekoittuvuuden paranta-
jana ja siten seosten ominaisuuksien parantajana.

Teoriaosuudessa esitellddn tietoa pienitiheyksisestd polyeteenistd, polyamidi 66:sta, po-
lymeerien seostamisesta ja grafeenista. Aluksi kiydédn 14pi kdytettyjen polymeerien omi-
naisuudet, rakenteet ja tyypillisimmat kédyttokohteet. Taméan jélkeen keskitytddn poly-
meeriseoksiin. Seos-osuudessa kisitellddn ekstruudereita, seostusprosesseja ja termody-
namiikkaa. My0s sekoittuvuutta parantavia aineita kasitelldén tissa osiossa. Lopuksi kéy-
dédn ldpi grafeeniin liittyvid asioita. Grafeeni-osiossa keskitytddan grafeenioksidin ja
redusoidun grafeenioksidin rakenteisiin, ominaisuuksiin sekd valmistustapoihin. Osio si-
saltdd myoOs tietoa grafeenioksidin funktionalisoimisesta.

Kokeellinen osa sisilsi modifioidun Hummersin metodin, jota kdytetdén grafeenioksidin
valmistamiseen. Myds sopivien masterbatchien muodostaminen prosessointia varten oli
osa kokeellista osiota. Polymeerien prosessointi kaksoisruuvi-ekstruuderissa seki erilais-
ten analyysilaitteiden kéytto ja tulosten tulkitseminen olivat myos osa timén tyon kokeel-
lista osiota.

Useat tyossd kdytetyt analyysilaitteistot osoittavat dispersion parantuneen polymeeri-
seoksessa, kun seokseen on lisétty grafeenioksidia ja aineet on prosessoitu ekstruuderilla.
Dispersion parantuminen on tirked asia seosten onnistumisessa ja ominaisuuksien paran-
tamisessa. Myds viitteitd lampdominaisuuksien parantumisesta ja kemiallisten sidosten
olemassaolosta oli havaittavissa.
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1. INTRODUCTION

Polymer blending is an activity, where the goal is to obtain new materials which have
desired properties and improved performance with an economical way. Another im-
portant aspect of polymer blending is to allow the recycling of the degraded polymeric
materials, which is more difficult with laminated or coextruded products [1]. Blending
process is typically done by mixer equipment, like twin-screw extruder. Intermeshing co-
rotating twin-screw extruders can produce high shear forces and mix different compo-
nents efficiently [2].

Blends, which have a cheaper commodity polymer component, like polyethylene, and a
more expensive engineering polymer component, like polyamide, can provide a wide
range of desired properties especially from the point of view of packaging industry.
Therefore, they are an interesting target for blend research. However, these polymers are
an example of materials, which together form a highly immiscible blend. That is why an
efficient compatibilization method would be useful [1,3].

The main problems in polymer blending are usually related to the immiscibility of the
blend’s different components. Immiscibility is caused by different chemical structures of
the blends components, which in most cases leads to poor properties. Miscibility of the
blends different components is related to the compatibility of the blend. Typically, poly-
mer blends require the use of compatibilizers, which usually are grafted copolymers or
block copolymers. Also, nanomaterials can be exploited in compatibilization. The main
object of compatibilizers is to lower the interfacial tension, to stabilize the morphology,
to enhance finer dispersion and to improve the phase adhesion. [1,3].

Graphene, and other materials which are based on graphene, have many unique proper-
ties. These unique properties have launched the interest for researching graphene in dif-
ferent applications [4]. Graphene oxide can be produced with modified Hummers’
method from plentiful graphite. Graphene oxide can also be further reduced and function-
alized to exploit its properties in different applications [5].

The main goal of this thesis is to research the blending of low-density polyethylene, pol-
yamide and graphene oxide, to analyze the results and to estimate if partially reduced and
functionalized graphene oxide has potential working as a compatibilizer. Focus of this
work is mainly on evaluating thermal properties, dispersion and chemical interactions in
the blends



The theoretical part of this thesis concentrates on low-density polyethylene’s and poly-
amide’s properties and chemical structures. Theoretical part also introduces graphene and
other graphenic materials, their properties, structures and ways of producing and exploit-
ing them. Furthermore, polymer blends and mixing of polymers are also discussed in the
theory part.

The experimental part focuses on producing of graphene oxide with modified Hummer’s
method and melt mixing low-density polyethylene, polyamide 66 and graphene oxide
with a twin-screw extruder. Several analyzing methods have been used during this thesis
to gather information about the blends and to compare the blends with different contents
of graphene oxide in them.



2. POLYMERS AND POLYMER BLENDS

2.1 Low-density polyethylene

Polyethylenes are semi-crystalline thermoplastic polymers and a part of a group called
polyolefins. The monomer of polyethylene is ethylene (C2Hs4) from which the polyethyl-
enes are processed by polymerization. Polyethylene’s are further classified by their den-
sity. Low-density polyethylene (LDPE) is one of the most common polyethylene grades
together with high-density polyethylene (HDPE) and linear low-density polyethylene
(LLDPE) [6].

2.1.1 Properties

Density of LDPE varies in literature between 0.91 — 0.94 g/cm® and its melting tempera-
ture is approximately 110 — 115 °C. Structure of LDPE consists of short and long chain
branching. Long branches cause irregular packing of molecules which lowers the crystal-
linity and therefore reduces the density which affects the different properties of the poly-
mer, like thermal and mechanical properties. The degree of crystallinity of LDPE usually
vary between 50 — 65% [6,7]. The short and long branching of LDPE is presented in
figure 1 [8].

LDPE

I I_

Figure 1. The typical long and short chain branching of LDPE [§].

LDPE has many useful properties, which explains its wide use in industry. LDPE is an
economical option because it has a low price and it is easy to process using many different
methods. LDPE is also an excellent moisture barrier and has good heat sealing properties.
LDPE is also relatively chemically inert, taste- and odor-free. Other properties of LDPE
include flexibility and transparency. Although LDPE has excellent moisture barrier prop-
erties, it also has poor gas barrier properties, especially to CO2. LDPE has also quite low
mechanical strength and heat resistance [6,9].



2.1.2 Processing and applications

LDPE is widely used in industry because of its numerous properties. Because of easy
processability, LDPE can be processed with many different methods to make different
products. Methods that can be used to produce polyethylene products include: extrusion,
thermoforming, blow molding and injection molding, among others [6,10,11].

The biggest amount of LDPE is used for different film applications, mainly by packaging
industry for short-term applications [6,10,11]. It is also typical to use polymer blends,
where LDPE is one component or to use LDPE in coextrusion or lamination to ensure
desired properties [10]. The different film applications are numerous and differ in prop-
erties depending on what kind of properties are needed. Typical products include things
like bags, liners and bottles, but LDPE can also be used in things like toys and containers.
[6,11]. Typical uses of LDPE and LLDPE are illustrated in figure 2 [12].

extrusion
coating

8%

5%

injection moulding

wire and cable

4%

Figure 2. Most common uses of LDPE & LLDPE [12].

2.2 Polyamides

Polyamides (PA) are thermoplastic engineering polymers, which are also typically called
nylons. Polyamides are mostly linear aliphatic polymers, which contain a repeating amide
group (-CONH-) but they can also be aromatic. Many synthetic polyamides are derived
from monomers that contain 6-12 carbon atoms [2,13,14].



2.2.1 Properties

Polyamides are engineering polymers which can be divided into aliphatic and aromatic
polyamides. Aliphatic polyamides are clearly the most common polyamides. Polyamides
can be processed by using many different processing techniques like injection, extrusion,
blow molding, rotomolding, coating and others. Polyamides are used in many different
applications and products, for example in fibers, automotive industry, packaging industry
and electronic applications [2,14,15].

Polyamides can be formed by condensation polymerization from monomers that combine
to make amide groups. Another possibility is ring-opening polymerization, which is typ-
ically used to form polyamide 6 (PA6). Amide group (-CONH-) is present in every re-
peating unit of the polymer and is therefore a major determiner of polyamides properties.
Amide group’s N-H bond and C-O bond are both polar. This induces the formation of
secondary bonds between adjacent polyamide molecules. These secondary bonds restrict
the movement of the polyamide molecules which increases tensile strength. The second-
ary bonding also results in high crystallinity polyamide molecules because of the close
packing. The high crystallinity leads to characteristics like high strength, good toughness,
sharp melting point, good abrasion resistance, high stiffness, low gas and vapor permea-
bility [2,15].

Amide group’s polarity also affects the water absorption of polyamide, making it sensi-
tive to polar solvents. The water absorption of polyamide is higher than in most other
engineering thermoplastics. Water absorption tendency can have a significant effect on
the properties of polyamide, for example decreasing tensile strength and tensile modulus.
The water absorption tendency also increases with temperature which is why polyamide
should not be exposed to hot water. Absorptivity complicates also the processing of pol-
yamides, because polyamide resins must be dried before processing [2,14].

The sharp melting point of polyamide and the accompanying low viscosity of the melt
are advantages in injection molding. On the other hand, they are a disadvantage in pro-
cesses like extrusion and blow molding which require melt strength [2].

2.2.2 Resins and applications

There are many different types of polyamides and the differences between them largely
depend on the number of carbons in the molecular segments between the amide groups.
These segments are CHz units from the monomers used to form the polyamide. The most
common resins of polyamides are PA6 and polyamide 66 (PA66). The monomer of PA6
is caprolactam (Ce¢H;1NO) and the monomers of PA66 are hexamethylenediamine
(C¢H16N2) and adipic acid (CsH1004) [2,14,15]. The most important aliphatic polyamide
resins, their monomers and their melting temperatures are presented in table 1. The C-



number in parenthesis refers to the number of carbon atoms in each monomer. As men-
tioned, this is one important factor to the structure and the properties of the formed poly-

mers.
Table 1. The most important aliphatic polyamide resins, their monomers and
melting temperatures, modified from [13].
Resin Monomer(s) Melting temperature
PAGE Hexamethylenediamine (C6) 260°C

Adipic acid (C6)
PAG6 Caprolactam (C6) 220°C

Hexamethylenediamine (C6)

220°C
PAG10 Sebacic acid (C10)
Hexamethylenediamine (C6)
PAB12 215°C
6 Dodecane diacid (C12)
PA11 11-aminoundecanoic acid (C11) 185°C
PA12 w-aminolauric acid (C12) or 178C

laurolactam (C12)

One common way to modify the performance of polyamides is to use fillers like glass
fibers, carbon fibers or minerals. Fillers usually provide additional strength or toughness
which can be exploited in different applications [2,14,15].

Another polyamide material is a highly aromatic polymer which contains the amide
groups with benzene ring between them. These materials are typically called aramids.
Aramids have unique properties compared to other polyamides. The high aromatic con-
tent has a significant effect on the stiffness and the strength of the material. Bulletproof
vests are a good example of a product made by exploiting aramid fibers [2].

2.3 LDPE-PA blends

Polymer blends are designed to create materials which have enhanced properties com-
pared to the individual components of the blend. Blends are researched and created
mainly because they offer a cheaper, faster and more environmental-friendly route to cre-
ate advanced materials, compared to developing new monomers or new polymerization
routes. By changing the polymers and by varying the compositions of the selected poly-
mers, the properties of polymer blends can be modified [1,16,17].

The usual problem with creating polymer blends is the unfavorable enthalpy of mixing,
which is caused by the different chemical structures of the blend’s components. This
causes many polymer blends to phase separate. Phase separation is related to the interface
of the polymer components, which has a large effect on polymer blend’s properties. Phase



separation leads to, for example, poor mechanical properties which is not desirable. That
is why it is important to control the phase behavior and the morphology of immiscible
polymer blends [1,3,17-19].

Blends which are based on expensive engineering thermoplastics and cheaper commodity
plastics play an important role in mixing different polymers. This way it is possible to
create blends which have many desired properties at a low cost. It also allows the possi-
bility of recycling wasted raw materials, which is more difficult in coextruded and lami-
nated products [1,20].

In PA and LDPE blends the LDPE component improves, for example, the processability
and the PA component improves the resistance to oxygen permeability. This kind of prop-
erties are desired by the packaging industry, in application like films. The problem, how-
ever, is that LDPE and PA are highly incompatible with each other. This causes the blends
to be immiscible and that is why an efficient compatibilizer is needed [1,20].

2.3.1 Thermodynamics of polymer blends

When two polymers are mixed, the mix usually results to a highly immiscible blend due
to complete phase separation. This is because of the chemical incompatibility of the two
different polymers. Complete miscibility of polymers means that the blend is homoge-
nous down to the molecular level. In a system where there are two polymers, it is required
that the following condition, which is also Gibbs free energy of mixing, is met [21-23]:

AG,, = AH,, — TAS,, <0 (1)

where, AG,, is the free energy of mixing, AH,, is the enthalpy of mixing, AS,, is the
entropy of mixing and 7 is the absolute temperature.

In a stable one-phase system the requirement for the phase stability of binary mixtures is
the following equation [21-23]:

AG,, < 0 ,

0%AG,
gz Jrp > 0 2

where, @ is the composition of the mixture. 7 is temperature and p is pressure.

Miscible polymer blend is homogenous in the molecular level and it is associated with
the negative value of free energy of mixing as can be seen in equations 1 and 2. In miscible
polymer blend, the domain size is also comparable to the dimensions of macromolecular
statistical segment. Because mixing increases entropy, the value of TASn is always posi-
tive. That is why the value of AGn, depends on the enthalpy of mixing, AHm. That leads
to a situation where two polymers mix forming a single phase only when the entropic



contribution to free energy is larger than the enthalpic contribution. For the majority of
polymer blends, the miscibility increases with increasing pressure. This happens when
AHm < 0, whereas if AHn > 0 the miscibility decreases with increasing pressure [22,24].

A phase diagram is shown in figure 3. It includes the three different degree of miscibility.
The single-phase miscible region is located between the two binodals. The binodals and
the spinodals border the 4 metastable regions and the spinodals border the two-phase sep-
arated regions of immiscibility [22,24].

The diagram also presents the upper critical solution temperatures (Ucst) and the lower
critical solution temperatures (Lcst). Diagram with two critical points is a rule for mix-
tures of components which have low molar mass. Polymer-polymer mixtures generally
exhibit Lest, but also the Ucst is possible [22,24].

Phase Spinodal
Separated y

/ region

Binodal Single

phase

Metastable Unstable region
. Critical point

region region

Binodal ) / Phase
\ Separated
/ region Spinodal

0 COMPOSITION 100
Figure 3. Phase diagram for liquid mixtures [21].

When a change of temperature, composition or pressure occurs in a single-phase system,
a phase separation may happen. In this case the change forces the single-phase system to
enter either the metastable or the spinodal region. The phase separation occurs in a dif-
ferent way depending on whether the system enters from single-phase system to the met-
astable region or to the spinodal region [22,24].

When the entering happens from single-phase region to the metastable region, the phase
separation happens by slow nucleation, which is followed by growth of the phase sepa-
rated domains. This mechanism resembles crystallization. On the other hand, when the



entering happens from single-phase region to the spinodal region, phase separation hap-
pens by spinodal decomposition [21].

2.4 Compatibilizers

Interfacial properties have been traditionally modified by adding a third component, a
compatibilizer, to the polymer blend. The most typical compatibilizers are block or graft
copolymers, but also nanoparticles, which are compatible with both faces, can have sim-
ilar effect. The main object of compatibilizers is to lower the interfacial tension, to stabi-
lize the morphology, to enhance finer dispersion and to improve the phase adhesion. De-
spite this conventional use of block or graft copolymers as compatibilizers has its ad-
vantages, they still suffer from certain drawbacks. Copolymers are usually quite specific
to certain polymer blends and they are difficult to produce to systems with more than two
components. Another drawback of copolymers is that they are expensive to engineer. Due
to these drawbacks, finding another economical compatibilization way would be benefi-
cial [1,3,17,25].
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3. MIXING OF POLYMERS

3.1 Mixing processes

As the polymer melt is mixed with another immiscible polymer, the polymer melt forms
a continuous matrix and the additional polymer becomes a dispersed phase, which forms
discrete domains imbedded in the matrix. Blending of polymers requires the different
components to be homogeneously mixed with the right proportions. Different processing
variables of the extrusion process also have a large influence on the products properties
[26].

The mixing process is usually done by a single-screw or a twin-screw extruder, which
conveys, melts, meters and mixes the components. Single-screw extruders do not provide
enough mixing as such and that is why there are many kinds of designs available for
screws, screw elements and barrels depending on the process. Twin-screw extruder, how-
ever, is an efficient mixer. Especially the intermeshing corotating twin-screw extruder
provides high shear rates to mix the components. Melting occurs mainly caused by the
screw rotation, which causes internal frictional heating but also barrel heaters affect the
melting [2,27,28].

Mixing is described as dispersive and distributive mixing, which are both required to
compound polymers. Dispersive mixing, which is also called intensive mixing, happens
when the stress in the melt exceeds the coherent strength of the component. In other
words, dispersion is achieved with high shear forces which require high amount of en-
ergy. Dispersive mixing reduces the size of any dispersed particles. Distributive mixing
means the uniform distribution of the particles in space. Distributive mixing does not
require high stress like dispersive mixing. Distributive mixing is achieved because of dif-
ferent velocities of the melt at different locations of the system. In real processes, distrib-
utive mixing involves some dispersive mixing and dispersive mixing involves some dis-
tributive mixing [26,28]. Dispersive and distributive mixing are illustrated in figure 4
[29].
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Figure 4. Dispersive and distributive mixing [29].

3.2 Single-screw extruders

Most commonly used single-screw extruders can be divided into three geometrical zones:
feed section, compression section and metering section. These sections can also be named
by the functions they provide. All sections have their own purpose in extrusion process
[2,26-28]. The geometrical sections and the most important elements of a typical single-
screw extruder are presented in figure 5 [28].

Hopper
[———— )] — Plastic pellets [ Polymer meit — Braaker plate
W y — Heaters '3 [ A
I ."' i .-'_ Barral — Die
\mm \‘mﬁg\ i Exrucate
I.-’\_II l I\ g \‘4
: 7
b °a*“ A W / @'ﬁ\\‘z il
AN == Ry 7 il

}47 Feed section +Cumpressicln sadian’-\-‘ Metaring section -l-"

Figure 5. Schematic of a plasticating single-screw extruder [28].

The feed section, which can also be called the solids conveying zone, is the first one. The
main task of this section is to move the polymer material from the hopper to the screw
channel. The friction factor between the polymer and the extruder barrel and the friction
factor between the polymer and the extruder screw have a big effect on the material con-
veying. The process to compact and transport the material will be successful if the friction
at the barrel surface is bigger than the friction at the screw surface. This causes the mate-
rial to move in axial direction, instead of just rotating with the screw. The simplest way
to ensure high friction between the polymer and the barrel is to use a grooved feed section.
In this design, the barrel surface has grooves in it. In grooved feed section the length of
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the grooved barrel is carefully designed to avoid excessive pressures. The feed section is
also cooled, usually by cooling lines with cold water flowing in them [2,26-28].

