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CHAPTER 1

Classification of rubbers
and components for harsh
environmental systems
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1 Introduction

Elastomers are elastic materials that are characterized by large strain, high
capability to recover the initial shape, nonlinear stress-strain curves and strain
hardening [1-5]. The combinations of these properties make elastomers
suitable for several industrial applications like those of oil and gas extraction.
An oil exploration probe consists of various components, including sensors
and a measurement instrument assembled in modules, in which sealants are
essential to join adjacent modules. Among present sealant materials, rubbers
are widely used in reservoir evaluation as well as in oil production under
harsh conditions; they exhibit extreme hardness and strength with an appro-
priate flexibility as well as an excellent structural stability under temperatures
and pressures such as 175°C and 135MPa, typical conditions in present
common wells. In the future, more wells will be drilled deeper, and the
oil excavation environment will become much harsher. Since rubber is
almost exclusively used as a sealing material and is essential in oil probing
and excavation, rubber having the ability to withstand higher temperatures

High-Performance Elastomeric Materials Reinforced by Nano-Carbons © 2020 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-816198-2.00001-3 All rights reserved. 1
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and pressures has been a serious technological challenge in that field,
although it is especially difficult to significantly increase the rubber resistance
to high temperatures above 250 °C and high pressures above 200 MPa.

Most of the rubber applications are used as aircraft components, e.g.,
o-rings and gaskets, because they represent the interface between two envi-
ronments: the internal one containing the functional fluid (gas or liquid) and
the external one (air in most of the cases). Elastomers can be compressed and
due to their excellent elasticity retain the original shape. Superior tear
strength makes elastomers the most widely used material for high-
performance aircraft tyres, and the high damping capacity of elastomers is
exploited in space applications for the realization of shock absorbers and pas-
sive dampers installed on satellites.

2 Compounding

The vulcanization process invented in the year 1839 by Charles Goodyear
made the rubber stronger and more elastic. The unvulcanized rubber is stiff
when cold and soft when warm, hindering its utilization in products having a
good level of elasticity. Vulcanization prevents the polymer chains from
moving independently. As a result, when stress is applied the vulcanized rub-
ber deforms, but upon release of the stress, the product reverts to its
original shape.

Compounding is the process of mixing elastomers with various additives
and/or nanofillers to improve the final properties, such as the mechanical
resistance and electrical conductivity. Mixing machines include open
two-roll mill and internal mixers. Internal mixers disperse the fillers by gen-
erating high shear forces, while the two-roll rubber mill disperses the fillers
by repeated milling several times. The main types of mixing methods take
into account three different technologies each of them in charge of a differ-
ent partner (Fig. 1):

(1) Traditional compression moulding technology which is the state
of the art of the realization of the components like intake manifolds, O-rings and
fuel filler neck protector,

(2) Extrusion manufacturing processes for the production of
fuel pipes.

(3) Injection Molding technology using Thermoplastic vulcanizates
rubber (TPV);
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Fig. 1 (A) Injection moulding, (B) compression moulding, and (C) extrusion machines.

(4) Compounding ingredients may be categorized as:
* Base polymer (natural or synthetic rubber)
¢ Curing agents
*  Stabilizer systems (antioxidants and antiozonants)
*  Processing aids (plasticizers, etc.)
*  Reinforcing fillers (carbon black, silica, mineral fillers) and/or
nanofillers (grapheme, carbon nanotubes)
* Additives (abrasives, blowing agents, pigments, etc.).
The main advantages of the Injection moulding and extrusion technology
respect to the compression moulding are reported in Wierseman Model
of Fig. 2 and can be summarized as it follows:
(i) Shortest cure times (up to —50% compared to compression moulding)
and cycle times (up to —40%)
(i) No preforms necessary
(iii) Increase in dimension quality (up to +50%)
(iv) Reduction in the use of materials (up to —80% compared to compression
moulding): precise volumes are injected into the mould
(v) Better flowability by friction heat of screw
(vi) High homogeneity of cross linking throughout the cross section
(viil) Minimal waste and reworks
(viii) Welds reduction
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Fig. 2 Wierseman model: comparison between compression; extrusion and injection
moulding.

2.1 Classifications of elastomers

Elastomers are classified according to ASTM D 1418 and are abbreviated as
reported in Table 1.

In Table 2 the most common elastomers and their trade names are
reported.

In the following section the most important elastomers are discussed

[6-8].

2.1.1 Natural rubber

Natural rubber (NR) is the most important raw material used in the produc-
tion of elastomers. Natural Rubber is obtained from the latex sap of trees,
Hevea Brasiliensis, which is native to the tropical Americas. An incision

Table 1 Classifications of elastomers [6]

Last letter in the abbreviation: meaning Examples

M: saturated chains of carbon atoms, no EPDM, FKM, FFKM
double bonds

R: double bonds in the carbon chain NR, CR, SR, SBR, IIR, NBR,
(unsaturated) HNBR

O: oxygen in the polymer chain Epichlorohydrin rubber

Q: silicon and oxygen in the polymer chain | VMO, FVMQ

T: sulphur in the polymer chain Polysulphide elastomer

U: carbon, oxygen, and nitrogen in the Polyurethane rubber
polymer chain
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Table 2 Elastomers and trade names [7]

ASTM
D 1418
abbreviation

Chemical names

Trade names

CR

CSM

EPD
EPDM
FEPM
FFKM/

FFPM
FKM/FPM
FVMQ
HNBR
IR

IR
NBR

XNBR
NR
SBR

TFE/P

VMQ
PVMQ

Chloroprene

Chlorosulphonyl
polyethylene
(Chlorosulphonated
polyethylene)

Ethylene-propylene
copolymer

Ethylene propylene diene
terpolymer

See TFE/P

Perfluoroelastomer

Fluoroelastomer
Fluorosilicone
Hydrogenated nitrile

Butyl rubber

Isoprene
Nitrile butadiene

Carboxylated nitrile

Natural rubber
Styrene butadiene (Buna-S)

Tetrafluoroethylene/
propylene
Silicone

Neoprene, Skyprene, Butclor,
Baypren, Denka
Hypalon, Noralon

Buna-AP, Dutral

Epsyn, Nordel, Epcar, Keltan,
Royalene, Polysar-EDM

Aflas, Epsyn

Perlast, Kalrez, Chemraz

Viton, Dai-el, Fluorel,
Tecnoflon

Silastic LS, FSE

Therban, Tomac, Zetpol

Exxon Butyl, Polysar Butyl,
Esso Butyl

Shell Isoprene Rubber

Breon, Butakon, Chemigum,
Hycar

Buna-N, Butacril, Paracil,
Perbunan, Krynac,
Europrene-N, Nipol

Nastsyn

Cariflex S, Plioflex, