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ABSTRACT

Compounds of acrylonitrile-butadiene rubber (NBR) and various fillers including
silica, nanoclays, and other common white fillers, were prepared. The performance of
these compounds was assessed for gas permeation resistance, static mechanical
properties (tensile strength, elongation, hardness) and dynamic mechanical properties
(G’, G”, tan 8). Morphology of the compounds prepared was investigated using XRD,
TEM and FTIR techniques. The addition of nanoclay fillers improved all tested
mechanical properties. Compounds with nanoclay fillers also exhibited a significant
decrease in permeation rate for refrigerant R-134a. Presence of silica in NBR
compound improved exfoliation of nanoclay.

Keywords: acrylonitrile-butadiene rubber, NBR, nanoclay, exfoliation, silica,
refrigerant, diffusion, permeation, R-134a, HFO-1234yf

ABSTRAKT

Byly pfipraveny akrylonitril-butadienové (NBR) kaucukové smési s riznymi typy
mineralnich plniv - silikou, nanojily, kaolinem a talkem. Vlastnosti téchto smési byly
zkoumany testem plynopropustnosti, statickymi mechanickymi testy (pevnost v tahu,
prodlouzeni, tvrdost) a dynamickymi mechanickymi testy (G’, G”, tan §). Morfologie
pfipravenych smési byla studovdna pomoci analyz XRD, TEM a FTIR. Pridavek
nanojilu do smési zlepSil vSechny testované parametry. Smési s nanojily také
vykazovaly sniZeni plynopropustnosti refrigerantu R-134a. Pfitomnost siliky ve smési
zvysila exfoliaci nanojilu.

Klicova slova: akrylonitril-butadienovy kaucuk, NBR, nanojil, exfoliace, silika,
refrigerant, diftze, R-134a, HFO-1234yf
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INTRODUCTION

Mineral fillers have been used in various rubber compounds since the beginning of
industrial rubber production. The first generation of these fillers was natural minerals
such as calcium carbonate, magnesium carbonate, baryte, zinc oxide, talc and kaolin.
The modest property improvement and reinforcing effects gained from these mineral
fillers was sufficient in the 1930’s and 1940’s, because only natural rubber and small
volumes of chloroprene materials were commercially available.

Newer synthetic rubbers developed in the 1950’s required mineral fillers to provide
higher levels of reinforcement due to the lack of strain crystallization in these
materials. One revolutionary active reinforcing filler introduced was based on silicon
dioxide and is generally called “silica”. Utilization of silica filler allowed the creation
of light colors in rubber compounds without the deterioration of mechanical properties.
The use of silica had a positive impact on the environment and for the automotive
industry by decreasing hysteresis and rolling resistance in green type tires improving
automotive fuel efficiency [1].

The latest generation of mineral fillers has been introduced over the last few years.
New mineral fillers are comprised of layered nanoclays which have also been
commercially used as effective reinforcing fillers in thermoplastic polymers. Layered
nanoclays offer a significant improvement in mechanical properties when compared to
conventional fillers. Currently montmorillonite is the most commonly used nanoclay
from the smectite clay group. After exfoliation montmorillonite has a very large
surface area, up to 700 m?/ g. High surface area in combination with a high aspect
ratio, delivers highly effective mechanical reinforcement. This filler also has the
potential to provide an effective gas permeation barrier. Optimal addition levels of
exfoliated nanoclay fillers is about 5 %, which is a much lower level than required for
standard mineral fillers or carbon black [2].

Successful application of nanoclays as a filler in thermoplastic polymers suggests
further investigation for use in elastomer nanocomposites. Significant decrease of gas
diffusion with improvement of mechanical properties of elastomers suggest nanoclays
would be an ideal filler for special gas sealing applications, where extremely low
permeation of gas molecules through the elastomeric matrix is required.

One of the possible applications for nanoclay fillers is elastomeric sealing between
refrigerant transport parts in automotive air conditioning systems. The cooling effect
offered by air conditioning systems is typically achieved by utilizing a hydro-
fluorocarbon refrigerant 1,1,1,2-Tetrafluoroethane (R-134a). However, R-134a has a
very high relative global warming potential (GWP) and therefore the European Union
has issued a directive restricting the use of refrigerant R-134a in new vehicle models
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introduced after January 2011 that will be produced in 2016 and beyond [3]. The
proposed replacement for refrigerant R-134a is 2,3,3,3-Tetrafluoropropene (HFO-
1234yf) developed by E.lI. duPont deNemours and Honeywell International [4]. Modest
changes in rubber tensile strength, elongation, hardness, and volume after exposure to
this new refrigerant suggests good material compatibility with rubbers. However,
permeation of the new refrigerant through sealing components increases by about 30%
when compared to the current R-134a due to differences in molecular composition and
size between R-134a and HFO-1234yf molecules [5]. This demonstrates the
importance of improving permeation behavior of rubber compounds for future use with
low GWP refrigerants without sacrificing the mechanical properties necessary for
sealing performance. Improving permeation resistance of these rubber materials can be
achieved by proper selection of the mineral fillers added to the rubber compound.
Specifically, permeation resistance can be improved by utilizing common fillers with
plate-like structure, such as kaolin clay and talc. While these fillers tend to be cost
effective, they may cause unacceptable deterioration of the mechanical properties of
the rubber compound [1]. Addition of nanoclay fillers offers both reduced permeation
rates for refrigerant and improvement of mechanical properties.

Most of published research papers on rubber nanocomposites investigate the use of
nanoclay as the only active filler in the rubber compound. However, the commercial
application of this type of compound is complicated by the relatively high price of
nanoclays. In automotive applications, the introduction of new materials is typically
hindered by the requirement that new materials maintain or reduce the price of
materials currently being used. This leads to the necessity to offsetting the cost of
higher priced fillers by combining them with lower priced ones.

Only a few researchers have investigated combination of nanostructured silica or
carbon black and nanoclay fillers [6], [7], [8], [9], [10], [11], [12], [13], [14], [15].
These hybrid filler systems of nanoclay and nanostructured conventional fillers
improved mechanical properties of the rubber nanocomposites investigated. One very
important output of these investigations was the synergy experienced between layered
nanoclays and silica or carbon black [7], [9], [14]. Combination of silica and nanoclay
was also the subject of our study and our effort to identify the most cost effective A/C
rubber compounds which optimize both mechanical properties and permeation
resistance. Combinations of silica, kaolin and talc were investigated in parallel as low
cost solutions and compared with silica and nanoclay combinations in their effect on
property modification.
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1 CURRENT SITUATION OF THE STUDIED PROBLEM

1.1 Rubber

Rubber is a type of polymer which exhibits very high elongation, low elastic
modulus and high yield strain compared with other materials. The structure of rubber is
amorphous which allows considerable segmental motion due to low glass transition
temperature (Ty). The long elastomer chains are physically cross-linked during
“vulcanization” with significant improvement in mechanical properties and allows for
their practical use at temperatures above Tg. Vulcanized elastomers can be reversibly
extended by relatively low stress up to several times their original length, depending on
the specific type of elastomer [16].

1.1.1 Acrylonitrile-butadiene rubber

NBR is the abbreviation for the unsaturated copolymer of butadiene and
acrylonitrile (ACN). Acrylonitrile content in commercially practical NBR typically
ranges between 18 to 45 %. Increasing ACN level improves oil resistance due to its
high polarity but reduces low temperature flexibility due to its more “plastic” like
behavior. Butadiene content improves flexibility at low temperatures due to its more
elastomeric behavior [16].

Hy
C
— H.C R
F H, C==Ny H P
P C /CH /C—CF{ C ﬁ 128D N
CH2 c c c HyC——C” /
H H, H; «cis14BD H, trans 1.4 BD |
rans 14 BD Acrylo- “ C—
e Nitrile Ho M
R

Figure 1: NBR structure [17]

NBR is produced by emulsion polymerization. NBR producers vary polymerization
temperature to manufacture “hot” and “cold” polymers. Hot NBR materials are highly
branched and provide significant improvement in tear strength and shape retention for
thin wall and complex extrusions. Linear polymer chains of cold NBR are less viscous
and contribute to less power consumption during mixing, extruding or molding
processes. Most NBR manufactures make at least 20 conventional elastomer
variations, with one global manufactures now offering more than 100 grades [18].
NBR is used in a wide variety of application areas requiring oil, fuel and chemical
resistance. Maximum long term operating temperature of NBR is 110°C. NBR is not
resistant to ozone, due to unsaturation of main chain. Ozone resistance can be
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improved by addition of PVC, but low temperature flexibility of this blend is reduced.
The main applications for NBR include hydraulic hose and seal elements, conveyor
belting, oil field and automotive applications.

NBR is the least expensive oil resistant elastomer and its global consumption is
approximately 400.000 metric tons.

Hydrogenated NBR (HNBR) is utilized for applications over the temperature limit
of NBR or when additional chemical and environmental resistance is required. The
hydrogenation process removes most of the residual unsaturation in the polymer and
significantly improves resistance to ozone, oxygen and heat aging [18].

C;N b

a

a = Acrylonitrile b = hydrogenated Butadiene

Figure 2: HNBR structure [22]

1.2 Gas diffusion

The diffusion or permeation of gases through polymeric membranes and seal
elements can be described by four associated processes [20], [21]:

e Sorption of gas molecules on the surface of the polymer
e Dissolution of the gas in to the polymer
e Diffusion through the polymer

e Desorption of gas from the opposite surface of polymer membrane
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High pressure

Low pressure
P, P,
Adsorption - (::> Evaporation
(dissolving)
Permeation

T 1

Henry's Law

Figure 3: Diffusion of gas through a polymeric membrane

This process is described by Fick's first law of diffusion [21]:

-o{5) @)

Where:  J...... diffusion flux [mol. m2.s™]
D...... diffusion coefficient [m?®.s™]
¢ ..... concentration of the penetrant [mol. cm™]
) QU thickness of the membrane [cm]

This steady state diffusion function is applicable when the concentration of gas does
not vary with time. When the gas concentration varies with time, the diffusion process
is described by Fick's second law:

oS
ot OX 2)

If steady state diffusion flow is constant and the diffusion coefficient is independent
of the concentration, then equation (1) can be re-written:

3= D[ﬁj
" 3)
where:  CC sorbent concentration [mol. cm™]
h v....... thickness of membrane [cm]
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Partial pressures p, and p, are used in place of surface concentrations ¢, and ¢, in
the case of transport of gases and vapors. According to a form of Henry’s law at
constant temperature [21], [23]:

c=S5p (4)
where: S ... solubility coefficient [mol. cm™. Pa™]
P partial pressure [Pa]

The permeation flux is given by combination of equations (3) and (4):

3= Ds[%j
()
where p;, p, are the partial pressures on the two sides of the membrane. The
permeability coefficient, P, is described by the equation:

P =DS (6)

Equation (5) can be written in terms of permeability as:
J — P( pl ; p2 j
(7)

1.2.1 Factors contributing to gas diffusion

Gas diffusion through a rubber matrix is influenced by the nature of the polymer,
type of cross-links, effect of plasticizers, properties of penetrant, fillers present and by
temperature [21].

Nature of the polymer

Free volume between molecules within the polymeric matrix and segmental mobility
of the polymer chains are factors influencing gas diffusion. Segmental mobility is
affected by degree of cross-linking, degree of unsaturation, degree of crystallinity,
nature of constituents and by glass transition temperature. Lower glass temperature of
rubbers allows higher segmental mobility of polymer chains than in plastics and
therefore gas diffusivity in rubbers is higher than diffusivity in plastics. Increase in
saturation of the main chain by hydrogenation restricts segmental mobility and
decreases diffusivity. Diffusivity linearly decreases with increasing density of cross-
links at low levels of cross-link density. At higher levels of cross-linking, the rate of
decrease of diffusivity levels off. Large numbers of substituent methyl groups on the
main chain of the polymer decreases diffusivity by restriction of segmental mobility
[21] - [26]. Therefore butyl rubber (IIR), bromo-butyl rubber (BIIR), chloro-butyl
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rubber (CIIR) and epichloro-hydrin rubber (ECO) possess the best gas barrier
properties. However, the most commonly used rubbers styrene-butadiene rubber
(SBR), butadiene rubber (BR) and natural rubber (NR) have less resistance to gas
diffusion, due to their structures containing higher segmental mobility [19], [27], [28].

Type of cross-links

Different vulcanization systems exhibit different levels of gas diffusivity in the same
polymeric matrix with the same degree of cross-linking. The lowest gas permeability
occurs in the presence of stable carbon - carbon bonds provided by peroxide
vulcanization, followed by efficient sulfur vulcanization system (EV) with mono or
disulfidic linkages. The highest diffusivities are seen in conventional sulfur vulcanized
system (CV) with polysulfidic linkages, due to high chain flexibility of the network
[21].

Effect of plasticizer

Diffusivity is increased by the addition of plasticizers into the polymer because they
raise the segmental mobility and decrease cohesion force between chains. Solubility
coefficient of the penetrant is lowered by plasticizer and therefore concentration of
dissolved gas in the polymeric matrix is increased [21], [29].

Nature of penetrant

The size and shape of gas molecule influences the level of permeability. Diffusivity
increases with decreasing size of the gas molecules. Flat or elongated molecules of gas
have higher diffusion coefficients than spherical molecules of equal molecular volume
[21], [30], [31].

Polarity of gas molecules influences solubility in the polymeric matrix. Gas
molecules with similar polarity to the polymer in which diffusion is occurring increase
the solubility coefficient [32], [33].

Fillers

Gas diffusion in filled polymers is influenced by the nature of the fillers as well as
the degree of adhesion and compatibility between filler and the polymeric matrix.
Compatibility is the ability of the filler to bond to the rubber matrix [35]. Compatible
fillers decrease the free volume between molecules of polymeric matrix and create a
tortuous diffusion path for permeating molecules of gas. Tortuous path level is
influenced by shape and orientation of particles and by volume fraction of filler
particles. Incompatibility between fillers and polymer by low adhesion increases free
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volume of the polymer composite along the interface between filler and polymer and
thus increases gas permeability [21], [29]. Permeation resistance of polymers is
improved by utilizing fillers with plate-like structure which tend to increase a tortuous
diffusion path for the permeating molecules.

Temperature

Temperature influence of gas diffusion through polymeric materials is described by
the Arrhenius equation [21], [23], [25]:

b=D, €™ ®
S=s, ‘—AHS/RT: o)
P=p €=/ (10)
where: Eo .. Activation energy of diffusion

Be .. Activation energy of permeation

AH; heat of solution of the penetrant in the polymer

Do+ So. Fy ... pre-exponential factors

R.... universal gas constant

T... absolute temperature [°K]

Gas diffusion exponentially increases with temperature.

1.3 Mineral fillers

A wide range of mineral fillers are used in rubber compounds. Fillers are added into
the polymeric matrix to improve physical and mechanical properties, reduce cost or
create colors for the final rubber product [34].

Particulate fillers are classified into three main categories according to their effect
on the physical and mechanical properties of the rubber compound [18]:

1. Non-reinforcing or degrading fillers
2. Semi-reinforcing fillers

3. Reinforcing fillers
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Particle size Barium Sulfate
nm Tale
5000 — Non- Calcium Carbonate (dry ground)
Reinforcing
1000 - Calcium Carbonate (wet ground)
T Soft Clay
Reinforcing Hard. C]ay .
100 — Precipitated Calcium
Carbonate
50 b e - s = 1T
Reinforcing Precipitated Silica
Fumed Silica
Nanoclay

Figure 4: Mineral filler classification [35]

Reinforcing effects of fillers are related to [35]:
1. Average particle size — smaller size imparts better reinforcement to polymers

2. Surface area of particle — fillers with higher surface area have more surface area
available for contact and higher potential to reinforce the polymer

3. Shape of particle — fillers with high aspect ratios or plate shapes provide greater
reinforcement and barrier to diffusion than low aspect ratios or spherical shapes.

Shape Sphere Cube Needle
Aspect 1 1 5-20+
Ratio

Shape Block Plate/Flake Fiber
Aspect 2-4 20-200 20-200+
Ratio

Figure 5: Basic particle shapes and aspect ratios[35]

4. Surface activity — fillers with higher surface activity reinforce the polymer more
effectively. Surface chemistry of the filler determines the ability of the rubber
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matrix to wet filler surface and effectively reinforce the rubber. No bonding
between rubber and filler can produce an air gap along the filler surface increasing
permeability and reducing strength [35].

7

Bending

Figure 6: Surface activity of the particle [35]

1.4 Silica

Amorphous silica is derived from particles of the inorganic compound (SiO,),,
where a silicon atom is covalently bonded in a tetrahedral arrangement with four
oxygen atoms [18]. Precipitated silica is produced by the controlled neutralization of
sodium silicate solution by either concentrated sulphuric, hydrochloric or carbonic
acid. Variation in the reaction conditions can create different particle size according to
the requirements of the final application. Spherical particles form clusters or
aggregates by hydrogen bonding and aggregates are bonded to form agglomerates. The
surface of precipitated silica contains about 6% adsorbed free water, siloxane groups
and reactive silanol groups. Silanol groups influence hydrophilic nature of silica and its
reactivity with rubber, water, soluble zinc and other compounding ingredients. Free
water is ensures that the silica particle is saturated with active silanols and provides a
barrier to the reaction of silanols with soluble zinc and accelerators [35], [36].

vicinal silanols
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Figure 7: Surface of silica [37]

22



Interaction between silica and the rubber matrix is significantly improved by surface
treatment of the silica. This modification is accomplished using chemical reactions
which create a bond between organo-silane and silanol groups on the silica surface.
Once the silica is reacted with silane, it produces an organo-philic or organo-functional
surface which improves adhesion between silica and rubber matrix as can be seen in
the Figure 7 [35].

1.5 Clay minerals

Clay minerals are hydrous aluminum phyllosilicates with the occasional addition of
potassium, calcium, magnesium or iron [38]. Layered mineral clays are based on two
basic units. These units are the tetrahedron and octahedron shown in Figure 8:

Tetrahedron

Octahedron

Q=0 ® =Si

Figure 8: Basic clay structures [40]

Tetrahedral and octahedral structures are bonded together into the basic structure of
clay minerals by different interaction links (mainly van der Waals forces).

Layered clays are classified according to their structures into two basic categories -
1:1 and 2:1. Structure of 1:1 clay minerals is a combination of one tetrahedral and one
octahedral sheet. Structure of 2:1 clay is created by one octahedral sheet sandwiched
between two tetrahedral sheets [39].

The most important characteristics of clay are [41], [42]:
e Purity level
e Cation exchange capacity (CEC)

e Aspect ratio
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Purity level

High purity is critical to achieve the maximum improvement in mechanical
properties. Impurities have to be eliminated before the clay is surface modified,
because these are source of stress concentration, which negatively influences impact
resistance of composite material. [42]

Cation exchange capacity (CEC)

CEC refers to the number of Al * ions that can be substituted by cations of other
metals. It is measured in milliequivalents per gram (meg/g) or more frequently per 100
g (meq/100g) [43]. Larger CEC values increase the ability of the clay surface to be
modified through ion exchange reactions making this a key parameter for manipulating
surface activity and resulting properties of the filler [44].

Aspect ratio

The aspect ratio of a clay particle shape is the ratio of its longer dimension to its
shorter. Plate like structure of clay together with high value of aspect ratio is assumed
to be highly effective reinforcing filler at low addition level, due to very large total
surface area of clay [42].

1.5.1 Kaolinite

Kaolinite is a platy aluminosilicate with the general chemical composition
Al,Si,05(0OH),. The structure of kaolinite is shown in the Figure 9.

Q=0 (Q-SharedO * =Si o=Al

Figure 9: Structure of kaolinite [40]
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It is 1:1 dioctahedral structure created by tetrahedral sheets of SiO, and octahedral
sheets Al,(OH), bonded by hydroxyl groups. The continuous sheet structure of
kaolinite creates thin particles which exist in nature as overlapping flakes.

Kaolinite is an important filler for a wide range of rubber compounds including
materials that demand high levels of adhesion to reinforcement materials, good
processability, low price and adequate reinforcement properties [1]. CEC of kaolinite
is between 3 to 15 meq/100 g, which is low in comparison to other layered clay
minerals [43].

1.5.2 Talc

Talc is a mineral composed of hydrated magnesium silicate. The chemical formula
IS H,Mg3(SiO3), or MgsSi,O49(OH),. Talc has 2:1 structure created by one octahedral
and two tetrahedral sheets as shown in Figure 10.

Q=0 ((Q=SharedO ®*=8Si e=Mg

Figure 10: Structure of talc [40]

Individual talc plate layers are held together by weak van der Waals forces. Sliding
and delamination of talc layers is not difficult and this gives talc its characteristic soft,
slippery feel [40].

1.5.3 Montorillonite

Montmorillonite was discovered in 1847 in France (Montmorillon) by Damour and
Salvetat [39]. Its general formula is (OH),Sig(Aly.4sMgy)O2. Montmorillonite is a
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mineral with an anisotropic, plate-like, high aspect-ratio morphology, composed of fine
lamellar particles arranged in triple 2:1 layers (Figure 11).

Q=0 (Q=SharedO0 °*=Si
o= AlLMg o©=Vacant

Figure 11: Structure of montorillonite [40]

A central octahedral layer is enclosed between two tetrahedral layers. Silicon in the
tetrahedral layers is surrounded by six atoms of oxygen. In the octahedral layer, two
aluminum atoms are surrounded by six oxygen atoms. The triple layers are joined by
chemical bonds to common oxygen atoms. Small amount of the octahedral AI** are
replaced by Mg?. This substitution generates negative charge on the surface of the
platelets, which is compensated for by exchangeable cations, usually Na+ or Ca**,
between the laminar layers. In addition to these counter ions, oriented water occupies
the interlaminar space, due to the hydrophilicity of clay. When Ca®* is the
exchangeable cation, there are two water layers. While a Na+ counter ion usually
produces just one water layer [40], [2]. Cation exchange capacity (CEC) of
montmorillonite is in the range of 80 to 150 meqg/100 g and is much higher than
kaolinite. Aspect ratios are between 300 to 1500. Total surface area of completely
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exfoliated montmorillonite is up to 700 m?/ g. High aspect ratio and surface area of the
exfoliated montmorillonite are required for highly effective reinforcement and
effective gas barrier properties at low addition levels in the polymer [45].

1.5.4 Clay surface modification

Mineral layered clay and most of conventional polymers are immiscible in one
another and have poor physical interaction between the organic polymer and the
inorganic filler. This lack of interaction causes reduced mechanical and thermal
performance. Modification of the minerals is therefore necessary to form effective
layered clay / polymer composites. Compatibility of silicate clay with standard
polymers is improved by conversion of the normally hydrophilic silicate surface to
organophilic. This change allows intercalation of the clay in the polymeric matrix
using such modifiers as alkyl ammonium or alkyl phosphonium salts. Alkyl ammonium
and alkyl phosphonium cations decrease the surface energy of the clay, improve
wetting characteristics with the polymeric matrix and extend the interlayer spacing.
Interlayer spacing is extended with increased polymer chain length and the percentage
of intercalation agent [46]. This modification method is called the “ion-change
intercalation method” (Figure 12).

\ | . —
\?\'E[;" s + lle @:@ @ ll — / / @(‘B
AAAAAAY N NH,- NH, @

alkylammonium ions clay organophilic clay

Figure 12: lon-change intercalation method [47]

A second and more recent method of intercalation is the “ion-dipole method”. This
intercalation principle depends on the interaction between the dipole of the organic
compound and cation of interlayer. Interlayer distance increases by an intercalation
process and depends on the type and concentration of the organic compound. Different
amounts of intercalant agents create mono and bilayer intercalante molecule
arrangements with various inclinations to the surface of montmorillonite as can be seen
in the Figure 13 [48], [49], [50].
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Figure 13: lon-dipole intercalation method [49]

1.6 Polymer nanocomposites

Polymer nanocomposites are described as a new class of material alternative to
standard polymers filled by conventional fillers. In this new class of material, inorganic
fillers with at least one dimension in the nano-meter size (10° m) are dispersed in a
polymer matrix and offer significant improvement in the properties of the polymer.
Property improvement typically focuses on a change in the modulus, strength, heat
aging, chemical resistance, gas diffusion or flammability. These improved results are
ideally achieved by nano-fillers with much lower additions in comparison to
conventional fillers [2].

Polymer nanocomposites are materials with a homogenous distribution of nano filler
particles in the polymeric matrix.

Incorporation of clay into polymeric matrices can generate the three structures
shown in Figure 14 [51]:

1. Conventional microcomposites
2. Intercaleted nanocomposites

3. Exfoliated nanocomposites
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Figure 14: Structures of polymer / clay composites [52]

Typically smectite-type clays with layered structures were investigated as nanofillers
for polymer / clay applications. Smectite clays have unique properties due to large
chemically active surface areas, a high cation exchange capacity, and interlamellar
surfaces with hydration characteristics [53]. Currently, montmorillonite is the most
widely used filler from the smectite clays group. The first commercial applications of
polymer nanocomposites were introduced in by Toyota in clay/PA 6 nanocomposites
utilized for serial production of timing belt covers with improved mechanical
parameters and durability [54].

1.6.1 Nanocomposite preparation

Polymer layered silicate nanocomposites are prepared by four different methods: in-
situ polymerization, solution method, melt intercalation and the latex method [55], [56]

In-situ method

In-situ polymerization is the current typical process used to synthesize thermoset-
clay nanocomposites. This method is described in Figure 15. Monomer is inserted into
interlayer spaces which results in swelling. Monomer is then dispersed during
polymerization [54], [56].

29



NH;" NH,'
q HJ HJ . \-I'I3 J T

organophilic monomer curing

clay . . agent 2 s
Swelling Polymerisation

Figure 15: The in-situ polymerization method [47]

The first synthesized polymer-clay nanocomposites based on polyamide 6 were
prepared by this method.

Solution method

The solution method uses polar solvents to synthesize intercalated polymer-layered
silicate nanocomposites. Clay is dispersed in the polar solvent, and after expansion, is
added into a polymer solution. Polymer chains intercalate between the silicate layers.
Excess solvent is usually removed by evaporation under vacuum. A schematic of this
method is shown in Figure 16.

[ ] I_-—l'.
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organophilic clay polymer molecules '
Intercalation Evaporation

Figure 16: The solution polymerization method [47]

Melt intercalation method

The third method of nanocomposites preparation is based on direct compounding of
polymer and modified nanoclay. Advantages of this method over previous in-situ and
solution intercalation methods are its environmental friendliness due to the absence of
organic solvent and its ability to utilize standard industrial processing equipment for
extrusion, injection molding, and mixing of rubber-clay and thermoplastic-clay
nanocomposites [42].

30



Requirements of the compounding are perfect nanoclay particle homogenization and
the highest exfoliation level, combined with no degradation of polymer. Polar type of
polymers such as NBR and HNBR are optimal for preparation of nanocomposites with
these requirements.

blending

annealing g

organophilic thermoplastic
clay polymer Intercalation

Figure 17: Melt intercalation process [47]

Latex method

This method is convenient for the preparation of rubber nanocomposites since most
types of rubber are available in a latex form. Layered clay is dispersed in deionized
water and is then mixed with latex rubber. This mixing is then followed by coagulation
by flocculants. Rubber molecules penetrate and swell between extended or exfoliated
layers of clay. An advantage of this method is coexistence of intercalation with
exfoliation with the presence of no volatile solvent [57].

1.6.2 Mechanical properties

Properties of elastomers with nanofiller additions are improved in comparison to
conventional composites. Research shows strong improvement in the mechanical
properties of elastomers including hardness, tensile strength, elongation and modulus
[10], [11], [58], [59], [60]. Improvement was investigated for the thermal properties
and flame retardancy as well and results show better performance of rubber
nanocomposite for these characteristics [56], [61].

Montmorillonite provides an increase in modulus and tensile strength at a 3-5%
loading compared to 20-60% loading for conventional reinforcing filler such as silica,
and carbon black [2]. On the other hand, results show deterioration in the tear
resistance in comparison to elastomers filled by carbon black or silica. This is caused
by the plate like shape of particles with sharp edges on the interface between particle
and polymeric matrix [62].
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1.6.3 Barrier properties

The mass transport mechanism of gas permeation in the polymer nanocomposite
resides within the permeable phase polymer matrix in which is dispersed non-
permeable nanoplatelets. Permeability of nanocomposites is influenced by three key
factors:

e Volume fraction of the nanoplatelets
e Orientation of nanoplatelets relative to the diffusion direction
e Aspect ratio of nanoplatelets

Transport mechanisms within polymer nanocomposites follow Fick’s law. The
polymeric matrix maintains the same properties and behaviors as a virgin non-filled
polymer. Reduction of free volume within polymeric matrix decreases the solubility, as
well as diffusion, by creating a tortuous diffusion path through witch molecules of gas
must travel in the polymeric matrix as shown in Figure 18 [20].

[}

Diffusion direction \ Tortuosity

Figure 18: Scheme of gas diffusion through the nanocomposite [20]

Loading of nanoclays is typically up to 5 weight %., thus reduction of the polymeric
matrix volume is small due to low volume fraction of nanoplatelets. Therefore tortuous
diffusion path is the major factor, which is influenced by the shape and the degree of
dispersion of the nanoplatelets. The tortuosity factor and aspect ratio of fully exfoliated
nanocomposite are much higher than intercalated nanocomposite and results in a more
effective barrier membrane for gasses [20].

Perpendicular orientation of exfoliated nanoplatelets to the diffusion direction
provides the highest tortuosity and therefore the greatest reduction of the gas
permeation as can be seen in Figure 19 [20].
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Figure 19: Orientation of nanoplatelets relative to the diffusion direction [63]

Improvement of the gas barrier properties of rubber compounds filled by modified
nanoclay was reported by several studies for EPDM, NBR, HNBR SBR, IIR, NR
nanocomposites [58], [59], [64], [65], [66], [67], [68], [69].

1.7 Elastomer - refrigerant compatibility

Material compatibility with refrigerant is one of the most important requirements for
polymeric components used in mobile air conditioning (A/C) systems. In addition to
the refrigerant compatibility, a further requirement is compatibility with compressor
lubricants. These lubricants are based on polyalkyle-glycol (PAG) for standard
compressors or on polyol-ester (POE) based lubricant for electric compressors in
hybrid vehicles. The cooling effect offered by A/C systems is typically achieved using
closed-loop vapor compression refrigeration cycles utilizing a hydro-fluorocarbon
refrigerant such as 1,1,1,2-Tetrafluoroethane (R-134a). However, R-134a has a very
high relative global warming potential (GWP) of about 1300 times that of an
equivalent mass of carbon dioxide over a 100 year time horizon with roughly 14 year
lifetime once released into the atmosphere [70]. Therefore the European Union has
issued a directive restricting the use of refrigerants with high GWP (such as R-134a) in
new car models introduced after January 2011 that will be produced after 2016 [3].
One of the proposed replacements for R-134a is 2,3,3,3-Tetrafluoropropene (HFO-
1234yf) developed by E.I. duPont deNemours and Honeywell International. HFO-
1234yf possesses a more modest GWP of 4 times that of carbon dioxide with an
atmospheric lifetime of only 11 days [4].

Due to differences in molecular composition and size, it was desired to assess the
compatibility and permeation rates of the new HFO-1234yf with rubber compounds
utilized in current A/C systems [5]. Changes in rubber tensile strength, elongation,
hardness, and volume suggest good compatibility after exposure to the new refrigerant.
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However, permeation of HFO-1234yf through sealing components increases by about
30% when compared to the current R-134a.

Elastomers used in the A/C applications are EPDM, HNBR, CR and IIR due to their
good compatibility with refrigerant, compressor lubricant and their temperature range
[71].
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2 THE AIMS OF RESEARCH WORK
Objective:

e Investigate the effect of hybrid filler systems of silica and nanoclay on a NBR
compound with emphasis on morphology, mechanical properties and gas diffusion

e Develop a rubber compound with optimized morphology and mechanical
properties with decreased refrigerant R-134a diffusion

Application:
e Refrigerant sealing elements in automotive air conditioning systems
Investigation plan
1. Proposal of rubber compound
o Rubber type NBR
o Vulcanization system — peroxide

o Modification of basic recipe by different type and amount of mineral fillers

o Targets:
- Tensile strength: 8 MPa min.
- Elongation: 150 % min.
- Hardness: 70 to 80 ShA
- Tear strength: 2.5 N/mm min.
- Compression set: 20 % (110°C / 24 hrs) max.
- Permeation: 25 % reduction (R-134a, 70°C) min.

2. Investigation of mineral filler influence to permeation
o Selection of mineral fillers
- Nanoclays, silica, kaolin, talc

- Combination of silica / nanoclay, silica / kaolin, silica / talc

3. Investigation of hybrid filler system silica / nanoclay

o Interaction between filler particles

o Interaction between filler particles and polymeric matrix

o Influence to static - mechanical and dynamic — mechanical properties

o Influence to intercalation and exfoliation of nanoclay
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4. Testing facility
o FT UTB (static - mechanical and dynamic — mechanical parameters, rheology)

o Halla Visteon Climate Control (permeation of R-134a)
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3 TEST METHODS AND MATERIALS

3.1 Measurement of dynamic — mechanical properties

Dynamic mechanical properties were measured by a rubber process analyzer RPA
2000 produced by Alpha technologies. The RPA 2000 is dynamic mechanical
rheological tester designed to test raw elastomers, mixed rubber compound or cured
compounds. As can be seen in Figure 20, the RPA strains a sample in shear by
oscillation of a lower die in a pressurized sealed cavity. The lower die can oscillate
from 0,05 to 90° and oscillation frequency can be varied between 0.1 to 2000 cycles
per minute [72].

Seal Plates

Upper Die
1
A\l ‘M  Cossmmege 1AL
o« »
Oscillating Lower Die
Specimen Elastomeric Seals

Figure 20: Die configuration of RPA 2000 [73]

The RPA 2000 provides measurement of elastic torque S’, viscous torque S,
storage modulus G’, loss modulus G”’, complex dynamic viscosity n*, real dynamic
viscosity n’, loss factor tan 6, vulcanization characteristics (minimal torque ML,
maximal torque MH) and other responses.

Elasticity of rubber material is measured by storage elastic modulus G which shows
ability of material to store energy. Loss of energy as heat is measured by loss viscous
modulus G” which determines the ability to dissipate energy. Loss factor tan 6
measures dissipation of energy relative to the stored energy during deformation and is
determined by ratio of storage modulus G and loss modulus G” [37]:

tan5=G"/ G’ (11)

Typical charts of dynamic mechanical properties are shown in Figure 21.
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Figure 21: Dynamic mechanical properties of rubber compound [37]
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Storage modulus G” shows typical non-linear behavior, which was observed by
Warring [85]. This phenomenon is called the Payne effect according to A. R. Payne
which is thoroughly studied and described as a non-linear behavior of filled rubber
compounds [86], [87]. Payne effect describes difference between low-strain (& 10 %
strain) and high-strain modulus (@ 10 % strain). G" is not strain dependent at low-
strain, while non-linear dependence is shown at high-strain over 10%. Decrease in
elastic modulus upon increasing strain is caused by breakdown of filler particle
networks [86].

Trapped rubber

Figure 22: Scheme of trapped rubber in the filler particle network [85]

The Payne effect is mainly related to the filler network created in the rubber matrix.
Chains of rubber can be trapped in filler particle networks as shown in Figure 22 and
lose elastomer identity, because their behavior is similar to filler under stress-strain.
Thus the effective volume of rubber is reduced by filler structure and influences
increases in the G” modulus. Trapped rubber is released by breakdown of the filler
structure at increased strain amplitude [85].

3.2 Measurement of tensile stress - strain

Tensile stress — strain is the most fundamental mechanical test used for measuring
the mechanical behavior of elastomers. This data is collected using a uni-axial testing
machine pulling used vulcanized dumbbell-shaped rubber samples in tension while
recoding loads and displacements. Figure 23 shows typical shape of test sample [18].

—
I N

Figure 23: Rubber dumbbell sample [18]

Ultimate tensile strength, ultimate elongation and tensile stress at different
elongations are typically determined by this test. Figure 24 shows typical stress-strain
curve for a vulcanized rubber compound. As can be seen, this curve is non- linear
making calculation of Young’s modulus not practical [18].
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Figure 24: Typical stress strain curve of rubber [18]

The elongation at break is the elongation measured at the point which the sample
ruptures under the increasing tensile load. Elongation at break is an important indicator
of the rubber compound’s suitability for seal elements which are stretched by a large
percentage during assembly [75].

The tensile strength is the force necessary to rupture a standard test piece at a given
rate of elongation and is calculated as the ratio of the force (F) applied to the rubber
material at break to original cross-sectional area of test sample. Tensile strength is
usually expressed in megapascals (MPa) [80].

Instantaneous tensile stress at different elongations is often referred to as “modulus”
and is defined as tensile strength at a particular elongations (100%, 200, %, 300%)
[75].

Tensile stress — strain properties were measured in this investigation by a
Tensometer 2000 produced by Alpha technologies according to test methods defined in
ISO 37.

3.3 Measurement of tear strength

Tear strength is defined as the maximum force which causes a “nick” or “stress
concentration” in a defined test sample to propagate into a tear. Tear resistance
measures sensitivity of cured rubber to surface defects. Tear resistance of different
rubber compounds depends on the crosslink density, state of vulcanization, filler types
and filler loadings [18], [75].
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Figure 25: Shape of standard tear specimens [18]

Tear strength was measured by a Tensometer 2000 Alpha technologies according to
test methods defined in CSN ISO 6383-1. A “trouser” tear specimen (similar in
geometry to sample “T”") was used in the test.

3.4 Measurement of hardness

Hardness is the most useful parameter for the characterization of elastomers. It is
very fast, inexpensive and simple test method. Hardness measures an elastomer’s
resistance to deformation. Deformation is applied by forcing a rigid indenter with
defined shape into the surface of a rubber sample in a specified time. Hardness is
typically measured in units Shore A or International Rubber Hardness Durometer
(IRHD) [18].

Hardness was measured by a durometer HBA 100-0 according to CSN ISO 7619-1
(Shore A) and by a Barreis durometer according to 1SO 48 (IRHD).

3.5 Measurement of compression set

Compression set describes loss of elastic memory of elastomers and is measured as
percentage of original deformation of the test sample. Typically better elastomeric
memory results in lower compression set. Compression set depends on the elastomer
base, test time, test temperature, deformation of test sample and contact medium [75].

Compression set (CS) is calculated:

CS :hO__hl.lgo bk (12)
ho - hz ]
Where: hy original height of the test piece [mm]
hy height of deformed test piece [mm]

h, height of released test piece (after a definite time delay) [mm]
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Figure 26: Compression set [75]

Compression set testing in this investigation was performed according to
specification CSN ISO 815-1 at temperature 110°C for 24 hrs.

3.6 Measurement of permeation

Permeation of refrigerant R-134a was measured by mass spectrometer. A schematic
of the mass spectrometer test stand is shown in Figure 27. A fixture with the test
sample to be measured is placed in the bottom of a chamber and is connected to a tank
of liquid R-134a refrigerant placed outside of the test chamber. Refrigerant permeates
through test sample and flows into test chamber. An analyzer in the chamber can then
sample the chamber gasses non-destructively and return the tested gasses back into the
test chamber for continuous measurement.
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(closed loop)

measurement chamber
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Figure 27: Scheme of mass spectrometer test stand



3.6.1 Description of test method

Photoacoustic spectroscopy is based on the absorption of electromagnetic energy by
analyzed molecules. A schematic of a photoacustic spectrometer is shown in Figure 28.

Measurement System of the 1314 Photoacoustic Multi-gas Monitor T Alr Gutiel

Intra-red Source Chopper Wheel Microphone 2

/ Air-shunt

Shunt Valve

/ <
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-
Flush Vaive
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Microphone 1 Sampling
Optcal Filter Whee! Tube

Optical Filter

Fine Alr-filter

o

Mirror
<—Alr Inlet

Figure 28: Scheme of photoacustic spectrometer INOVA 1314 [84]

Collision of gas molecules with others leads to local warming and an increase of
pressure of gas within the closed test chamber. Fluctuations of pressure are generated
by thermal expansion, which is detected in the form of acoustic waves. Modulated
electromagnetic energy generates periodic thermal energy within the measured gas and
thermal and the pressure wave of the gas being measured will have same frequency as
this electro-magnetic energy modulation. Change in pressure depends on the
concentration of measured gas. The periodic variation in the temperature and pressure
generates acoustic waves in the gas and these waves propagate through the volume of
the gas to the microphone detector. A microphone photoacustic signal gives a spectrum
proportional to the absorption spectrum of the sample [76], [77].

3.6.2 Calculation of permeation

Permeation is calculated using the initial and final HFC-134a concentrations,
temperatures and pressures within the test the enclosure, together with the net
measurement of enclosure volume [74]:

PS el -

Myrc3sa = M HFC-134a 'Vshed ) Rx.rll.d .c-107°
shed (13)
o= Myrc a3z * R Tohed (14)

Phed -M HFC-134a 'Vshed '10_6

S
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The total leakage-mass of HFC-134a is calculated by means of the following
formula [74]:

Pshed . (CHFC—134ae — CHFC—l34ai) 10

(15)

Mypca3aa = M HFC-134a '(Vshed _VAC)'

R-T,eq (t,-t)
where: M HFC-134a leak flow rate of HFC-134a [kg/s]
MuEC-134a weight of refrigerant [ka]
c concentration of refrigerant [ppm]
Vihed SHED-chamber net volume [m?]
Viac gross volume of test sample [m?]
Tshed absolute temperature in the chamber [K]
Pshed absolute pressure in the chamber [kPa]
Chrc1asae  Value of final concentration [ppm]
Chrc-134ai value of initial concentration [ppm]
te final time [s]
ti initial time [s]
Murc-134a molar mass of HFC-134a [g/mol]
R gas constant [kJ/(kmolK]

3.6.3 Test method

Permeation of refrigerant R-134a through samples of vulcanized rubber was
measured utilizing test equipment supplied by Maximator with a photoacoustic
spectrometer (Innova model 1314) at a pressure 2 MPa and temperature 70°C. The
Maximator test stand is shown in the Figure 29. The test was done according to
European Union Commission Regulation (EC) No 706/2007 [74]. Refrigerant
concentration in the test chamber was recorded over the test duration. Permeation was
calculated in g/year for test samples with thickness of 2 mm and area of 238 mm?.
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Figure 29: Test stand Maximator with mass spectrometer INOVA 1314
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Figure 31: Approximation of measured data
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3.7 Nanocomposite structure analysis

Two test methods were used for characterization of the structure of rubber / clay
nanocomposites — X-ray diffraction (XRD) and Transmission electron microscopy
(TEM).

XRD is a relatively simple method to investigate the spacing between the nanoclay
layers. Simple sample preparation and a rapid test rate are very advantageous for this
test method. @ XRD vyields data in less than 1 hour on a simple slab sample.
Interpretation of the results must be performed properly, because of the lack of analysis
sensitivity and limits of the XRD test equipment can cause incorrect conclusions
regarding the rubber nanocomposite structure. Therefore, additional analysis using
TEM is necessary to complement the XRD results. TEM provides a direct analysis of
the nanoclay distribution and exfoliation in polymeric matrix, but requires substantial
skill in test sample preparation and analysis.

3.7.1 X-ray diffraction (XRD)

XRD analysis detects the regular spacing of the clays and organoclays due to their
layered structures. Type and size of this peak indicates level of platelet separation in
clay structure.

Diffraction from two scattering separated clay layers by a distance d (interlamellar
spacing or d-spacing) with intercept X-rays of wavelength A at incident angle 0 is
known as Bragg diffraction. Description of Bragg diffraction is based on the idea that
the diffracted beam rises by "reflection” from a system of parallel platelets of
organoclays. The incident and diffracted beams form the same angle 6 with the system
of parallel platelets, thus corresponding to the law of reflection as it shown in Figure
32 [47].

It is apparent that the radiation diffracted by platelet of nanoclay is superimposed
with the same phase, as is the case with ordinary reflection at a planar interface. In
contrast, radiation diffracted by an adjacent parallel plane at a distance d has a path
difference 24 sin6. Radiation diffracted different planes thus superimposed with the
same phase, if is valid condition [78]:

2d sinf = ni (16)

This equation is known as Bragg’s Law, where n is an integer number representing
the order of diffraction, and A is the wavelength of the incident radiation.
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Figure 32: Principle of X-ray diffraction [47]

XRD analysis of polymer-clay nanocomposites is influenced by two factors. The
first factor is the quite small amount of clay in nanocomposite structure, therefore
XRD analysis must be sensitive enough to detect the crystalline structure of the clay in
the polymeric matrix. The second factor is the analysis performance at low angle. This
means that the sample holder can be present in the analysis together with irradiated
surface. Therefore it is recommended that the test configuration should consist of a
thin sample with large surface area [47].

XRD analysis visualizes status and level intercalation and exfoliation of nanoclay.
Intercalation of polymer chains into clay interlayer space is reflected by XRD by shift
of reflection to the left to lower values of the 20 angle (Figure 33a). Reflexion of
exfoliation of nanoclay remains at same value of 26 angle and intensity is decreased as
it shown in Figure 33b [52].

4 A
[ /\ b
A A (a) Ho (b)
{ I'\
! 4
- / \ s | |
3 / | =] f \
) / / \ @ / \
g / ! \ \ g / \
2 f \/ \ = /
@ / \ = \
5 / A \ S / \
= / // \ \ € / \
£ \ \ > Y
S e \\ / T ‘\
-\ \ N,
- B .
e - " s _— _v__,__='i7"" ey "“‘w\l“" ) s
e
A A e R A
T T 1 T T T T T T T 1
3 4 5 6 7 8 9 10 1 3 4 5 6 7 8 9 10 11
260) 26(%)

Figure 33: XRD visualization of mechanisms of clay intercalation and exfoliation [52]

X-Ray Diffraction analysis (XRD) of the cured NBR rubber samples was obtained
using PANalytical X'Pert PRO diffracto-meter equipped with a Cu-Ka radiation
source (A= 0,154 nm) at room temperature. The scans were collected in the 20 range
from 1,0° to 30° at a step of 0,02° and the counting time of one scan 5 s. Samples were
in 1cm? pieces cut from 2 mm rubber slab.
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3.7.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is an effective technique to analyze
structures at and below the nanometer distance scale. Therefore TEM can confirm and
supplement results obtained by XRD for clay layer spacing [47].

TEM operates on the same basic principles as the light microscope but uses
electrons instead of light and magnetic lenses instead of glass ones. The TEM uses a
focused beam of electrons as an “illumination™ source and the much lower wavelength
of an electron makes it possible to obtain resolutions thousands of times better than
with a transmission light microscope.

The electron gun at the top of the microscope emits a beam of electrons that travels
through vacuum in the column of the microscope. The TEM uses electromagnetic
“lenses” to focus the electron beam into a very small spot size. The electron beam then
travels through the test sample. Some of the electrons are scattered and disappear from
the beam, depending on the density of material through which they pass. The
unscattered electrons strike a fluorescent screen at the bottom of the TEM which
creates an image of the tested sample in varied levels of darkness according to their
density [79].

Electron
source

Electron
beam

q___.____,_,-’—’-— Specimen

- o Electrq-
rnagnetic
lense

Figure 34: Description of a transmission electron microscope [79]

Specimen preparation is very important and constitutes a major difficulty in TEM
analysis. Samples are prepared by ultramicrotony and the thickness of test sample must
be less than 100 nm [47].

Samples of vulcanized NBR rubber compounds for TEM analysis were cut by ultra
cryomicrotomy using a Leica Ultracut UCT at cryo-conditions at thicknesses of
approximately 50 nm. Temperature of sample was -70°C and temperature of knife -
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45°C. Micros-copy observation was performed by a Tecnai G2 Spirit transmission
electron microscope, operating at an acceleration voltage of 120 kV.

3.8 Measurement of FTIR

Fourier Transform Infra-Red spectroscopy (FTIR) is important tool of the organic
chemistry to study chemical changes in the materials. This method provides advantage
over conventional infrared systems by higher sensitivity, speed and improved data
processing.

Scheme of FTIR principle is shown in Figure 35. A broad band of different
wavelengths of infrared radiation are emitted by an infrared source. Infrared radiation
is modulated by an interferometer and passes through the tested sample, where is
absorbed by various molecular bonds present in the tested sample. Subsequently the
intensity of IR beam is registered by a detector and the signal transformed by computer
to generate the IR spectrum of measured sample [89].

Inf d Si | and dat
mrared 3| |nterferometer f———>| Sample |——>{ Detector f|——»| >'8"¢ 2nC cata

source processing

Figure 35: Scheme of FTIR [89]

FTIR analysis was performed using an attenuated total reflectance (ATR) technique
at room temperature, 32 scans (Nicolet, AVATAR 320).

3.9 Materials

Acrylonitrile-butadiene rubber used in the study was Krynac® 33.45, Krynac® 49.75
from Lanxess Corporation and Europrene® N33.45 from Enichem. The active silica
fillers Perkasil® KS 300 and Perkasil® KS 408 were produced by Akzo Nobel.
Nanoclays Cloisite® 15A, 20A, 25A, 93A, Na+ were prepared by Rockwood Additive
and Nanofil® 5 by Sud-Chemie. Standard kaolin, type KKAKA was supplied by LB
Minerals Kaznejov and calcined type PO5 by Ceske lupkove zavody. The supplier of
talc, type 1.A was Demerska Hnusta. Vulcanization was achieved using the peroxide
(Norperox BIPB 40) in combination with an activator (RheinChemie Rhenofit
TAC/GR 70).
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3.10 Preparation of rubber compounds

Rubber compounds were prepared in two stages. A masterbatch of NBR, silica and
oil was first compounded in a Pomini Farell (2,5 liters) laboratory mixer for 6 minutes
at a temperature of 150°C. The plate-like inorganic fillers were then added to the
masterbatch together with the vulcanization system on a two-roll mill and mixed for 11
minutes at a temperature of about 40°C. Formulations of the rubber compounds with
various mineral fillers are shown in Table 1. Types of tested nanoclay, kaolin and talc
are summarized in Table 2.

Table 1: Formulation of NBR compounds with various mineral fillers

) Compound No. 1 Compounds No. 2 to 10
Chemical
[phr] [phr]
NBR Krynac® 33.45 100 100
Silica Perkasil KS 300 30 30
Dioctyl adipate oil 20 20
Nanoclay, kaolin or talc - 10
Peroxide Norperox BIPB 40 7 7
Rhenofit TAC/GR 70 2 2
Total 159 169

Table 2: Types of tested nanoclay, kaolin and talc

Compound White filler
No. 2 Cloisite 93A
No. 3 Cloisite 15A
No. 4 Cloisite 25A
No. 5 Cloisite 20A
No. 6 Cloisite Na+
No. 7 Nanofil 5
No. 8 Kaolin calcinated P05
No. 9 Kaolin
No. 10 Talc

Formulation of rubber compounds with various ratios of silica and nanoclay are
shown in Table 3 and Table 4.
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Table 3: Formulation of NBR compounds with various ratio of silica KS 300 and
Cloisite 25A

Compounds KS 300
0/10{5/10|10/10|15/10|0/30 |5/30|10/30|15/30|7,5/20 | 12,5/20
NBR Krynac®
33.45 100 | 100 | 100 | 100 | 100|100 | 100 | 100 | 100 100
SilicaKS 300 | 10 | 10 | 10 10 {30 | 30 | 30 | 30 20 20
Cloisite 25A - 5 10 15 - 5 10 15 | 75 12,5
Dioctyl adipate
oil 20 | 20 | 20 20 | 20 | 20 | 20 | 20 20 20
Peroxide
Norperox BIPB
40 717 7 7 7 7 7 7 7 7
Rhenofit
TAC/GR 70 2 | 2 2 2 2 2 2 2 2 2

Table 4: Formulation of NBR compounds with various ratio of silica KS 408 and
Cloisite 25A

Compounds KS 408
0/10{5/10|10/10|15/10|0/30 |5/30|10/30|15/30|7,5/20 | 12,5/20
NBR Krynac®
33.45 100 | 100 | 100 | 100 | 100|100 | 100 | 100 | 100 100
SilicaKS 408 | 10 | 10 | 10 10 | 30 | 30 | 30 30 20 20
Cloisite 25A - 5 10 15 - 5 10 15 7,5 12,5
Dioctyl adipate
oil 20 | 20 | 20 20 | 20 | 20 | 20 20 20 20
Peroxide
Norperox BIPB
40 7 7 7 7 7 7 7 7 7 7
Rhenofit
TAC/GR 70 2 2 2 2 2 2 2 2 2 2

3.11 Vulcanization of rubber compounds

All prepared rubber compounds were vulcanized in a hydraulic press at a
temperature 175°C for optimum cure time t90 and 2 mm thick samples for testing of
mechanical properties were obtained.
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4 RESULTS AND DISCUSSION

Testing and investigation was performed in three steps. First, the six different types
of nanoclays (Cloisite® 15A, 20A, 25A, 93A, Na+ and Nanofil® 5) were investigated
in combination with silica Perkasil® KS 300 filler. The second step involved the
investigation of the optimal mix ratio of nanoclay Cloisite® 25A with two types of
silica — Perkasil® KS 300 and Perkasil® KS 408. The last step of investigation
compared difference in influence of polymer viscosity and load of silica to morphology
of NBR nanocomposites.

4.1 Nanoclays performance investigation

Combinations of silica and nanoclay mixed in an NBR matrix were the subject of
this study. An effort was made to identify the most cost effective rubber compounds
which optimize both mechanical properties and permeation resistance. Combinations
of silica, kaolin and talc were investigated in parallel as low cost solutions and
compared with silica and nanoclay combinations in their effect on property
modification.

4.1.1 Vulcanization characteristics

Vulcanization characteristics of the rubber compounds were determined by a rubber
process analyzer (Alpha Technologies RPA 2000) at a temperature of 175°C.

As can be seen in Table 5, the addition of all the types of mineral fillers investigated
does not influence vulcanization times tgy and ts;.

Table 5: Vulcanization parameters

ML MH ts; too tan &
[dN.m] | [dN.m] | [min] | [min] |max. S’
1 -silica 0,51 27,77 | 0,71 7,13 0,019
2-93A 090 | 2466 | 0,74 | 6,64 | 0,044
3-15A 0,73 | 24,75 | 0,74 7,05 0,025
4 - 25A 1,08 | 26,30 | 0,73 | 6,98 | 0,035
5-20A 0,80 | 2525 | 0,74 | 7,10 | 0,028
6 - Na+ 061 | 3092 | 0,69 | 7,15 | 0,017
7-Nano5 | 0,78 | 25,71 | 0,73 7,10 0,025
8 - P05 056 | 29,86 | 0,71 | 7,18 | 0,015
9-kaolin | 054 | 29,67 | 0,71 | 7,19 | 0,020
10 - talc 063 | 2992 | 0,71 | 7,22 | 0,018

Compound
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Differences between the behavior of nanoclays and standard mineral fillers
(kaolin and talc) are shown in torque measured (ML and MH). While compounds with
nanoclays show lower maximum torque (MH) as shown in Figure 36, compounds with
standard mineral fillers show lower minimum torque (ML) as can be seen in Figure 37.
Difference between compounds with nanoclay and compounds with talc or kaolin are
shown in the results of loss tangent (tan 6). Cloisite Nat+ was observed to be an
exception within the nanoclays tested showing similar values as talc or kaolin. The
cause for this difference can be difference in stability of filler particle networks at
different temperatures. While temperature inside of test samples at time of ML
measurement should be lower than temperature of die, at time of MH measurement is
temperature of test sample 175°C.
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Figure 36: Comparison of maximum torque (MH)
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Figure 37: Comparison of minimum torque (MH)
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4.1.2 Hardness testing

As it is shown in Table 6 and Figure 38, the addition of all types of tested nanoclay
fillers resulted in significant increases in hardness. All compounds which contained
nanoclay met the project hardness target of 70 to 80 ShA.. The largest hardness
increases were achieved by Cloisite 20A, Cloisite 25A and Cloisite Na+ with a typical
increase of 11 to 13 Shore A in comparison to base compound No. 1. These results
indicate that good distribution of the nanoclay was achieved in the NBR matrix.
However, some increase in hardness was also observed in compounds containing
kaolin and talc. This increase of hardness is likely result of the plate-like structure of
filler particles and their parallel orientation to the surface of test samples.

Table 6: Hardness — testing results

Compound Hardness (ShA)
1 - Silica 66
2-93A 72
3-15A 73
4 - 25A 79
5-20A 76
6 - Na+ 77
7 - Nano5 73
8 - P05 67
9 - Kaolin 70
10 - Talc 68
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Figure 38: Comparison of hardness obtained for the tested samples
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4.1.3 Tensile testing

Figure 39, Figure 40, Figure 41 and Table 7 show results for measured tensile
strength, elongation and modulus M.

Table 7: Tensile testing results

Compound Tensile Elongation Migo [MPa]
strength [MPa] [9%0]
1 - Silica 4,3 125 3,4
2-93A 9,2 191 5,2
3-15A 8,2 181 4,7
4 - 25A 9,8 182 5,9
5-20A 8,8 182 51
6 - Na+ 6,8 134 53
7 - Nano5 9,3 189 5,2
8 - P05 6,0 135 4.5
9 - Kaolin 6,4 138 4,7
10 - Talc 4,5 112 4,0
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Figure 39: Comparison of tensile strength
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Figure 41: Comparison of modulus Mg

Cloisite Na+ shows a lower reinforcing effect than the other nanoclays and results in
a tensile strength and elongation similar to the kaolin addition. This is likely the result
of a lack of exfoliation and distribution of Cloisite Na+ nanoclay during the mixing
process. However, a significant improvement in tensile strength and elongation were
achieved by other nanoclay fillers tested. Only the compounds filled by modified
nanoclays meet the project targets for minimum tensile strength (8 MPa) and
elongation (150 %). Figure 39 shows Cloisite 25A improves tensile strength by about
130 %, while Cloiste 93A and Nano5 improve strength by 115 %. Elongation is
increased by approximately 70 % by Cloisite 93A and Nano5. Modulus My of
compound with Cloisite 25A is improved by about 70 %. These improvements are
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most likely the result of the higher aspect ratio of exfoliated nanoclays compared to
lower aspect ratio of silica or common white fillers. These results demonstrate
importance of achieving good exfoliation of the nanoclay during the mixing process.

4.1.4 Tear strength

Results of tear strength are shown in Table 8 and Figure 42.

Table 8: Tear strength results

Compound Tear strength [N/mm]
1 - Silica 1,8
2-93A 2,5
3-15A 2,3
4 - 25A 5,0
5-20A 2,0
6 - Na+ 2,0
7 - Nano5 2,2
8 - P05 2,0
9 - Kaolin 1,2
10 - Talc 1,1
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Figure 42: Comparison of tear strength

As was expected, compounds No. 9 and 10 with kaolin and talc show deterioration
in tear strength due to the shape and size of plate like particles. Large particles initiate
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or propagate cracks under these test conditions [35]. Larger improvements in tear
strength were observed in compounds containing Closite 25A, which improved tear
strength resistance by 180 %. This result correlates with tensile strength results
suggesting good level of exfoliation of Cloisite 25A in the NBR matrix.

Compounds No. 4 (Cloisite 25A) and No. 2 (Cloisite 93A) meet the project target of
a 2.5 N/mm for minimum tear.

4.1.5 Compression set

Figure 43 shows results for compression set tested at temperature 110°C for 24 hrs.
The highest increase in compression set was observed in compound No. 2 filled with
Cloisite 93A and only this compound fails to meet the project target for a 20%
maximum compression set. Compression set increased from 13% to 22% in
comparison to base compound No. 1 filled by pure silica. Each type of nanoclay in this
evaluation is modified by different modifier [2] and modifier type is the likely cause of
increase in compression set of compound containing Cloisite 93A.

Compounds with nanoclays do not show better performance in this test in compared
to compounds filled by kaolin or talc. Plate-like shape of particles does not improve
properties as seen in tensile or hardness testing.

Table 9: Compression set results

Compound Compression set [%0]
1 - Silica 13
2 -93A 22
3-15A 15
4 - 25A 17
5-20A 18
6 - Na+ 15
7 - Nano5 15
8 - P05 16
9 - Kaolin 17
10 - Talc 14

S7



Compression set 110°/ 24 hrs
25
EZO
g 5 F _ W@
: 15— 8B B = B =
i) I
a
10— 3 B B B B B BB
o
5
G S
O T T T T T T T T T 1
P e e e e X 5 $H & NG
ENC G R P I S
A VA N R S S M

Figure 43: Compression set comparison

4.1.6 Barrier properties

Figure 44 and Table 10 reveal that the addition of nanoclay significantly improves
gas barrier properties which results in a reduction in permeation. As can be seen, the
permeation of refrigerant R-134a decreased by 15-30 % after addition of nanoclays
into compounds of NBR and silica. The reduction is probably caused by plate-like
shape of exfoliated nanoclays. The plate-like fillers dispersed in the NBR matrix are
able to reduce the permeation rate of molecules of R-134a through the elastomeric
matrix by creating more tortuous pathways which the refrigerant molecules must travel
to diffuse through the material. Exfoliated nanoclays should also reduce the diffusion
coefficient by restriction of motion of NBR chains [58]. Recent research has shown
that the higher aspect ratio fillers are the key factor to reduce gas permeation through
nanocomposites [81], [82], [83] and the measured results agree with this conclusion.

Due to their laminar structure, a decrease of R-134a permeation was expected for
compounds containing talc and kaolin. The difference between expected and obtained
results may be explained by the random distribution of these particles in the NBR
matrix. These randomly distributed particles then cannot create an effective tortuous
path to resist the permeation of the R-134a refrigerant molecules.

The project target of a minimum 25 % reduction in R-134a permeation is met only
by compound filled by Cloisite 25A. Compound with Cloisite 20A shows results which
are very close to the project target.
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Table 10: Permeation results

Compound R-134a permeation
[9/y]
1 - Silica 45,8
2-93A 37,3
3-15A 39,1
4 - 25A 33,2
5-20A 35,2
6 - Na+ 43,2
7 - Nano5 39,1
8 - P05 46,4
9 - Kaolin 414
10 - Talc 45,3
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Figure 44: R-134a permeation comparison

4.1.7 Dynamic-mechanical properties

Dynamic-mechanical properties of vulcanized rubbers were tested at temperatures
of 40, 70 and 120°C in two different modes:

1) Mode 1 - constant strain amplitude of 1% with constant oscillation frequency 0,3
Hz

2) Mode 2 - constant oscillation frequency 0,1 Hz and strain amplitude from 0,5 to
250 %.
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Constant strain amplitude and constant oscillation frequency

All vulcanized rubbers from compounds No. 1 to 10 were tested in mode 1 at
constant strain amplitude and constant oscillation frequency at three different
temperatures. The results in Figure 45 reveal dynamic storage modulus in shear (G”)
for compounds with nanoclays increases to temperatures of approximately 70°C, where
G’ begins to level off. It is possible that NBR chains are trapped in the filler network
of silica and nanoclay and as the temperature increases above 70°C, these chains are
released by breakdown of the particle structure. This figure shows a linear increase of
dynamic modulus G” with temperature for compounds with silica, kaolin and talc, due
to the different particle structure of the fillers. As shown in the figure, dynamic
modulus G” of Cloisite Na+ is different from other nanoclay fillers and is very similar
to kaolin. This behavior shows correlates with results seen for tensile strength and
elongation and is probably the result of very low intercalation and distribution of
Cloisite Na+ in the NBR matrix.
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Figure 45: Dependence of dynamic storage shear modulus G’ on
temperature at strain amplitude 1% and frequency 0,3 Hz

As can be seen in Figure 46, loss factor (tan &) for compounds with nanoclays and
with kaolin peak at a temperature of approximately 60°C, and then begins to decrease
above this temperature. Increase of tan 6 with temperature reveals increase in the filler
particle network as well as restriction of polymer segments mobility by interaction
polymer-filler [85]. The highest value of tan §, and therefore the highest interaction
with NBR matrix, is experienced by compound No. 4 filled by Cloisite 25A. Figure 49
shows a linear decrease of loss factor (tan 8) with temperature for compounds with
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silica and talcum, due to the different particle structure of the fillers in comparison to
clays. As shown in the figure, tan 6 of Cloisite Na+ is different from other nanoclay
fillers and is very similar to kaolin. This behavior was detected in previous tests also
and indicates poor exfoliation and distribution of Cloisite Na+ in the NBR matrix.
Figure shows importance of modification of nanoclay for interaction with NBR matrix.
As can be seen loss factor of all compounds with modified nanoclay is much higher
that loss factor of compound with Cloisite Na+ and therefore their interaction with
NBR matrix is much better than interaction of unmodified Cloisite Na+.
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Figure 46: Dependence of loss factor tan 6 on on temperature at strain
amplitude 1% and frequency 0,3 Hz

Constant oscillation frequency and various strain amplitude

Compounds No. 1 with silica, No. 4 with Cloisite 25A and No. 8 with kaolin P05
were tested in mode 2 with a wide range of strain amplitudes. The purpose of this test
was to compare behavior of the basic silica filled compound with the best nanoclay
filler compound (No 4. - Cloiste 25A) and a compound with classic kaolin. The results
in Figure 47 and Figure 48 illustrate decrease of G’ of all tested compounds with
increasing strain amplitude, showing a typical non-linear behavior called Payne affect.
This is likely the result of the decay of particle network structures. Breakdown of the
particle network by increasing strain amplitude releases trapped NBR chains from
network and agglomerates of silica, silica / nanoclay, silica / kaolin and causes increase
in the effective volume of polymer and therefore decrease of modulus G’. The
compound with Cloisite 25A shows the highest values of G” over all range of
measured deformations at temperatures of 40°C and 70°C, which indicates a stronger
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particle networks as well as a stronger interaction with NBR matrix than in the case of
silica and kaolin. These results correlate well with measured hardness and tensile
strength values observed on the tested compounds.
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Figure 47: Dependence of real part of dynamic modulus G” on strain
amplitude from 0,5 to 250 % at temperature 40 °C and oscillation
frequency 0,1 Hz
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Figure 48: Dependence of real part of dynamic modulus G on strain
amplitude from 0,5 to 250 % at temperature 70 °C and oscillation
frequency 0,1 Hz

Figure 49 shows decrease of G’ of compound with Cloisite 25A is bigger at higher
deformations in comparison to the base silica compound and the compound with
kaolin. This result correlates with previous test with previous tests of G’ at constant
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strain amplitude. Stability of silica / nanoclay particle networks decreases with
temperature and thus breakdown of this structure is higher. Temperature 120°C
together with increasing strain amplitude accelerates release of trapped NBR elastomer
from particle network and causes quick decrease of G” at higher deformations.
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Figure 49: Dependence of real part of dynamic modulus G on strain
amplitude from 0,5 to 250 % at temperature 120 °C and oscillation
frequency 0,1 Hz

Figure 50, Figure 51 and Figure 52 show dependence of loss dynamic shear
modulus (G*) on strain amplitude at constant oscillation frequency. G” shows
maximum value at higher deformations in comparison to G and after reaching of
maximum rapidly decreases with increase of deformation. As shown in the figures, the
loss modulus at low strain amplitudes is much larger for the Cloisite 25A compound
than that observed for the other two tested compounds at all the tested temperatures.
This could be a result of different behavior of particle networks present within the
samples. Particle network of Cloisite 25A compound is more developed and stronger
than network of kaolin and pure silica compounds. All three measured samples reach
an initial peak at a strain amplitude of about 8 % at a temperature of 120°C, where the
particle networks appear to begin to disintegrate. The compound filled by Cloisite 25A
shows a weak peak at temperatures of 40°C and 70°C as well. The behavior of all three
compounds appears to very similar at higher deformations above 50 %. The peaks at
high deformations indicate destruction of the particle network. As can be seen in
figures maximal peak is moved with temperature — while maximal G” at temperature
40°C is reached at strain amplitude 25 %, at temperature 70°C is peak moved to strain
amplitude 50 % and at temperature 120°C to 100 %.
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The increase of G” is influenced mainly by hydrodynamic effect, because unstrained
particles of mineral fillers distributed in the NBR matrix increase viscosity of rubber
compound [85]. Value of G” is influenced by the breakdown and reformation of the
particle networks during dynamic strain [88].
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Figure 50: Dependence of loss dynamic modulus G “* on strain amplitude
from 0,5 to 250 % at temperature 40 °C and oscillation frequency 0,1 Hz
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Figure 51: Dependence of loss dynamic modulus G “* on strain amplitude
from 0,5 to 250 % at temperature 70 °C and oscillation frequency 0,1 Hz
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Figure 52: Dependence of loss dynamic modulus G “* on strain amplitude
from 0,5 to 25% at temperature 120 °C and oscillation frequency 0,1 Hz

The dependence of dynamic loss factor (tan &) on strain amplitude is shown in
Figure 53, Figure 54 and Figure 55. Loss factor can be determines as ratio between
broken down and reformatted filler structures and filler structures unchanged during
dynamic strain [18]. Figures confirm the theorized behavior of the particle network
structure. The decay of this structure in compound No. 4, with nanoclay Cloisite 25A
at low strain amplitudes, is likely not as rapid as for compounds with silica and kaolin
due to the presence of a more stable particle network. The possibility exists that
nanoclay fillers have a higher interaction with NBR matrix as result of combination of
good exfoliation and high polymer-filler contact area which provides improved elastic

behavior.
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Figure 53: Dependence of loss factor tan o on strain amplitude from 0,5 to
250 % at temperature 40 °C and oscillation frequency 0,1 Hz
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Figure 54: Dependence of loss factor tan 6 on strain amplitude from 0.5 to
250 % at temperature 70 °C and oscillation frequency 0,1 Hz
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Figure 55: Dependence of loss factor tan o on strain amplitude from 0,5 to
250 % at temperature 120 °C and oscillation frequency 0,1 Hz

4.1.8 XRD analysis

The structural changes of tested fillers were investigated using X-Ray Diffraction
(XRD) techniques to determine the atomic and molecular structure of NBR
nanocomposites. Figure 56 describes structure of vulcanized compound No. 6 with
Cloisite Na+ in comparison to pure Cloisite Na+ in powder form. As can be seen peak
is slightly moved to the left and intensity is slightly decreased by weak changes of d-
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spacing from 1.17 to 1.26 nm. This result does not indicate any exfoliation of Cloisite
Na+ in the NBR matrix. Cloisite Na+ is not modified therefore exfoliation in the
elastomer matrix is very difficult which is confirmed by the result of this study.
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Figure 56: XRD pattern for compound No. 6 — Cloisite Na+

Compound No. 2 with Cloisite 93A and No. 5 with Cloisite 20A show better results.
As can be seen in Figure 57 and Figure 58 movement of 2 Theta peak and a decrease in
intensity is more apparent when compared to Cloisite Na+. Intercalation of NBR
chains into structure of Cloisite 20A and of Cloisite 93A is expected based on this test

results.

1800
1600
1400
1200
1000
800
600
400
200

Counts

=2 - Cloisite 93A Cloisite 93 (powder)

A n__”_f
“W.r

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

2Theta []

Figure 57: XRD pattern for compound No. 2 — Cloisite 93A
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Figure 58: XRD pattern for compound No. 5 — Cloisite 20A

The best results show compound No. 4 filled by Cloisite 25A. As can be seen in
Figure 59, the 2 Theta peak is moved from 5° to 2° and intensity is very low by
increase of d-spacing from 1.86 to 2.97 nm. This result indicates good intercalation of
Cloisite 25A in the NBR matrix and supports the results seen for the performance of
compound No. 4 in previous tests.
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Figure 59: XRD pattern for compound No. 4 — Cloisite 25A
Figure 60 compares XRD patterns of compound No. 8 — Kaolin P05 with pure
Kaolin. As can be seen, 2 Theta peak slightly decreases intensity, but d-spacing stays
same — 0,71 nm. This observation indicates no change of original structure of kaolin in
cured compound No. 8.
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Figure 60: XRD pattern for compound No. 8 — Kaolin P05

XRD patterns of compound No. 1 silica and pure silica Perkasil KS 300 is shown in
Figure 61. Base compound No. 1 does not show any change of original structure of
silica. As can be seen XRD pattern does not shows any peak. It is due to spherical
shape of particles of silica.

=1 - Silica Silica KS300 (powder)
1800

1600
1400
1200
1000
800
600
400
200

Counts

1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
2Theta []

Figure 61: XRD pattern for compounds No.1 silica

4.1.9 FT-IR analysis

Chemical changes of prepared compounds were studied by infrared spectroscopy,
which is an important tool in the organic chemistry. Spectra for pure NBR and pure
silica are shown in Figure 62 and for compounds No. 1 - Silica, No. 4 — Cloisite 25A,
No. 6 — Cloisite Na+ and No. 8 — Kaolin P05 in Figure 63 to Figure 65.
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Figure 62: FTIR spectra for NBR and silica

As can be seen in the Figure 63, the maxima for silica and NBR stay in the same
positions for compounds No. 4 and No. 6. The changes are observed for Si-O-Si bond
originate from Cloisite for both presented compounds in Figure 63. There are no
recorded peaks belong to the Cloisite Si-O-Si bond in the compounds No. 4 and 6, in
spite of very strong absorption of this band. It is noted the shoulder in position 1049
cm™ for mixture No. 4 which is theorized to be a shift in the peak 1009 cm™
originating from Cloisite 25A. The maximum observed belongs to silica and changes
the shape. Noted changes may be connected with chemical interaction of the Cloisite
Si-O-Si bond. Composition No. 4 provides a large improvement when testing other
properties, which may be connected with the chemical and structural changes. As
shown in Figure 63 maxima for silica in the compound No. 6 is not changed, but the
peak is broadened. This broadening may be connected with an increase in molecular
weight.
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Figure 63: FTIR spectra for compounds No. 4 - Closite 25A and No. 6 - Cloisite Na+
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Analysis of compound No. 8 does not show significant changes in the shape of silica
Si-O-Si bond, as can be seen in Figure 64. The maximum for Si-O-Si bond coming
from silica at 1076 cm™ was slightly shifted to 1088 cm™. This may indicate some
chemical interactions in the mixture with kaolin. Further the spectra of compound No.
1 (Figure 65) presented very small changes of silica Si-O-Si interactions. The shape
obtained of the maximum and its position is approximately the same. The weak shift
(10 cm-1) to higher wavenumbers in the Si-O-Si maximum was observed. The
maximum at 1730 cm-1 is connected with curing of rubber compounds.
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Figure 64: FTIR spectra for compound No. 8 — Kaolin P05
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Figure 65: FTIR spektra for compound No. 1 - Silica
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4.1.10 TEM analysis

An additional test used for the investigation of the morphology of NBR
nanocomposite was transmission electron microscopy (TEM). Figure 66 shows
structure of compound No. 4 with Cloisite 25A. Nanoclay layers are homogeneously
dispersed between aggregates of silica in the NBR matrix. As shown in figure, the
exfoliated structure of nanoclay Cloisite 25A as well as well as some locations of
intercalated structure of NBR / silica / clay nanocomposite can be observed. It appears
that there is tendency of particles of silica to separate platelets of nanoclay and thus
support and improve exfoliation of the nanoclay. Therefore a combination of silica
with nanoclay seems to be optimal composition for polymer nanocomposites.
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Figure 66: TEM analysis of compound No. 4 Cloisite 25A

4.1.11 Summary

The objective of first stage of this study was to investigate combinations of silica
and various nanoclay fillers added to an NBR matrix and identify combinations which
optimize both mechanical properties and R-134a permeation resistance.

Nanoclay fillers mixed with silica provided a 30% reduction in permeation of
refrigerant R-134a and improved mechanical properties. Enabling factors which were
instrumental in providing these property improvements were adequate levels of
intercalation and exfoliation of the nanoclay in the NBR matrix and polymer-silica-clay
interactions. Intercalation, exfoliation and interaction were determined to be dependent
on the type and amount of the nanofiller modifier. Cloisite Na+ is an unmodified
nanoclay and provides the NBR compound properties similar to common white fillers
as talc and kaolin. On the other hand, Cloisite 20A and 15A contain the same modifier
at different levels. The good performance of the Cloisite 20A with a higher modifier
level led to better results than Cloisite 15A.

This investigation has shown surprisingly poor permeation resistance of compounds
containing talc and kaolin. Their laminar structure has a good theoretical potential for
reduction of gas diffusion; however, the actual reduction of permeation of R-134a in
NBR compounds was not high. This poorer than expected performance was likely due
to the low degree of orientation of particles in the NBR matrix when laminar particles
did not represent a significant barrier to the permeation of refrigerant molecules.

The best results in this study were achieved with compound No. 4 filled by Cloisite
25A and Perkasil KS 300 silica. This compound obtained the best results in static-
mechanical, dynamic-mechanical and permeation tests and met the project targets for
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the tested parameters. These results were achieved by very good morphology of the
NBR / Cloisite 25A / Perkasil KS300 nanocomposite. XRD and TEM analysis detected
good distribution, intercalation and partial exfoliation of the nanoclay in the NBR
matrix. Measurement by FTIR showed ability of silica and nanoclay to create particle
network by Si-O-Si bonds. As expected, presence of silica in NBR compound
improved exfoliation of nanoclay due to the increase of viscosity as well as by friction
between particles of silica and platelets of nanoclay during the mixing process.
Therefore the NBR nanocomposite seems to be optimal in combination with two
mineral nano fillers — nanoclay and silica.
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4.2 Nanoclay / silica mixture optimization

Finding the optimal mix ratio between nanoclay Cloisite® 25A and silica was the
next step of this investigation. Two types of silica with different particle sizes were
considered for study - Perkasil® KS 300 and Perkasil® KS 408. These fillers were used
to investigate influence of different silica particle size on the nanoclay distribution in
polymeric matrix.

The average particle size and surface area of Perkasil® KS 300 and Perkasil® KS
408 are shown in Table 11.

Table 11: Comparison of average particle size and surface area of silica

Unit KS 300 KS 408
Surface Area m?/g 125 180
Average primary particle size nm 20 18

4.2.1 Vulcanization characteristics

Vulcanization characteristics of the rubber compounds were determined by a rubber
process analyzer (Alpha Technologies RPA 2000) at a temperature of 175°C.

Table 12: Vulcanization parameters

Cloisite 25A / Silica KS 408 Cloisite 25A / Silica KS 300
Content
clay/silica | ML MH L7 Lo ML MH ts; too
[phr] [dN.m] | [dN.m] | [min] | [min] | [AN.m] | [dAN.m] | [min] | [min]

0/10 0,50 20,60 | 0,62 6,66 0,50 19,30 | 0,65 6,68

5/10 0,60 20,10 | 0,63 6,65 0,50 19,40 | 0,51 6,68

10/10 0,70 20,00 | 0,63 6,60 0,60 19,50 | 0,52 6,74

15/10 0,80 21,40 | 0,60 6,63 0,70 20,50 | 0,61 6,66

7,5/20 0,90 25,00 | 0,56 6,51 0,80 23,20 | 0,58 6,51

12,5/20 1,10 25,10 | 0,56 6,55 0,90 23,20 | 0,58 6,62

0/30 1,10 31,90 | 0,50 6,47 0,70 27,10 | 0,55 6,57

5/30 1,50 33,10 | 0,47 6,41 0,90 26,40 | 0,55 6,53

10/30 1,80 32,10 | 0,48 6,39 1,10 26,40 | 0,45 6,49

15/30 2,40 33,70 | 0,46 6,44 1,40 27,40 | 0,54 6,52
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As shown in Table 12, vulcanization parameters tyy and ts, are very similar for all
tested compounds. Differences between value of ML and MH are caused by silica
content and particle size. Loadings of 30 phr of the smaller Perkasil KS 408 particles
increased ML and MH to the maximum values observed. Results show minimal
influence of nanoclay to value of ML and MH.

4.2.2 Hardness testing

As it is shown in Table 13 and Figure 67, the hardness increases with increasing
levels of silica and nanoclay. The largest hardness increase was achieved with a 15 phr
loading of nanoclay with an increase of 9 IRHD in the compound with 10 phr of silica
and 8 IRHD in the compound with 30 phr of silica. These results indicate good
distribution of nanoclay in NBR matrix and its exfoliation or intercalation. As can be
seen in the results for KS 408 silica, reinforcing effects are higher in comparison to KS
300 silica. This could be caused by the higher surface area of KS 408 silica.

The project target for a hardness between 70 to 80 IRHD are met by all compounds
filled by 30 phr of Perkasil KS 408 silica and compounds filled by a mixture of 30 phr
of Perkasil KS 300 silica and minimum of 10 phr of nanoclay Cloisite 25A.

Table 13: Hardness results

Content Hardness [IRHD]
clay/silica Cloisite 25A / Cloisite 25A /
[phr] Silica KS 408 Silica KS 300
0/10 56 57
5/10 60 60
10/10 63 61
15/10 65 65
7,5/20 65 64
12,5/20 71 69
0/30 70 67
5/30 74 69
10/30 76 72
15/30 78 74
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Figure 67: Comparison of hardness

4.2.3 Tensile testing

Results of tensile strength, elongation and My are shown in Table 14 for both
combinations of Cloisite 25A / silica KS 408 and Cloisite 25A / silica KS 300.

Table 14: Tensile strength, elongation and Mg results

Cloisite 25A / Silica KS 408 Cloisite 25A / Silica KS 300
Content Tensile | Elon- M 100 Tensile Elonga- M g0
clay/silica | strength | gation | [MPa] | strength | tion [%6] [MPa]
[phr] [MPa] | [%] [MPa]
0/10 3,0 94 - 2,5 94 -
5/10 3,4 127 2,7 3,3 122 2,8
10/10 4,6 152 3,4 4,6 153 3,1
15/10 59 155 39 54 142 3,9
7,5/20 5,8 144 4,1 5,3 140 3,9
12,5/20 7,5 152 5,0 6,7 154 4,4
0/30 4,9 119 39 3,8 101 3,7
5/30 6,2 141 4,5 55 136 4,0
10/30 79 159 5,2 7,6 169 4,7
15/30 10,2 168 6,4 9,4 182 55

The tensile strength value is influenced by increasing filling factor of silica and
nanoclay. As can be seen in Figure 68, maximum reinforcing effect was achieved by
compounds 15/30xksa0s and 15/30xs300 With 15 phr or nanoclay and 30 phr of silica.
Compounds with Perkasil KS 408 show higher value of tensile strength in comparison
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to compounds with Perkasil KS 300. This is likely due to size and surface area
differences between Perkasil KS 300 and KS 408.

OCloisite 25A / Silica KS 408 m Cloisite 25A / Silica KS 300

=
o
o

L
o
4

=
o

Tensile strength [MPa]
a
©
H

o m
o o
| |

Q Q Q O QO QO Q Q
AN CAPA AP PN I I G
AN '\'}\ N

Y
Content clay/silica [phr]

Figure 68: Comparison of tensile strength

As shown in Figure 69, maximal elongation was achieved by the compound labeled
15/30ks300. Perkasil KS 300 silica shows better results for maximal elongation at a
filling factor 30 phr in comparison to Perkasil KS 408. As can be seen in the figures,
differences in the size of silica particles influence the tensile strength and elongation
by different amounts.

Compounds 15/30ks40s and 15/30ks300 With 15 phr or nanoclay and 30 phr of silica
meet project targets for tensile strength (8 MPa min.) as well as for elongation (150 %
min.).
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Figure 69: Comparison of elongation
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The modulus My value is influenced by increasing filling factor of silica and
nanoclay like tensile strength. Difference between reinforcing effect of silica Perkasil
KS 300 and Perkasil KS 408 is shown in Figure 70. This behavior is caused by various
particle size of silica.

As can be seen in Figure 70 the highest value of modulus Moo show compounds
15/30ks408 and 15/30ks300 With 15 phr or nanoclay and 30 phr of silica
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Figure 70: Comparison of modulus Mg

4.2.4 Tear strength

Results for tear strength are shown in Table 15 and Figure 71.

Table 15: Tear strength results

Content clay/silica Tear strength [N/mm]

[phr] Cloisite 25A / silica KS 408 | Cloisite 25A / silica KS 300
0/10 0,9 0,9
5/10 1,3 1,3
10/10 1,8 1,8
15/10 2.4 1,9
7,5/20 2.6 1,7

12,5/20 2.9 2.6
0/30 23 1,7
5/30 25 25
10/30 4.4 2,9
15/30 2.2 2,5
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Maximum improvement in tear strength was achieved by the compounds denoted
10/30ksa0s and 10/30ksz00, These compounds meet the project target of 2.5 N/mm
together with compounds 5/30ksz00, 5/30ksa0s and 15/30ks300. While previous
mechanical property tests (hardness, tensile strength, and elongation) showed
improvement and maximum results for compounds with 15 phr of nanoclay and 30 phr
of silica, tear strength shows a significant deterioration at this filling ratio. The cause
for this reduction in properties is likely the plate-like structure of Cloisite 25A. Sharp
edges of platelets can initiate and facilitate crack propagation under the conditions
tested.
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Figure 71: Comparison of tear strength

4.2.5 Barrier properties

Permeation of all compounds tested is shown in Table 16 and Figure 72. Tests were
performed with refrigerant R-134a. Compounds 10/30ks300, 15/30ksa0s @and 15/30ksa0s
decreased permeation approximately 30% to 35% and meet the project target for 25 %
minimum reduction in R-134a permeation at a temperature of 70°C. The reduction of
permeation is caused by the plate-like shape of exfoliated or intercalated nanoclays.
The plate-like nanoclays in support of silica particles dispersed in the NBR matrix are
able to reduce the diffusion of molecules of R-134a by creating more tortuous
pathways for molecules of refrigerant R-134a to diffuse through. Key factors to reduce
permeation in tested NBR nanocomposites were plate-like shape of the nanoclay and
loading of 30 phr of silica (which probably supported exfoliation and intercalation of
the nanoclay in the NBR matrix). This assumption is supported by the results of
compounds with load of 10 phr of silica and compounds 5/30ks300 and 5/30ksa0s. While
permeation of compounds 5/10 and 5/30 is similar, permeation of compounds 10/10,
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15/10 is much higher than 10/30, 15/30. Low loadings of silica are not able to improve
and support intercalation and exfoliation of the nanoclay. Therefore optimal filling
factor of NBR nanocomposite from a permeation point of view is 10 phr of nanoclay
and 30 phr of silica.

Table 16: R-134a permeation results

Content R-134a permeation [g/y]

clay/silica Cloisite 25A / Cloisite 25A /
[phr] Silica KS 408 Silica KS 300
0/10 44,3 49,2
5/10 47,3 46,0
10/10 47,7 45,8
15/10 39,3 37,5
0/30 44.8 49,1
5/30 43,1 44,0
10/30 38,7 33,8
15/30 32,6 31,7
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Figure 72: R-134a permeation comparison

4.2.6 XRD analysis

Differences in morphology of NBR nanocomposites with various ratios of nanoclay
and silica were investigated by XRD analysis. This investigation was done for all NBR
compounds in this study with both types of silica — KS 300 and KS 408.
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Figure 73 shows structure of NBR compounds with silica Perkasil KS 300. As can
be seen in this figure, the first 2-Theta peak of all compounds is shifted to lower values
in comparison to pure Cloisite 25A in powder form. This shift indicates intercalation
of NBR chains between nanoclay platelets. Figure 73 reveals influence of different
load of silica to intercalation of nanoclay. As can be seen in this figure, intensity of
first peak of compounds filled by 10 phr of silica is higher than intensity of compounds
with 30 phr of silica. Lower intensity assumes a less organized structure and better
intercalation of Cloisite 25A in the NBR matrix. Better intercalation and exfoliation of
nanoclay can be caused by the increased viscosity of the NBR compounds by silica
incorporation and by collisions and friction between silica particles and nanoclay
platelets during mixing process of rubber the compound. The assumption is that higher
loadings of silica create more collisions with nanoclay and therefore silica can support
better intercalation and exfoliation of the nanoclay platelets.
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Figure 73: XRD pattern for compounds with Cloisite 25A / KS 300

Figure 74 reveals structure of nanocomposites with the alternate silica type -
Perkasil KS 408. This figure shows similar influence of 10 phr and 30 phr loadings of
Perkasil KS 408 silica to the intensity of 2-Theta peak as Perkasil KS 300 silica.
Higher 30 phr loading of Perkasil KS 408 improved intercalation of nanoclay Cloisite
25A in compared to load of 10 phr of silica.
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Figure 74: XRD pattern for compounds with Cloisite 25A / KS 408

Differences between both types of silica tested influence dispersion of the nanoclay
in the NBR matrix are shown in Figure 75 and Figure 76. Figures compare same load
of silica Perkasil KS 300 and Perkasil KS 408.

As shown in Figure 75 differences in position and intensity of 2-Theta peak at low
loadings of 10 phr of silica are very small. Compounds with silica type Perkasil KS
408 shows slightly better results than compounds with Perkasil KS 300 silica.
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Figure 75: XRD pattern for compounds with 10 phr of silica
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Larger difference between Perkasil KS 300 and KS 408 are revealed at higher
loadings of silica. As can be seen in Figure 76, Perkasil KS 408 at 30 phr resulted in a
lower intensity of the 2-Theta peak in comparison to those seen in Perkasil KS 300.
Thus size of silica particle is one of the factors influences dispersion of nanoclay in the
polymeric matrix.
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Figure 76: XRD pattern for compounds with 30 phr of silica

4.2.7 TEM analysis

The NBR nanocomposite morphologies were investigated using TEM analysis to
extend previous XRD analysis. TEM analysis was done for compounds filled by 30 phr
of silica '10/30KS300; 5/30KS408’ 10/30KS408 and 15/30KS408-

Figure 77 shows the structure of compound 10/30ks300 With silica Perkasil KS 300
and Cloisite 25A. The figures indicate the presence of intercalated structures of
nanocomposite (figure b, c, d) as well as partial exfoliation of Cloisite 25A (figure a).
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Figure 77: TEM analysis - Cloisite 25A / KS 300 (10 phr / 30 phr)

The morphology of compound 10/30ksss IS Shown in Figure 78. Intercalated
structures (figure c, d) as well as partial exfoliation (figure a, b) are observed in this
figure. This nanocomposite with KS 408 silica shows differences in structure in
comparison to the previous nanocomposite with KS 300 silica from Figure 77. TEM
analysis detects higher level of Cloisite 25A intercalation in compound 10/30ksa0g N
comparison to the intercalation seen in compound 10/30ks300. This observation suggests
the influence of silica particle size on the distribution and exfoliation of nanoclay in
the polymeric matrix. This suggests smaller particles of silica improve distribution and
intercalation of nanoclay. This correlates with the finding from the XRD analysis,
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where intensity of the 2-Theta peak of compound 10/30kss0g Was lower than the peak
seen with compound 10/30ks3q0 (Figure 76).

Figure 78: TEM analysis - Cloisite 25A / KS 408 (10 phr / 30 phr)

Compounds with low loadings (5 phr) of nanoclay exhibited the lowest intensity of
2-Theta peak in XRD analysis (Figure 76) and thus assumed very good distribution and
exfoliation of nanoclay. But result of TEM analysis is different. Figure 79 shows
intercalated structures only with no sections demonstrating exfoliation. The level of
intercalation is the lowest when compared to the other compounds in TEM analysis.
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Figure 79: TEM analysis - Cloisite 25A / KS 408 (5 phr / 30 phr)

Figure 80 shows the morphology of compound 15/30ks40s. Intercalation as well
partial exfoliation of nanoclay is seen in this figure. Figure 80b shows part of the
intercalated platelets are separated and exfoliated in NBR matrix. Tendency of
particles of silica to separate platelets of nanoclay and thus support and improve
exfoliation of the nanoclay is observed in Figure 78c.

Direct observation in the TEM correlates with the results of XRD analysis, where
intensity of the 2-Theta peak of compound 15/30kss0s Was higher than compound
15/3OKS408-
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Figure 80: TEM analysis - Cloisite 25A / KS 408 (15 phr / 30 phr)

4.2.8 Dynamic-mechanical properties

Dynamic-mechanical properties of vulcanized NBR nanocomposites were tested in
two different modes:

1) Strain sweeps (mode 1) - constant oscillation frequency of 0,1 Hz and a strain
amplitude from 0,5 to 25% at temperatures of 40 to 120°C

2) Temperature sweeps (mode 2) - constant strain amplitude of 1% with a constant
oscillation of frequency 0,3 Hz at temperatures between 40 and 120°C
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Strain sweeps

All vulcanized NBR nanocomposites with various content of nanoclay and silica
were tested at constant oscillation frequency with a wide range of strain amplitudes at
temperatures of 40, 70 and 125°C.

Results of dynamic storage modulus in shear (G’) for compounds with silica
Perkasil KS 300 silica are shown in Figure 81 and for compounds with Perkasil KS
408 in Figure 82.

The results show decrease of G’ for all the compounds tested with increasing strain
amplitude, showing a Payne affect. This is likely the result of the decay of particle
network structures. Breakdown of the particle network by increasing strain amplitude
releases trapped NBR chains from network and agglomerates of silica / nanoclay and
causes increase in the effective volume of NBR and therefore decrease of modulus G'.
The compounds 15/30ks300 and 15/30ks408 show the highest values of G” over the full
range of measured deformations. This assumes a stronger particle networks as well as
stronger interaction with the NBR matrix than seen other mix ratio of nanoclay and
silica. These results correlate well with measured hardness and tensile strength values
observed on the tested compounds.

Figure 81 and Figure 82 show differences between the type and loading level of
silica and nanoclay. Dynamic modulus is increasing with increasing silica and
nanoclay contents. Higher value of G” of compounds with Perkasil KS 408 is likely
caused by higher reinforcing effect by lower size of particles in compare to silica type
Perkasil KS 300 and by better intercalation of the nanoclay. Benefits from the nanoclay
are shown by results of compounds filled by only pure silica. As can be seen, values of
G’ of these pure silica compounds are the lowest for 30 phr loadings as well as for 10
phr. The biggest effect of nanoclay on G’ is seen at the low deformations (up to 10%).
At higher deformations, decay of nanoclay particle network structures is detected.
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Figure 81: Dependence of dynamic storage shear modulus G’ on strain
amplitude at temperature 70°C - Cloisite 25A / Perkasil KS 300
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Figure 82: Dependence of dynamic storage shear modulus G’ on strain
amplitude at temperature 70°C - Cloisite 25A / Perkasil KS 408

Dependence of loss dynamic shear modulus (G’’) on strain amplitude at constant
oscillation frequency is shown in Figure 83 for compounds containing Perkasil KS 300
and in Figure 84 for compounds with Perkasil KS 408. Value of G” is influenced by
the breakdown and reformation of the particle networks during dynamic strain [88]. As
shown in the figures, the loss modulus is much larger for compounds 15/30ks 408 and
15/30ks 300, than that observed for the other compounds. This could be a result of
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improved interaction between nanoclay and silica fillers and their ability to create
strong particle networks. Almost all measured compounds were observed to reach
initial peak at a strain amplitude about 8 % and main peak at amplitude about 5 %,
where the particle networks appear to start to disintegrate. Ability of nanoclay and
silica to create network between particles is probably caused by “~OH” groups on the
silica and nanoclay particle surface.