The compression section, which can also be called the melting zone, is the next section
of an extruder. Melting of the processed material occurs in the compression section. Melt-
ing occurs mainly because of internal friction caused by the rotating screw, which then
causes heating. Barrel heaters are also typically used, but their proportion to the total
heating is usually much lower than the frictional heating. This is mainly because of low
thermal conductivity of polymers [2,26-28]. Melting occurs usually by dissipative melt-
ing. In dissipative melting, the size of solid bed of material is getting smaller, as melt pool
is forming next to it [26,28]. This effective melting mechanism is illustrated in figure 6a
[26].

Melt film-solid bed
Melt film interface
| J

Pushing Trailing
flight flight
* *..
Melt pool =
4 L_

Figure 6a. Dissipative melting occuring in the extruder [26].

As melting advances, the solid bed becomes smaller. At some point during melting, the
solid bed cannot maintain its structural integrity and uncontrolled solid bed break-up oc-
curs causing the solid bed to break up in smaller pieces [27,28]. The size of these pieces
1s important, as it takes longer time for bigger particles to melt. At this point another
melting mechanism takes place. Conduction melting melts these small unmolten pieces
in the melt pool. Conduction melting is not as effective melting mechanism as dissipative
melting. That is why the solid bed break-up should be avoided [26,28]. Conduction melt-
ing after solid bed break-up is illustrated in figure 6b [26].
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Figure 6b. Conduction melting occuring in the extruder after solid bed
break-up [26].

Best way to avoid solid bed break-up in single-screw extrusion, is to use a barrier-screw.
Barrier-screw separates the solid bed from the melt pool. Barrier typed designs also have
good mixing properties [26,28].

The metering section is the last section in the screw. At the end of this section the polymer
material should be completely molten and homogeneous. This section can also contain a
design of mixing element, to make sure that the melt is homogeneous and in uniform
temperature [26,28].

3.3 Twin-screw extruders

Twin-screw extruders provide the best mixing properties from the continuous mixing de-
vices available. Twin-screw extruders can be further classified into counterrotating or co-
rotating twin-screw extruders. Other classification can be done with intermeshing or non-
intermeshing twin-screw extruders [2,27].

Twin-screw extruders design requires different linkages and barrels compared to single-
screw extruder. In intermeshing twin-screw extruder, the material moves from screw to
screw and from flight to flight. The material moves forward with this continuous pumping
pattern [2].

There are two possible rotating patterns for intermeshing twin-screw extruders. In coro-
tating pattern, both screws rotate clockwise or both screws rotate counterclockwise. In
counterrotating system, screws are rotating in countering directions, meaning that the
other screw rotates clockwise and the other rotates counterclockwise. Corotating and
counterrotating screws are illustrated in figure 7 [29]. Corotating geometry is the upper
screw and counterrotating geometry is the lower screw.
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Figure 7. The geometries of corotating (upper) and counterrotating (lower)
twin-crew extruders [29].

In corotating systems, the material is passed from one screw to another and the material
is thus going over and under the screws. Because of this path, most of the material is
subjected to same kind of shear as it passes between the screws and the barrel. This also
ensures high contact with the extruder barrel and affects the thermal heating. This path is
illustrated in figure 8 [30]. Mixing is better in corotating systems than in counterrotating
systems. In counterrotating systems, the total shear is lower than with corotating systems,
but the counterrotating systems can generate high stresses [2].

fiiSatNo

Figure 8. The material path in intermeshing corotating twin-screw ex-
truder [30].
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4. GRAPHENE

Graphene is one single layer of graphite, in which the carbon atoms are sp>-bonded in a
honeycomb lattice [4,31]. Graphene and other materials that are based on graphene have
attracted research attention because of their unique properties, like large surface area and
great electrical, thermal and chemical properties. This causes a great potential in different
applications [4].

4.1 Preparation of graphene and graphene oxide

Graphene can be obtained by using different techniques, one of the most common being
Hummers’ method [4]. In this method the graphite is oxidized by using a solution of
potassium permanganate in sulfuric acid. This process results to graphite oxide, which
can be further exfoliated. Graphite oxide has a similar layered structure to graphite, but
there are oxygen-containing groups, like hydroxyl and epoxy, at the plane of carbon at-
oms. These oxygen groups expand the interlayer distance and make the atomic-thick lay-
ers hydrophilic. There are also other oxygenated functional groups, like carbonyl and car-
boxyl, at the edges of the structure [4,32]. Hummers’ method can be continued by using
ultrasonication, which causes the oxidized layers to be exfoliated in water. This modifi-
cation of Hummers’ method leads to graphene oxide (GO), a highly oxidized version of
graphene [4]. Route from graphite to graphene oxide is presented in figure 9 [33].
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Figure 9. Route from graphite to graphene oxide [33].
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The modification of Hummers’ method is an interesting technique in terms of producing
larger quantities of material, but there are also many other methods for producing gra-
phene [32,34]. These methods are usually based on either exfoliation or growth on sur-
faces. Exfoliation methods include techniques like micromechanical exfoliation and lig-
uid phase exfoliation. Growth on surfaces include methods like epitaxial growth and
chemical vapor deposition (CVD). Graphene with a relatively perfect structure and prop-
erties can be produced for example by micromechanical exfoliation, epitaxial growth or
CVD [34]. In micromechanical exfoliation, graphene is extracted from graphite by using
an adhesive tape. Epitaxial growth method is based on thermal treatment of a SiC-crystal
under a vacuum. In CVD, graphene is grown on a metal substrate, which is exposed to a
gaseous compound [35]. Also, other methods like solution dispersion or mechanical rub-
bing are possible ways of producing graphene. Some of the possible methods are pre-
sented in figure 10 [36].

Chemical I

Mechanical Epitaxial I

Scotch Silicon Solution
Tape Carbide Dispersion
Graph

Figure 10. Methods to obtain graphene [36].

4.2 Reduced graphene oxide

GO is single-atomic-layered material comprising carbon, hydrogen and oxygen mole-
cules. GO can also be reduced to graphene-like sheets. This happens by the recovery of
conjugated structure and by reducing or diminishing the amount of the groups that contain
oxygen. This reduction of oxygen-containing groups leads to reduced graphene oxide
(rGO), which can also be called functionalized graphene or chemically modified gra-
phene. The reduction causes different properties in rGO compared to GO. Producing of
rGO by reducing GO is a very important process because it has great effect on the prop-
erties of rGO. This process determines how close the GO will come to the structure of
pristine graphene, which is the main goal of these reduction techniques. These reduction
techniques are exploited because producing graphene straight is difficult. This reduced
material usually has some properties like pristine graphene, but differences are still sub-
stantial, mainly because all the oxygen-containing functional groups can not be removed
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from rGO with reduction techniques. The reduction can be done with numerous different
methods, but they are all based on chemical, thermal or electrochemical means [4].

4.2.1 Reduction methods

In thermal annealing process, GO is reduced by using high temperatures, which have been
achieved by rapid heating [4,32]. Exfoliation of GO also takes places during this reduc-
tion process. Exfoliation happens in the process because of CO and CO» gases are rapidly
evolving in the graphene interlayers. These gases are a result formed from the oxygen
containing functional groups of GO. This forming of the gases also causes pressure to
increase in the interlayers of GO. As this pressure achieves high levels, it increases the
distance of GO sheets and in that way causes exfoliation. This reduction process is usually
done under vacuum or protective gas, like hydrogen [32]. Recent research has revealed
that removing oxygen groups from GO is possible in lower temperatures also. Reduction
in lower temperatures obviously removes fewer groups than high temperature reduction,
but sufficient levels can still be achieved [37,38].

Electrochemical reduction is based on electron exchange with GO and electrolyte. There
are several different techniques exploiting electrochemical reduction. Typical ways in-
clude reducing of aqueous colloidal suspension of GO. This is done in the presence of
buffer electrolyte and rGO is formed in the surface of electrode. Another typical way
includes thin films of GO, which are used to coat electrode. The coated electrode is then
electrochemically reduced in a normal three electrode system [32].

Chemical methods can also be exploited in reduction of GO. The most used method of
these chemical reduction methods includes the use of hydrazine [32], but also many other
organic and inorganic reducing agents can be exploited [39]. The chemical reduction
methods are the most interesting ones for larger scale operations [32,39].

4.3 Functionalization

Functionalization is usually the best way to produce the best performance available from
graphene or GO. Functionalization is also sometimes required, if graphene is combined
with other materials. Functionalization is achieved by covalent bonds or non-covalent
interactions [40]. The covalent functionalization exploits different “grafted from” or
“grafted to” techniques [41,42]. However, the covalent functionalization techniques gen-
erally compromise the sp>-structure of graphene. This results to defects in the structure
and can affect some properties in a negative way [40-42].

Non-covalent functionalization does not alter the structure of graphenic materials, like
covalent functionalization does. Non-covalent functionalization introduces chemical
functional groups on the surface of graphene or GO. Electron donor — acceptor com-
plexes, n-m interactions, CH-m interactions, hydrogen bonding and van der Waals forces
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are examples of non-covalent functionalization. Non-covalent interactions have positive
effect on properties like biocompatibility, reactivity and dispersibility [40].

Non-covalent interactions are present in all materials that experience attractive or repul-
sive forces [40]. The relative strength of single non-covalent interaction is normally small
compared to covalent bonds. Non-covalent interactions combined over large surfaces can,
however, have decent dissociation energies, which are comparable to the dissociation en-
ergies of some covalent bonds [40,43].

4.4 Properties of graphene oxide and reduced graphene oxide

GO and rGO are an important topic of graphene research because of their properties and
characteristics. One of the most important things is that GO can be produced from graph-
ite, which is a cheap and plentiful material. Other important properties of GO include its
easy dispersibility in water and organic solvents. GO also has easy dispersibility in poly-
mer matrices. This is an important property when mixing GO with polymer matrices, for
example to try to improve the mechanical properties of polymer. Because some of the
oxygen groups are removed from rGO, its dispersibility is much worse than GO’s. How-
ever, because of rGO’s structure, it is possible for rGO to interact with different polymer
structures. That property creates the possibility to exploit rGO as a compatibilizer. GO is
also an electric insulator whereas rGO and graphene have good electrical conductivity.
The different kind of functionalization of GO has a large impact on the properties of GO
and that is also why there could be potential adaptability for different applications [4].
The applications where GO and rGO are currently being exploited or researched include:
electronics devices, energy storage devices, biomedical applications, water purification,
coating technology, composites and paper-like materials [4,40].

4.5 Methods of producing graphene-based polymer compo-
sites

When creating graphene-based polymer composites, the properties of the final product
depends on many things. The homogenous dispersion of graphene into the polymer ma-
trix is one important factor. Also, the interfacial interaction with graphene and polymer
matrix have a large role on the final product’s properties [44,45].

Three different techniques can be exploited to achieve good dispersion of graphene into
polymer matrix. The three methods include solution blending, in situ polymerization and
melt processing. All of them can be exploited with polyolefins, polyamide and many other
polymer matrices [44,45].
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4.5.1 Solution blending

Solution blending is the most used method for creating polymer composites. In solution
blending process, graphene and matrix polymer are mixed in a solvent. In the process,
graphene is usually dispersed in a solvent, then it is mixed together with the polymer
solution. The dispersion of graphene in polymer matrix is enhanced with mixing. In the
last part of the process, the nanocomposite is recovered either by precipitating by using a
non-solvent of the polymer or casting a film [44,45].

Solution-based methods have some advantages compared to others. One of them is, that
usually the mixing produces good dispersion of graphene because of low viscosity of the
solution. However, a big problem with solution-based methods is that a large amount of
solvent must be used [44].

4.5.2 In situ polymerization

In in situ polymerization, the graphene derivatives are incorporated during the polymeri-
zation process. By exploiting this method, it is possible to create composites with covalent
linkage between the matrix and the filler. /n sifu polymerization is an important method
for insoluble and thermally unstable polymers, which cannot be processed by solution or
melt compounding. /n situ polymerization is also the only method where the dispersion
of filler is achieved without a prior exfoliation step in the process. One big advantage of
this technique also is, that the formed polymer nanocomposites have the graphene plate-
lets delaminated at nanolevel. This leads to the dispersion being good with the composites
created by using in situ polymerization [44,45].

4.5.3 Melt processing

In melt processing the polymers are usually processed in pellet form. In this method, the
polymers are melted with the help of high processing temperature, which leads to a vis-
cous liquid. High shear forces of the process are utilized to disperse the nanofillers in the
polymer matrix [44,45].

Good thing about this method is, that it is cost effective. This is also a good technique for
industrial applications, since it is highly compatible with the processed used in industrial
scale. It also does not require solvents to be used for the dispersion process thus making
the process simple, compared to other methods [44,45].
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5. MATERIALS AND METHODS

This section has information about the materials that were used during this thesis. Also,
information about the laboratory work, the processing equipment and parameters is listed.
Furthermore, information about the used analyzing equipment and programs is provided.

5.1 Materials

LDPE purchased from Borealis Polymers Oy, Finland was used as a matrix. Zytel® 101F
NCO010, internally lubricated PA66 resin purchased from DuPont, Finland was used as a
minor component. Sulfuric acid (H2SO4) purchased from VWR International Oy, Finland,
sodium nitrate (NaNO3) purchased from Sigma Aldrich, Germany, graphite powder pur-
chased from TIMCAL Ltd., Switzerland, potassium permanganate (KMnOs) purchased
from Merk, Germany and hydrogen peroxide (H202) purchased from Sigma Aldrich, Ger-
many were used in Hummers’ method. Formic Acid 98 — 100 %, for analysis, (HCO2>H)
purchased from Sigma Aldrich, Germany was used in etching. Toluene (C7Hs), Acetone
(C3HgO) and distilled water were also used during the experimental part of this thesis.

The different materials and the working phases in which they were used in have been
sorted out in table 2.

Table 2.  Different materials that were used in different phases of the work.

Work phase Material

Modified Hummers’ | Sulfuric acid, H2SO4
method (producing | Sodium nitrate, NaNOs
graphene oxide) Graphite powder
Potassium permanganate, KMnO4
Hydrogen peroxide, H202
Distilled water

Preparing LDPE

a masterbatch Graphene oxide
Acetone, C3HsO
Toluene, C7Hs
Processing LDPE

PAG6

Graphene oxide

Etching Formic acid, HCOzH
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5.2 Modified Hummers’ method

Modified Hummers’ method was used to manufacture GO. This method provides a way

for synthesis of GO from graphite.

1.
2.

10.

11.

12.

13.

Ice bath was prepared.

46 ml of sulfuric acid was measured in a 500 ml volumetric flask. Volumetric
flask was placed into ice bath at 0 °C to cool the sulfuric acid while constantly
being stirred by a bar magnet.

0,1 g of sodium nitrate was mixed with sulfuric acid with constant stirring.

2 g of Graphite powder was slowly mixed into the reaction with constant stir-
ring.

6 g of Potassium permanganate was very slowly added into the reaction mixture.
The temperature was maintained at 0 — 5 °C during the addition of potassium
permanganate.

Ice bath was removed, and the mixture was continuously stirred at 25 °C for a
minimum of 6 hours. This results a thick paste.

92 ml of distilled water was added followed by continuous stirring. The temper-
ature of the mixture increases to approximately 90°C with the addition of water.
Mixture was stirred for 0,5 hours and 280 ml of distilled water was added to it.
3 ml of 30 % hydrogen peroxide was added to the mixture after a while. This
causes color change from dark brown to yellow.

The obtained product was filtrated through filter paper with the help of a pump
to provide suction.

The fraction was collected from the filter paper and re-dispersed in distilled wa-
ter.

The obtained product was then centrifuged. Bottom fraction was collected from
the centrifuge and re-dispersed in distilled water. The procedure was repeated
several times until the pH of the supernatant solution was approximately 7. The
pH was determined by pH paper. Sonication was always used in between cen-
trifugations.

GO was obtained by collecting the bottom fraction from the centrifuge.

The mixture was poured into several Petri dishes for drying. The material was dried in an

oven for 12 hours at 50 °C. The dried product was detached from the surface of the Petri
dishes with the help of a surgical knife. The GO film detached from the Petri dish is
presented in figure 11. The figure also presents smaller parts of the film, which have been

cut and placed into a glass sample vial.
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Figure 11. GO film and smaller parts of the film.

The detached GO was then collected, and the film was cut and grinded into a fine powder
by using a mortar and pestle. This was repeated several times, until enough GO powder
was obtained for the processing.

5.3 Preparing masterbatches

The masterbatches were done by using LDPE, toluene, GO and acetone. Two batches
were prepared. First with 1 wt% of GO and the second with 2 wt% of GO. The GO amount
in the two masterbatches were naturally different, but otherwise the procedure remained
the same.

1 g of LDPE granules and 28 g of toluene was weighted and then placed into same boiling
tube together. Heat was then applied to dissolve the LDPE granules. At approximately 85
°C LDPE started to dissolve into toluene.

0.04 g of GO was weighted to make the first masterbatch of GO1wt%. In the masterbatch
of GO2wt%, the weighted GO amount was 0.08 g. The weighted GO was placed into a
mortar and acetone was added. Pestle was used to mix the GO into acetone. The mixture
was then placed into a boiling tube and weighted to make sure that acetone amount was
approximately 7 g.

The mixture with LDPE granules dissolved in toluene, and the mixture with GO mixed
in acetone were then poured into same boiling tube to mix them together. These mas-
terbatches were then carefully poured into several Petri dishes and the Petri dishes were
placed into oven to dry. The oven was set to 80 °C and the masterbatches were left into
the oven to dry for several hours. The Petri dishes were then removed from the oven after
the masterbatches had dried. The dried material was then removed from the Petri dishes
and collected for processing purposes. The bigger film parts were also cut to smaller
pieces before processing.
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5.4 Processing the samples

Processing was made by using a laboratory scale DSM Xplore 5 twin-screw micro-com-
pounder model 2005. The micro-compounder has a base capacity of 5 cm?, two conical
co-rotating screws with a length of 90 mm, maximum processing temperature of 400 °C
and 6 different heating zones, which can be controlled by operating a touchscreen. The
machine also has a recirculating channel in its design. One of the biggest positive sides
of this extruder machine is that only a small amount of material is needed for the pro-
cessing. The machine at Tampere University of Technology (TUT) has been illustrated
in figure 12.

Figure 12. The micro-compounder at TUT.
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The polymer materials that were used in processing were in a granule-form. The PA66
resins were dried in oven for several hours at 80 °C before processing, to ensure that
moisture content was sufficiently low. The first mixing was done by setting the extruder
temperature to 265 °C. All the samples were processed for 5 minutes. First sample was
processed without GO. This was done by feeding 0.4 g of PA66 and 3.6 g of LDPE into
the extruder. Then two samples with GO were processed. In this processing, the GO was
fed into the extruder in a powder form. The amount of GO, in both processed samples,
was 0.02 g. The amount of PA66 and LDPE were the same as with pure blend. The ex-
truded materials were then observed visually. The visual inspection confirmed that not
much of a color change or other indications of GO’s affect were detected in the extruded
materials. This was not a surprise, since feeding the GO into the extruder in a powder
form was difficult. This was mainly because of the small amount of GO, and because the
extruders hopper is designed in a way that it is easier to feed granules and other material
with bigger size than fine powder. That caused the fine formed GO powder to not go into
the extruder at all. That is why it was decided to use only masterbatches in the future
processing runs.