Figure 83 and Figure 84 reveal different behavior between various particle sizes of
silica. As can be seen compounds containing 30 phr of Perkasil KS 408 achieve higher
value of G’’ than compounds with bigger silica particles KS 300. These results
demonstrate stronger particle networks of nanocomposite with silica Perkasil KS 408
than with silica Perkasil KS 300. This could be caused by lower particle size of silica
and thus higher amounts of —OH groups on the Perkasil KS 408. As can be seen in
figures, values of G” of compounds containing 10 phr of silica are similar for both
silica types - KS 300 as well as KS 408. These results show effect of higher load of
silica to create stronger particle networks between particles of silica and nanoclay.

As shown in the figures, loss dynamic shear modulus is increasing with increasing
loadings of silica and nanoclay and can be attributed to hydrodynamic effect as load of
unstrained fillers [85]. A similar effect was observed in dynamic modulus testing.
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Figure 83: Dependence of loss dynamic modulus G on strain amplitude at
temperature 70°C - Cloisite 25A / Perkasil KS 300
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Figure 84: Dependence of loss dynamic modulus G on strain amplitude at
temperature 70°C - Cloisite 25A / Perkasil KS 408

The dependence of dynamic loss factor (tan 8) on strain amplitude is shown in
Figure 85 for compounds with Perkasil KS 300 and in Figure 86 for compounds with
Perkasil KS 408. As can be seen compounds with nanoclay shows better results than
compounds with both types of pure silica. Results show higher restriction of movement
of polymer chains by nanoclay and therefore better reinforcing effect to NBR. Loss
factor of compounds 15/30ks 300, 10/30ks 300 @and 15/10ks 300 at very low deformation
0,5 % is very similar but increase of deformation shows better effect of higher load of
nanoclay and silica. Filler network is very strong and cannot be break at low strain
amplitude. This cause reduction of polymer fraction by trapped NBR chains in the
silica / nanoclay particle structure and thus loss factor tan o is the lower. Increase of
strain deformation release trapped NBR chains by decay of particle structure and
causes increase of tan o [85].

The possibility exists that nanoclay fillers have a higher interaction with NBR
matrix as result of combination of good exfoliation and high polymer-filler contact
area which provides improved elastic behavior.

92



0,16
N
0,14

/ L — —4—0/10 KS300
0,12 ! | /
A/ X —8—5/10 KS300
0,10 . >
/X/* —4—10/10K5300
0,08

//’ —<—15/10K5300
0,06 7 / ==0/30 KS300
0,04

=—5/30 KS300
0,02 =10/30KS300
0,00 | | 1 15/30KS300
0,1 1 10 100

tan &

Deformation [%]

Figure 85: Dependence of loss factor tan 6 on strain amplitude at temperature
70°C - Cloisite 25A / Perkasil KS 300
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Figure 86. Dependence of loss factor tan 6 on strain amplitude at temperature
70°C - Cloisite 25A / Perkasil KS 408
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Temperature sweeps

All vulcanized NBR nanocomposites with various content of nanoclay and silica
were tested in temperature sweep (mode 2) at constant strain amplitude and constant
oscillation frequency at temperatures between 40 and 120°C.

Results of dynamic storage modulus in shear (G”) for compounds with Perkasil KS
300 silica are shown in Figure 87 and for compounds with Perkasil KS 408 in Figure
88.

These figures show an increasing of G” with higher filling factor of nanoclay and
silica. A benefit from the nanoclay is shown by results of compounds filled by only
pure silica. As can be seen, values of G” of these pure silica compounds are the lowest
for 30 phr loadings as well as for 10 phr. Differences between loadings of 5, 10 or 15
phr of nanoclay are stronger with load of 30 phr of silica than with lower loadings of
10 phr of silica. These results support the hypothesis of improved of nanoclay
intercalation by silica particles during mixing process.
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Figure 87: Dependence of dynamic storage shear modulus G’ on temperature -
Cloisite 25A / Perkasil KS 300

Figure 88 shows higher value of G” for compounds with Perkasil KS 408 than
compounds with Perkasil KS 300. This is caused by the smaller size of silica KS 408
particles and thus higher reinforcing effect compared to Perkasil KS 300.
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Figure 88: Dependence of dynamic storage shear modulus G’ on temperature -
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Results of dynamic loss factor (tan 6) for compounds filled by Perkasil KS 300
silica are shown in Figure 89 and for compounds filled by Perkasil KS 408 in Figure
90. Compounds with same load of nanoclay show similar position of loss peak -
compounds 10/30 and 10/10 at temperature 60°C, and compounds 5/30 and 5/10 at
temperature 50°C. The figure also shows higher value of loss factor by higher load of
silica. This could be caused by higher intercalation of nanoclay supported by silica and
by reinforcing effect provided by the silica itself. The substantial decrease in loss
factor after about 60°C can be caused by release of intercalated NBR chains from the
nanoclay structure at higher temperatures.
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Figure 89: Dependence of loss factor tan 6 on temperature - Cloisite 25A /
Perkasil KS 300
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Figure 90 shows the loss factor of compounds with Perkasil KS408 silica are higher
than values of compounds with Perkasil KS 300 which confirms better reinforcing
effect of smaller size particles found in the Perkasil KS 408. Also intercalation of
nanoclay supported by this silica type could be better than what is provided by Perkasil
KS 300 silica.
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Figure 90: Dependence of loss factor tan ¢ on temperature - Cloisite 25A /
Perkasil KS 408

Dependence of loss dynamic shear modulus (G’”) on the temperature at constant
oscillation frequency is shown in Figure 91 for compounds with Perkasil KS 300 and
in Figure 92 for compounds with Perkasil KS 408. Results reveal ability of nanoclay
and silica to create network together between their particles. Connection is probably
created by —OH groups, which silica and nanoclay contain on the surface. This can
explain increasing of G’ with increasing load of silica and nanoclay. Higher amount of
silica and nanoclay creates more links between particles. Peaks on the curves show
start of disintegration of particle network with increasing temperature.
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Figure 91: Dependence of loss dynamic modulus G’ on temperature - Cloisite
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Figure 92: Dependence of loss dynamic modulus G’ on temperature - Cloisite
25A / Perkasil KS 408

4.2.9 Summary

The objective of the second part of this study was to investigate the influence silica
has on the nanoclay distribution in the polymeric matrix and identify the optimal mix
ratio of nanoclay Cloisite® 25A and silica.

XRD analysis revealed improvements in the nanoclay distribution with increasing
loadings of silica. Morphology of NBR nanocomposites was much better with loadings
of 30 phr of silica than lower loading 10 phr. In addition to these results, XRD analysis
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detected the improved intercalation of nanoclay by smaller silica size particles - NBR
nanocomposites with Perkasil KS 408 silica showed slightly better morphology than
nanocomposites with Perkasil KS 300 silica.

Measurement by the rubber process analyzer showed the ability of silica and
nanoclay to create a particle network, which depends on the loading of silica and
nanoclay particles.

NBR compounds filled by 15 phr of Cloisite 25A and 30 phr of silica showed the
best results in static-mechanical as well as in dynamic-mechanical testing and R-134a
permeation testing. Results of these tests confirm importance of nanoclay intercalation
influenced by silica.

Therefore, the presence of silica in NBR/clay nanocomposites is important to
achieve a more optimal morphology. Exfoliation and intercalation of nanoclay is
probably caused by increased compound viscosity as well as by friction and collisions
between particles of silica and platelets of nanoclay during the mixing process.

Measured results show an optimal mix ratio of silica and nanoclay at 30 phr of silica
and 15 phr of nanoclay. More effective exfoliation of nanoclay could decrease the
loading to 10 phr of nanoclay.
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4.3 Investigation of silica and influence of viscosity on nanoclay
intercalation

Test results in chapters 4.1 and 4.2 revealed a positive effect of silica in distribution,
intercalation and exfoliation of nanoclay in NBR matrix during the mixing process.
The objective of the last investigation was to identify key factors which influence
nanoclay intercalation and exfoliation — and to determine if these factors include higher
viscosity of rubber compounds caused by loading of silica particles and/or collision
and friction between particles of silica and nanoclay during mixing process.

4.3.1 Rubber compound composition

The base recipe of rubber compounds (Table 4) was updated for this new
investigation. Two NBR elastomers with different viscosities were utilized in this test
— Europrene N33.45 with Mooney viscosity ML (1+4) 100°C = 45 and Krynac 49.75
with Mooney viscosity ML (1+4) 100°C = 75. Perkasil KS 408 silica was additionally
added into Europrene N33.45 at various loading levels. Dioctyl adipate oil was
removed from compounds to allow the mixing of compounds with only nanoclay.
Loading of nanoclay Cloisite 25A was 10 phr in all compounds in this test.

Formulation of rubber compounds is shown in Table 17.

Table 17: Recipe of experimental compounds

N1/0 N1/15 N1/30 N1/45 N2/0
NBR Europrene N33.45| 100 100 100 100 -
NBR Krynac 49.75 - - - - 100
Silica KS 408 - 15 30 45 -
Cloisite 25A 10 10 10 10 10

Dioctyl adipate oil

Peroxide Norperox
BIPB 40

Rhenofit TAC/GR 70

Rubber compounds were prepared by two-roll mill. NBR, silica, nanoclay and the
vulcanization system were mixed for 30 min at a temperature of about 40°C.
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4.3.2 XRD analysis

Differences in the morphologies of NBR nanocomposites with various viscosity and
loadings of silica was investigated by XRD analysis. This investigation was done for
all five NBR compounds prepared.

As can be seen in Figure 93, the highest intensity of 2-Theta peaks is shown in
compounds without silica — N1/0 and N2/0. Surprisingly compound N2/0 with the high
viscosity NBR shows a higher intensity of 2 Theta peak than compound N1/0 with the
medium viscosity NBR. These results show viscosity is not key factor for nanoclay
distribution in polymeric matrix.

Compounds N1/15, N1/30 and N1/45 with various loading of silica / nanoclay show
much lower intensity of 2-Theta peak than compounds N1/0 and N2/0 filled by
nanoclay only. Figure shows a decreasing of peak intensity with increasing load of
silica. These results reveal silica as key factor for the generation of morphology in the
NBR / clay nanocomposite. Collisions and friction between particles of silica and
nanoclay could support intercalation and exfoliation of nanoclay during mixing
process.
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Figure 93: XRD pattern for compounds with various viscosity

4.3.3 Summary

The objective of the last stage of this study was to identify key factors which
influence nanoclay intercalation and exfoliation in the compound with hybrid filler
system silica / nanoclay.

This investigation reveals silica as key factor for the generation of morphology of
NBR / clay nanocomposites. Collisions and friction between particles of silica and
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nanoclay could support intercalation and exfoliation of nanoclay during mixing
process. Higher viscosity of the raw NBR elastomer does not support optimal nanoclay
intercalation in the compound without silica content.
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CONCLUSION

The objective of this study was to investigate the properties and behaviors of NBR
rubber modified by hybrid filler systems and develop rubber compound with optimized
morphology, mechanical properties, and reduced refrigerant R-134a permeation by
using a suitable combination of fillers. Nanoclay fillers in combination with silica
demonstrated the ability to provide a 30% reduction in R-134a permeation and while
achieving improved mechanical properties. The key to obtaining these enhancements
was adequate level of exfoliation or intercalation and polymer-filler interaction of the
nanoclay fillers, confirmed by the measurements performed.

This exfoliation and interaction depends on several factors. The first factor is the
type and amount of the nanofiller modifier. Cloisite Na+ is an unmodified nanoclay
and provides the NBR compound properties similar to common white fillers such as
talc and kaolin. The best results seen in this study were observed with Closite 25A with
a higher modifier level. Combinations of nanoclay with silica enhanced intercalation
and exfoliation of the nanoclay during mixing of the compounds. Investigations
revealed the presence of silica in NBR compounds as a key factor for intercalation and
exfoliation of Cloisite 25A. This improved distribution of nanoclay in the NBR matrix
is probably caused by an increase in viscosity as well as by friction and collisions
between particles of silica and platelets of nanoclay during the mixing process. Smaller
particle size of silica Perkasil KS 408 showed better support of nanoclay distribution in
the NBR matrix than silica Perkasil KS 300 with higher particle size. Measured results
show optimal mix ratio of silica and nanoclay to be 30 phr of silica and 15 phr of
nanoclay.

Results of this study also demonstrated that high viscosity rubber compounds
without silica do not provide enough nanoclay exfoliation in polymeric matrix.
Therefore presence of silica in NBR/clay compound is very helpful to achieve a good
level of exfoliation.

Use of nanoclay Cloisite 25A in combination with a silica filler has shown to
produce a compound with higher permeation resistance to R-134a and improvement in
tensile strength, elongation and dynamic modulus useful for sealing applications in the
automotive A/C systems.
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Thesis contribution to science and industry application:

Completed study of the influence of various mixture of nanoclay and silica to
mechanical properties, morphology and permeation reduction

Detected a solution to reduce R-134a permeation of refrigerant by mixture of
silica / nanoclay

Identified a positive effect of silica to nanoclay intercalation and exfoliation

Identified a cost effective hybrid mineral filler system silica / nanoclay as
optimal solution for NBR nanocomposites

Recommendation for future investigation:

Verify the results of this investigation using an HNBR elastomer (due to
increasing requirements for high temperature resistance)

Investigate optimization of mixing process by two roll mill and internal mixer

Investigate behavior of hybrid mineral filler system silica / nanoclay in the other
elastomers
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