The total amount of polymer materials remained the same when processing the mas-
terbatches. However, as mentioned before, 1 g of LDPE was in the masterbatch with
GOI1wt%. So, in total 0.4 g of PA66 and 2.6 g of LDPE were in pellet form, but the total
amount of polymers remained the same, 0.4 g of PA66 and 3.6 g of LDPE.

The processing time was changed for this processing. This time, the PA66 was first fed
into the extruder for 3 minutes before adding the other components. This was done be-
cause PA66 has higher melting temperature and processing temperature than LDPE. Total
processing time was 8 minutes. Also, the temperature was set up to 270 °C. A pure blend
was processed first without GO. Then PA66, LDPE and masterbatch with 1 wt% of GO
was processed. The samples were visually inspected, and the masterbatch result looked
more promising than in the first mixing with the powder. The masterbatch was also much
easier to feed into the hopper because the size of the film parts was bigger than with the
GO powder.

The processing time and temperature were yet again changed for the third processing to
ensure good melt mixing. Temperature was set to 280 °C and processing time was added
up to 10 minutes total for the blends. 5 minutes processing time was used for the pure
LDPE and pure PA66. In the other samples, the processing time was divided in a way
that 5 minutes was used to mix the PA66 and 5 minutes was processed after LDPE and
masterbatch were added. Visual inspection showed promising results for the samples with
GO content in them, so analyzing methods were then used to analyze the samples further.

The processing was also repeated in the fourth processing with the same exact parameters
and material amounts as in the third processing. This was done to ensure that there was
enough material for the analyzing methods. This was also done to confirm that the mixing
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showed good results and that the parameters used in the processing were good. The ma-

terial processed in the third processing was however large enough amount for the analyz-

ing methods, so the samples from the fourth processing round remained as a backup ma-

terial in this work.

As mentioned, the temperature was changed in the processing runs with different samples,

but all the samples were processed with a screw-speed of 80 rpm. The total amount of

samples that were processed was 15 and this was done with 4 different processing runs.

All the processed samples, processing times and processing temperatures are presented

in table 3. Table 3 also contains information about the recipe of the materials which were

processed. The vertical lines in the table are referring to the ending of a processing trial.

Table 3.  Processed samples with information about the recipe, GO content and the
processing.
Temperature Mixing time Sample Recipe
265 °C 5 min total Blend 0.4 g PAG6 + 3.6 g LDPE
265°C 5 min total GO in powder form 0.4 g PAG6 + 3.6 g LDPE + 0.02 g GO
265°C 5 min total GO in powder form 0.4 g PAG6 + 3.6 g LDPE + 0.02 g GO
8 min total
270 °C Blend 0.4 g PAG6 + 3.6 g LDPE
(3 min after PA66) en g g
8 min total 0.4 g PAB6 + 2.6 g LDPE
270 °C Blend+GO1wt?
(3 min after PA66) en Wit +Masterbatch [ 1 g LDPE + 0.04 g GO |
280 °C 5 min total Pure PAG6 4 g PAG6
280 °C 5 min total Pure LDPE 4 g LDPE
10 min total
280 °C Blend 0.4 g PAG6 + 3.6 g LDPE
(5 min after PAG6) en g g
10 min total 0.4 g PAGB + 2.6 g LDPE
280 °C Blend+GO1wt?
(5 min after PAG6) en Wt +Masterbatch [ 1 g LDPE + 0.04 g GO ]
10 min total 0.4 g PAGB + 2.6 g LDPE
280 °C Blend+GO2wt%
(5 min after PAG6) en Wt +Masterbatch [ 1 g LDPE + 0.08 g GO |
280 °C 5 min total Pure PAG6 4 g PAG6
280 °C 5 min total Pure LDPE 4 g LDPE
10 min total
280 ° BI 4 g PA 6 gLDPE
80°C (5 min after PAG6) end 0.4gPABE +369
10 min total 0.4 g PAGB + 2.6 g LDPE
280 °C Blend+GO1wt%
(5 min after PAG6) en wtie +Masterbatch [ 1 g LDPE + 0.04 g GO |
10 min total 0.4 g PAGB + 2.6 g LDPE
280 °C Blend+GO2wt?
(5 min after PAG6) en wth +Masterbatch [ 1 g LDPE + 0.08¢ GO ]

As presented in table 3, in this work the samples with only LDPE and PA66 are referred
as blend. The samples made with the first masterbatch, containing LDPE, PA66 and 0.04
g of GO are referred as blend+GO1wt%. Finally, the sample made with the second mas-
terbatch, containing LDPE, PA66 and 0.08 g of GO is referred as blend+GO2wt%.
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5.4.1 Pressing the samples

After the processing, the samples were pressed into a film form. The press that was used
was a hydraulic press with two square plateaus. The side length of the plateaus in this
machine is 15 cm. In this work phase, the samples were first cut to smaller pieces to make
the pressing easier. The cut sample pieces were then placed in the lower plateau of the
press. The press that was used has several thermal elements in its plateaus. The elements
in the upper and the lower plateau were set on the same temperature as the samples were
processed in, 280 °C. This ensured the melting of the samples. The pressure that was used
to press the plateaus together was 6 bars. The setup of the hydraulic press and the controls
for the thermal elements are presented in figure 13.

Figure 13. The press setup at TUT.

5.5 Etching

Etching was done to the samples to get information about the dispersion of PA66 in the
LDPE matrix in different blends. This was an important work phase, so the samples could
be further analyzed and compared with the use of Field Emission Scanning Electron Mi-
croscope. The acid that was used in the etching process was formic acid (HCO,H) 98 —
100-% from Sigma Aldrich.

One sample of blend, one sample of blend+GO1wt% and one sample of blend+GO2wt%
were prepared for the etching. The samples were cut from the larger films, which were
prepared with the press. The samples were selected in a way that the material that was cut
was a representative sample of the larger film. These samples were then placed in three
different glass vials. The formic acid was then added to the vials in a way that the samples
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were covered in acid. The samples were left in the acid for 72 hours. After that, the sam-
ples were carefully removed from the acid for further analyzing.

5.6 Characterizations

Different characterization methods were used to gain qualitative and quantitative infor-
mation about the different blends. The blends were usually compared with each other, but
also the information that was gained from pure LDPE and pure PA66 samples was ex-
ploited when different analyzing methods were used.

During this work a broad scale of different methods were utilized to gain as much infor-
mation as possible. These methods include, X-Ray Diffraction (XRD), Field Emission
Scanning Electron Microscope (FESEM), Differential Scanning Calorimeter (DSC),
Thermogravimetric Analysis (TGA) and Fourier Transform Infrared spectroscopy
(FTIR).

5.6.1 X-Ray Diffraction (XRD)

In XRD X-rays interact with crystalline phase of a substance. This provides a diffraction
pattern, which can be identified. In this work XRD was used to evaluate the interlayer
changes and crystalline properties of the measured samples from their diffraction patterns.
XRD measurements were carried out by using Panalytical Empyrean Multipurpose Dif-
fractometer with CuK, radiation (A = 1.542 A). It was operated at 45 kV and 40 mA. XRD
measurements were recorded in 20 values of 5° - 50° and with a scan rate of 5 °/min. XRD
was used to evaluate the GO powder and the film samples. When evaluating the GO pow-
der, the powder was evenly spread in the round sample holder. Same sample holder was
used to evaluate the film samples. When the film samples were evaluated, they were cut
in representative size and uniform thickness and were then placed into the sample holder.

5.6.2 Field Emission Scanning Electron Microscope (FESEM)

FESEM is an analytical technique where electrons are released from a field emission
source. FESEM provides large magnifications from the surface of substances. The
FESEM images were inspected to gather information about the dispersion of PA66 into
the LDPE matrix. This was done to different samples also to evaluate graphene oxides
affect to the dispersion. The samples were examined by using a Scanning Electron Mi-
croscope Zeiss ULTRAplus. The studied etched films were glued with a carbon glue to a
sample holder and coated with a thin carbon layer to ensure the conductivity.
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5.6.3 Differential Scanning Calorimeter (DSC)

DSC is a thermal analyzing method based on the difference in heat flow to sample and to
reference. The heat flow is monitored against time and temperature as suitable tempera-
ture program is applied to analyze the sample. The DSC measurements in this work were
performed to gain information about enthalpy changes, crystallization and compatibility
between components. DSC measurements were conducted by using Netzsch DSC 214
Polyma under flowing nitrogen. The samples with approximately same mass were re-
searched with the same temperature program. In the program, the samples were first
heated from -30 °C to 300 °C with a heating rate of 10 °C/min. Then the samples were
cooled down to -30 °C with a cooling rate of 10 °C/min and held there for 10 minutes. In
the final step the samples were reheated to 300 °C with a heating rate of 10 °C/min. The
first heating was done to remove the thermal history of the sample, the second heating
shows the real thermal response of the studied sample. The temperature program is illus-
trated in figure 14.

C Kimin Time pts/min pts/K AC| 02 N2 N2
30.0 10.000
30.0 0:15:00
30.0 0:01:00 300.00

=300 10.000 0:06:00 300.00 30,00
-30.0 0:10:00 20.00
300.0 10.000 0:33:00 300.00 30.00
-30.0 10.000 0:33:00 300.00 30.00
-30.0 0:10:00 300.00
300.0 10.000 0:33:00 300.00 30.00
3100
30.0 50.000 0:05:24
30.0 2:00:00

=
=
=
&

(== B B - R I TR S

w

=

s allala|s|lalal == =] =

e

(S ) o || o |

Figure 14. The temperature program that was used in DSC analysis.

5.6.4 Thermogravimetric Analysis (TGA)

TGA 1is a thermal analyzing method. In this method the change of sample mass is moni-
tored as a function of temperature. That is why factors like heating rate, sample mass and
thermal conductivity of the sample affect the results gained from TGA. In this work TGA
was used to characterize the thermal stability of the samples. TGA measurements were
performed by Netzsch TG209 F3 Tarsus. Samples with approximately same mass were
heated from 30 °C to 700 °C at a heating rate of 10 °C/min, under flowing nitrogen.
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5.6.5 Fourier Transform Infrared spectroscopy (FTIR)

FTIR is an analytical method, which can be exploited in identifying different materials.
In this method the samples absorption of infrared radiation versus wavelength is meas-
ured. The wavelengths absorbed by the sample are characteristic to the samples molecular
structure. The interactions with GO and LDPE and the interactions with GO and PA66
were studied with FTIR analysis. FTIR measurements were done by using Bruker Optics
Tenson 27. The measurements were done with attenuated total reflectance and with the
spectra were recorded between 4000 cm™! and 500 cm™.
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6. RESULTS AND DISCUSSION

In this section, all the results, graphs and data from different analyzing methods are pre-
sented. Also, some of the graph results are presented in tables. This is done because some
calculations are in order, to present the useful information in different charts in a clearer
way. The results are mostly presented in the order that the analyzing methods were used
during the experimental part of the work. Although some methods, like XRD measure-
ments, were performed in different parts of the work.

The results from different analyzing methods are presented and discussed in this section
of the work. The results are considered mostly in comparison between blend,
blend+GO1wt% and blend+GO2wt%. Also, some comparison between pure LDPE and
pure PA66 is made. This seemed to be the best way to assess the results, and changes that
happened with the addition of GO to the blends.

Many methods were exploited to get results from broad scale. Main focus of the results
is on thermal properties, dispersion of the components in the matrix and chemical inter-
actions in the samples.

6.1 XRD results

XRD was first used for the analysis of the GO powder. This was done to confirm, that the
modified Hummers’ method had been successful, and the produced GO was what it was
expected to be. The characteristic diffraction peak of graphite at around 20 = 26° is re-
placed by a sharp peak at the position of approximately 11° in the pattern for GO. This
indicates that the oxygen functional groups, like carbonyl and hydroxyl groups, are in-
serted into the graphite layer. This confirms the successful oxidation of GO [46]. The
peak at approximately 11° can also be seen in figure 15a.

XRD patterns of GO, blend, blend+GO1wt%, blend+GO2wt% and pure PA66 are pre-
sented in figure 15a and figure 15b. Figure 15a is limited in between 5° and 40°. This
means that the GO peak is visible in this area. It can also be seen that the characteristic
sharp peak of GO is not visible in the samples of blend+GO1wt% and blend+GO2wt%.
This is expected, if GO is uniformly dispersed into the matrix of the samples. The disper-
sion would then cause the peak to disappear because the crystallographic order is lost.
The dispersion is also seen in the SEM results presented in figure 16. Similar disappear-
ance of the peak has been witnessed by other studies with graphenic materials as well
[47].
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Figure 15a. XRD patterns for GO powder, blend, blend+GO1wt%,
blend+GO2wt% and pure PA66 in the 2Theta(°) area of 5° - 40°.

In XRD results it can also be seen that two big peaks occur with the samples. These are
presented in figure 15a, PE referring to the peaks at approximately 21° and PA referring
to the peak at approximately 24°. The GO peak is also marked in the figure. There is also
a smaller peak visible in the pure PA66 pattern and in the blend pattern. The peak is
visible at around 21° area and it looks more like a shoulder than a sharp peak. This peak
is not seen in the blend+GO1wt% pattern and in the blend+GO2wt% pattern. This peak
is visible in both figure 15a and figure 15b, but it can be seen more clearly in figure 15b
because figure 15b is limited in between 16° and 26° to highlight the shifting happening
in the peaks of the samples. The peak is most likely caused by PA66, which then disperses
better into the LDPE matrix with GO as a compatibilizer causing the change in crystalline
phases. This would then cause the peak to disappear from both samples that have GO in
them.

The major two peak positions are changing with different samples. This peak shifting is
caused by different laminar spacing in crystalline phases of the sample. There is also a
change in the peak intensity of the different materials. In the PE peaks area, the intensity
of the peaks gets higher as the GO content is larger. In the PA peaks area, the intensity is
also increasing as the GO content is getting bigger. As the diffraction peaks are getting
higher values with the increasing GO amount, it indicates that the crystallization is in-
creasing with the addition of GO to the blend. This peak shifting can be seen in figure
15a and in figure 15b.
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Figure 15b. XRD patterns for GO powder, blend, blend+GO1wt%,
blend+GO2wt% and pure PA66 in the 2Theta(°) area of 16° - 26°.

In figure 15b the different peaks in the blend, blend+GO1wt%, blend+GO2wt% and the
single peak in PA66 can be seen clearly. The peak shifting which happens with different
blends and with PA66 can be determined further by using Bragg’s law. These calculations
are performed out of interest in the numerical values, no additional information is neces-
sarily gained since the shifts are already visible in the XRD charts.

6.1.1 Results from Bragg’s law

Bragg’s law can be applied when analyzing the XRD data further. In this way, more pre-
cise numerical information can be shown as an addition to the XRD patterns.

A
2 sin(6) (3)

A=2d=*sin(0) =>d =

where, A is the wavelength of the X-ray beam, 6 is the diffraction angle, which can be
received from the XRD data. And finally, d is the distance between adjacent GO sheets.

Bragg’s law can be used to calculate the spacing between graphene oxide sheets by using
data values are from the XRD data of GO powder.

A 0.154 nm

4= 35in(8) ~ Zsin(5.445%)  0-812nm
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Bragg’s law can also be exploited in calculating the data from the peaks of the blend,
blend+GO1wt%, blend+GO2wt% and the single peak in PA66. In these calculations, the
d in the equation represents the spacing of crystalline plane. By using the values from
XRD data, calculations can be made.

PE Peak:
Blend: d = A _ 0.154 nm — 0.406
e @ = o sin(@) T 2sin(10.920%) o
Blend + GOwtd: d = — = I _ 459
en W e = o sin(@) T 2sin(10.840%) o
Blend + GO2wtd: d = ~—— = =TI _ ¢ 407
en W = o sin(@) T 2sin(10.895%) T
PA Peak:
Blend: d — A B 0.154 nm — 0370
&= osin(8) ~ 2sin(12.025% 0T
Blend + GO1wtdh: d = —— = 2T _ 37,
en W E = o sin(8) ~ 2sin(11.945%) /4™
Blend + GO2wt%: d = L OISR _ 369
en W = o sin(@) T 2sin(12.035%) oo
A 0.154 nm
PurePA66: d = = 0.365nm

2sin(8) _ 2sin(12.190°)

The results show that the slight shift of the peak position affects the interlayer spacing’s
in the samples. The peak shifting is already visible in the XRD graphs. These slight shifts
are happening in PE peaks area and in PA peaks area. As it can be seen, PA66 only has a
peak in the PA66 peak area and naturally the blend, blend+GO1wt% and blend+GO2wt%
have peaks in both areas. The results are presented in table 4.
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Table 4.  Shifting in the peaks of the blend, blend+GO1wt%, blend+GO2wt% and the

PA66.
Name Peak Spacing, d
Blend 0.406 nm
Blend+GO1wt% PE 0.409 nm
Blend+GO2wt% 0.407 nm
Blend 0.370 nm
Blend+GO1wt% PA 0.372 nm
Blend+GO2wt% 0.369 nm
PAG6 0.365 nm

The result show that the interlayer spacing is changing, when comparing the different
blends in area of PE peak. The changes also happen in area of PA peak, when comparing
the results from the blend, blend+GO1wt%, blend+GO2wt% and the result from PA66.
The shifting of peaks seems to be a good thing, because it shows that GO is affecting the
blend.

When comparing the result between blend and blend+GO1wt%, the spacing is increasing
in both peak areas as the GO content is added. However, in the results from
blend+GO2wt%, the spacing is decreasing in both peak areas. Therefore, it is difficult to
draw any precise conclusions about these interlayer spacing results.

6.2 FESEM images

After the etching process, the samples of blend, blend+GO1wt% and blend+GO2wt%
were researched with FESEM. In the etching process, the formic acid dissolves the PA66,
forming holes into the film, but does not affect the LDPE. This provides a good way to
assess the dispersion of PA66 into the LDPE matrix. The PA66 should have better dis-
persion into the LDPE matrix with the addition of GO, than it would have in a normal
immiscible blend. The images are presented in figure 16.
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Figure 16. FESEM images. a) blend b) blend+GOIwt% c) blend+GO2wt%.

It can be seen from the FESEM images in figure 16, that in the blend, the holes formed
by the formic acid are large and can be seen clearly. This is an indication of poor disper-
sion, which is very typical for immiscible blends. In both a) images there are big holes in
the film and the average size of the holes is large and the variation in hole size is big.
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In the film formed from blend+GO1wt%, the average size of the holes is smaller com-
pared to the film without GO. No bigger holes can be seen clearly, and the dispersion
seems to be dramatically better than with the blend without GO. This can be seen from
both b) images.

Finally, in the film formed from blend+GO2wt%, the average size of the holes is still
smaller than in the film without GO and in the film with GO1wt%. No bigger holes are
visible in the c) images. This would indicate a much better dispersion of PA66 in the
LDPE matrix by using GO as a compatibilizer and is a very promising result.

6.3 DSC results

The data collected by DSC is presented in figure 17. The results have been collected from
the second heating in the temperature program of the DSC. LDPE and PA66 peaks are
marked in the figure to make it more easily readable.

Figure 17 shows that the area of the PA66 peak is getting smaller with the addition of GO
into the blends, whereas the area of the LDPE peak is getting larger with the addition of
GO into the blends. The complex peak value of the blend+GO1wt% is lower than the
value of blend+GO2wt% in the LDPE peak area, so the addition of GO content seems to
lower the rate of transformation. Also, the blend without GO has the lowest complex peak
value. Because these values of the LDPE peak are increasing with the addition of GO, it
could indicate that GO is working as a compatibilizer, since better dispersion would cause
the higher value measured in the matrix polymer peak.

It can be seen from figure 17 that there is also some effect on the melting peak of PA66.
Without GO it is approximately 261 °C. Adding GO lowers the peak, with
blend+GO1wt% it is approximately 259 °C and with blend+GO2wt% it is approximately
257 °C. On the other hand, the melting peaks stay approximately the same in the LDPE
peak. All of the peaks are approximately 110 °C.

There is also a small peak visible in the shoulder of the PA66 peak in the blends result.
This small peak is most likely caused by melt re-crystallization of polyamide in the sec-
ond heating. This can be caused by the slow heating rate that was used in the DSC pro-
gram [48]. This peak is not there with the blend+GO1wt% and with the blend+GO2wt%
so it is only visible in the pure blends graph.
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Figure 17. DSC curves for blend, blend+GOIwt% and blend+GO2wt%.

The changes can be seen more clearly when analyzing the numerical changes in complex
peak areas. The complex peak area values in the LDPE region are 70.0 J/g for the blend,
102.6 J/g for blend+GO1wt% and 114.2 J/g for blend+GO2wt%. In the PA66 region the
values are 27.1 J/g for the blend, 15.8 J/g for blend+GOIwt% and 10.7 J/g for
blend+GO2wt%. These values are taken straight from the DSC curves made by the DSC
program.

The complex peak values of the LDPE peaks are compared in figure 18. The values are
presented in the figure as a function of the GO content of the different samples. The figure
shows that the growth in the complex peaks with increasing GO content is not linear. The
complex peak grows with steeper slope when comparing blend to blend+GO1wt% than
when comparing blend+GO1wt% with blend+GO2wt%. This indicates that the first ad-
dition of GO has a larger effect on the complex peak than the additional one.
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Figure 18. Complex peak areas as a function of GO content in LDPE peak

areda.

The complex peak area values show the same behavior in PA66 peaks. This time the
values are naturally decreasing, but the decreasing is not linear with increasing GO con-
tent. This time the complex peak area values decrease faster when comparing blend with
blend+GO1wt%. The decrease of the complex peak continues when comparing
blend+GO1wt% with blend+GO2wt%, but the slope is clearly not as steep as with blend
and blend+GO1wt% comparison. The results are presented in figure 19.
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Figure 19. Complex peak areas as a function of GO content in PA66 peak
area.
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6.3.1 Degree of crystallinity

As seen from the DSC curves, the areas under melt peaks are changing in blend,
blend+GO1wt% and blend+GO2wt%. This peak area is indicating melt enthalpy. Melt
enthalpy can be then used to calculate the degree of crystallinity of the blends. The degree
of crystallinity is determined by using the following equation.

K = (AA:TZ?) + 100 [%] (4)
where, K is the degree of crystallinity, AHm is experimental melting enthalpy and AHy"
is a literature value for theoretical melting enthalpy.

Theoretical melting enthalpy of polyethylene has a literature value of 293 J/g and theo-
retical melting enthalpy of PA66 has a literature value of 226 J/g [49]. With these values,
and the experimental melting enthalpy values from DSC results, degree of crystallinity
can be calculated for the blends in both peaks.
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The rounded-up values for crystallinity in blend, blend+GO1wt% and blend+GO2wt%
are presented in table 5. The crystallinity values are presented in both peak areas.

Table 5.  Crystallinity values for blend, blend+GO1wt% and blend+GO2wt% in dif-

ferent peaks.
Name Peak Crystallinity(%)
Blend 24
Blend+GO1wt% LDPE 35
Blend+GO2wt% 39
Blend 12
Blend+GO1wt% PAG6 7
Blend+GO2wt% 5

The results show, that the crystallinity of the blends is rising in LDPE with increasing GO
content. In the PA66, the crystallinity is decreasing with the increasing GO content. These
results could indicate that GO is working as a compatibilizer and causing better PA66
dispersing in the LDPE matrix, since better dispersion would higher the crystallinity in
the matrix polymer. This would then cause the higher energies needed to melt the LDPE
because of better miscibility. That would also explain the decreasing crystallinity of PA66
peak with the addition of GO, since the PA66 amount dispersed in the matrix would be
higher.

6.4 TGA results

Thermogravimetric analysis was performed to gain information about the structure of in-
tercalating molecules by the weight loss steps. The TGA curves for blend,
blend+GO1wt% and blend+GO2wt% are presented in figure 20. The figure also presents
the onset temperatures for all the samples. The onset temperatures were determined by
the TGA program, by extrapolating the tangents of the curves. Intersection of these tan-
gents denotes the temperature where the weight loss begins in the samples.
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Figure 20. TGA curves for blend, blend+GOIwt% and blend+GO2wt% and their

onset temperatures.

It can be seen from the TGA curves that a single degradation step happens in all the
samples, suggesting that the addition of GO has not significantly changed the degradation
mechanism for the polymers [50]. The addition of GO in the samples clearly increases
the onset temperatures, which can be seen from figure 20. In the blend, the onset temper-
ature is 442 °C. In the blend+GO1wt%, the onset temperature increases to 462 °C. In the
blend+GO2wt%, the onset temperature is 463 °C. The addition of GO has a clear effect
on the samples onset temperatures. This can be interpreted to delay the thermal degrada-
tion process, meaning better thermal stability of the samples with GO content in them.
The thermal stability would be enhanced because of strong interactions between poly-
mer(s) and GO, causing the degradation to slow down [51]. The difference between
blend+GO1wt% and blend+GO2wt% onset temperatures is not large, so doubling the GO
content does not seem to affect the onset temperatures much. The difference between the
sample without GO and the samples with GO is, however, substantial.
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6.5 FTIR results

FTIR was used to determine if GO interacted with the polymers, by studying the chemical
structures in the samples. The results from the FTIR analysis are presented in figures 21,
22 and 23. In figure 21 the spectrums of blend, blend+GO1wt% and blend+GO2wt% are
presented in 500 cm™ — 4000 cm™ area. All the figures also have LDPE spectrum. LDPE
spectrum in figure 21 is used to present the characteristic groups, which are present in
LDPE. Also, the LDPE spectrum is used as a comparison point to present the character-
istic groups, which are related to PA66, in the other samples. The comparison between
blend, blend+GO1wt% and blend+GO2wt% is presented in figures 22 and 23, where the
shifting of the characteristic peaks is illustrated.

It can be seen in figure 21, that all the peaks which are visible in the LDPE spectrum are
also visible in the spectrums of blend, blend+GO1wt% and blend+GO2wt%. This is no
surprise, since all the samples have LDPE in them as well. Therefore, the spectrums of
the samples should have the characteristic groups of both LDPE and PA66.

The peaks that occur between 2800 cm™ and 3000 cm™ are associated with simple C-H
stretching vibrations. The higher valued peak in this area is related to C-H asymmetric
stretching and the lower valued peak in this area is related to C-H symmetric stretching.
The peak in under 1500 cm™ area is associated with simple C-H bending vibrations. The
peak in 720 cm™ - 730 cm™! area is associated with C-C rocking. All of these peaks are
highlighted and named in the LDPE spectrum of figure 21. All these peaks are also char-
acteristic peaks for polyethylene’s [52].

In figure 21, the spectrums of blend, blend+GO1wt% and blend+GO2wt% also have
some peaks in their spectrums that are not present in the LDPE spectrum. These peaks
are related to the polyamide in the blends. Two peaks, which are characteristic for poly-
amides, are presented in figure 21. N-H bending peak, which is highlighted and marked
in blend+GO1wt% spectrum and C=0 stretching peak, which is highlighted and marked
in blend spectrum [52].
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Figure 21. FTIR spectrums for LDPE, blend, blend+GOIwt% and
blend+GO2wt% in 500 cm™ — 4000 cm™ area.

From the enlarged spectra in figure 22, it is easier to see that the peak positions are shifting
in all the peak positions. To make the comparison more easily visible, the peak positions
and their numeric values are marked in the spectra of LDPE, blend, blend+GO1wt% and
blend+GO2wt%.

As presented in figure 22, the only peak visible in the LDPE spectrum is at 1470 cm™.
The blend spectrum has a peak at this same position, but the peaks in the samples with
GO content are shifting. Blend+GO1wt% spectrum has a peak at 1468 cm™ and
blend+GO2wt% has a peak at 1467 cm™!. These peaks are associated with C-H bending
vibration, which is a characteristic group in polyethylene [52].

Figure 22 also presents peaks which are characteristic for polyamides. The peaks at 1537
cm! in the blend spectrum, 1540 cm™ in the blend+GO1wt% spectrum and 1541 cm™ in
the blend+GO2wt% spectrum, are all associated with N-H bending vibration. And as it
can be seen from the values, the peak is slightly shifting. The other peaks occur at 1632
cm’! in the blend spectrum, 1636 cm™! in the blend+GO1wt% spectrum and 1637 cm™! in
the blend+GO2wt% spectrum. These peaks are associated with C=0 stretching vibration
and shifting is once again witnessed [52].
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Figure 22. FTIR spectrums for LDPE, blend, blend+GOIwt% and
blend+GO2wt% in enlarged 1400 cm™ — 1750 cm™ area.

Blend+GO2wt%  TN—

1637 :
Blend+GO1wt%

1636
Blend
1632
LDPE
T T T T T
1700 1650 1600

Wavenumber (cm'l)

Figure 23. FTIR spectrums for LDPE, blend, blend+GOIwt% and
blend+GO2wt% with the shifting of C=0 stretching vibration peak.
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In figure 23, the shifting of C=O0 stretching vibration peaks are enlarged even more. This
time the spectra of LDPE, blend, blend+GO1wt% and blend+GO2wt% are presented at
the area of 1550 cm™ — 1750 cm™'. With this enlarged figure, the shifting of the peaks is
seen even more clearly.

In figures 22 and 23, the shifting of different characteristic peaks is illustrated. The shift-
ing is happening to higher wave numbers in the characteristic groups related to PA66. On
the other hand, the shifting is happening to lower wave numbers in the characteristic
group related to LDPE. These slight shifts indicate that GO is interacting with different
groups, especially with the amine group of PA66 via hydrogen bonding [53]. Same kind
of shifting has been reported by other studies with GO and polyamide as well [54].

The bonding with PA66 and GO is a good thing, because interactions between the poly-
mers and GO is an important aspect of compatibilization [53]. The characteristic vibra-
tions and the shifting for the different spectra are presented in table 6.

Table 6. Characteristic groups and their peak values in FTIR spectrums for LDPE,
blend, blend+GO1wt% and blend+GO2wt%.

Characteristic group | LDPE (cm™)| Blend (cm™) | Blend+GO1wt% (cm) |Blend+GO2wt% (cm"")
C-H Bending vibration 1470 1470 1468 1467
N-H Bending vibration 1537 1540 1541
C=0 Stretching vibration 1632 1636 1637

6.6 Chemical interactions

Graphite has many useful properties, but it also has a high chemical inertia. This causes
graphite to have low compatibility with many materials [55]. GO, on the other hand, eas-
ily disperses into polymer matrices because of its hydrophilic nature. Another good prop-
erty of GO is, that it contains aliphatic and aromatic domains. Therefore, there are many
possibilities for different interactions to happen on the surface [40].

Polyolefins, like LDPE in this work, can interact with graphene structures via CH-m in-
teractions [56]. These non-covalent interactions are weak by themselves. The strength of
CH-m interaction is only one tenth of the strength of hydrogen bond [43]. However, if
enough CH-linkages are present, then CH-x interactions can cooperatively have impact
on many chemical phenomena, like forming molecular complexes [40,43]. These kinds
of non-covalent interactions also have another important property. The non-covalent in-
teractions do not interrupt the extended m conjugation of the graphenic nanostructures,
which has an important role on maintaining many of the properties [40].
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The amide groups (-CONH-) in PA66 can form a hydrogen bond with the functional
groups of graphene [53]. In this work the amide groups form hydrogen bonding with
carboxyl and hydroxyl groups. The presence of these bonds can be evidenced from the
FTIR spectra.

The CH-n interactions and the hydrogen bonding are also functionalizing the GO. This is
called non-covalent functionalization of graphene with polymers [40,42]. The high shear
forces in the melt blending process also help in functionalization [42]. As the melt blend-
ing was done at the temperature of 270 °C it has also affected the functional groups of
GO. Because of the thermal processing, most of the functional groups of GO are most
likely decomposed from the structure [37,38]. Therefore, the material can be called par-
tially thermally reduced GO.

With the theoretical information and the results from analyzing methods, a figure with
the polymers and partially reduced GO is illustrated. Hydrogen bonding and CH-= inter-
actions of the LDPE-rGO-PA66 system are presented in figure 24.

CH-n interaction

Reduced Graphene
oxide

H-bonding _—

L ]
interaction e o o~

5! &
I | -
{»c—{cth—c—ril’—chgh—tr PAG6
H H D

Figure 24. CH-r interactions between partially reduced GO and LDPE. H-bond-
ing interactions between the functional groups of partially reduced GO and the
amide group of PA66.

Figure 24 illustrates the chemical structures of LDPE and PA66. LDPE’s structure con-
tains carbon and hydrogen atoms bonded together. PA66 has carbon and hydrogen atoms
and the amide group (-CONH-). The structure of rGO is also illustrated with the func-
tional groups of carboxyl and hydroxyl present.
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As presented in figure 24, the partially reduced GO is forming bonds with LDPE matrix
and the PA66 component. The CH-rt interactions are illustrated by circle formed by
dashed line. The CH-bonds are in the LDPE structure, and the n-bond domains are in the
structure of partially reduced GO, which is inside the circle. The hydrogen bonds formed
between the amide group of PA66 and the carboxyl and hydroxyl groups of partially re-
duced GO are presented with two dashed lines.

6.7 Further research

This research proved to have some nice results from different analyzing methods. As the
research of graphene working as a compatibilizer is still in fairly early stages, other meth-
ods could still be exploited to gather further information about the properties of the man-
ufactured blends.

Information about mechanical properties would be one thing for a further research. Ten-
sile testing could be the method to be exploited in mechanical testing. In this way, more
information about the possibly enhanced mechanical properties could be gathered.

Also, gas barrier testing of the different films would provide valuable information about
the blends’ properties. With the two polymers in this thesis, PA66 should improve the gas
barrier properties of the blend. The barrier properties are an important property of differ-
ent film applications in packaging industry.

During this thesis, I also did some research on other possible materials to be used in this
kind of blending. The most interesting material seemed to be PA6. Several different
grades of PA6 are available that would have the necessary properties to perform same
kind of research as was done during this thesis. The biggest advantage of those grades
compared to the PA66 used in this work is, that their processing temperatures are signif-
icantly lower. The processing and melting temperatures are much closer to the LDPE
which would, for example, make the processing easier.

If the results continue to be encouraging, then there is no reason not to take the research
into a bigger scale. Bigger extruders could be exploited in some point of the research to
see if the laboratory scale research results correlate with results from industrial scale ex-
truders. This would also provide information about what kind of extruders are capable of
mixing GO with polymers. Especially information on single-screw extruder designs mix-
ing capability of GO and polymers would provide valuable information.
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7. CONCLUSIONS

Polymer blending can provide an efficient way to create materials with enhanced proper-
ties. Different chemical structure of the blends components usually causes phase separa-
tion and causes the blend to be immiscible, which affect the properties of the blend in a
negative way. The interface properties of immiscible blends can be enhanced by adding
a compatibilizer, which then stabilizes the morphology, lowers the interfacial tension and
enhances finer dispersion.

Graphene and other materials which are based on graphene have numerous unique prop-
erties, including large surface area and good chemical properties. This has caused interest
in graphenic materials, since because of their properties, they could potentially be ex-
ploited in many applications. Graphene oxide (GO), which can be created with synthesis
from graphite, has interesting properties like easy dispersibility into polymer matrices,
which could lead to its potential use as a compatibilizer. By functionalizing graphene or
GO, the best possible properties of those materials can be exploited, and these materials
can be, for example, combined with other materials.

During this thesis, blends were created by melt compounding to assess if GO enhances
the properties of the blends. Melt compounding was done by using a laboratory scale
intermeshing corotating twin-screw extruder. The polymer materials in the blends were
low-density polyethylene (LDPE) as matrix and polyamide66 (PA66) as second compo-
nent. The highly immiscible polymers were compatibilized by GO, which was added into
the extruder by the use of masterbatches. Masterbatches were created by exploiting GO’s
dispersibility in organic solvents, like acetone used in this work.

GO was produced by modified Hummers’ method. GO was partially reduced with the
high temperatures in the melt compounding process. GO was also functionalized to ex-
ploit its properties. The functionalization of GO was done by non-covalent method, ex-
ploiting m interactions and hydrogen bonding. High shear forces in the melt processing
with the twin-screw extruder enhance these non-covalent interactions.

Several analyzing methods were performed for the processed samples to collect data and
to compare the samples. Analyzing methods included FESEM, XRD, DSC, TGA and
FTIR. The results from analyzing methods were evaluated in terms of properties and
changes in them with the addition of GO.

FESEM images from different samples show a drastic change in hole sizes, which were
created by etching the samples. The holes in the samples with GO in them show much
more uniform dispersion and smaller hole sizes than the samples without GO. The addi-
tion of GO clearly improves dispersion of PA66 in LDPE matrix.
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XRD was used first to confirm, that the modified Hummers’ method had produced good
quality GO. This is evidenced from the diffraction peak indicating that the oxygen func-
tionalized groups are present at the structure of GO. The absence of this peak in the blends
also suggest the uniform dispersion of GO in the polymer matrices.

Crystallinity of LDPE is enhancing according to DSC results. This is also in line with
other results, as it would suggest that PA66 is dispersed into the matrix. The lowering
crystallinity values at the PA66 peak are also supporting this.

TGA analysis shows significantly improved thermal stability with the blends formed with
GO in them. The difference of the onset temperatures between the two GO blends is low.
This indicates that thermal stability increases with GO but does not increase with the same
rate as GO content is getting higher in blends.

FTIR spectroscopy provides information about the chemical structures and chemical
changes in the samples. Comparison of spectra is done, and the results are promising.
Shifting of different peaks occur in different areas. The most interesting shifts occur in
area of different characteristic groups of polyamides. The shifts in N-H bending vibration
area and C=0 stretching area occur in both blends with GO in them. These slight shifts
are indicating that the polar functional groups of PA66 area bonding with the functional
oxygen containing groups in the structure of GO via hydrogen bonding.

Overall, blending process of the polymers and GO seem to have succeeded. With strong
theoretical background supporting the thesis and by exploiting many analyzing methods,
good indications of compatibilization of immiscible blends with GO are witnessed. The
results from different analyzing methods indicate enhanced dispersion of PA66 in LDPE
matrix. Good dispersion is one of the key things in enhancing interfacial properties and
therefore producing blend with desirable properties. Also encouraging signs of chemical
bonding is witnessed from FTIR spectra.
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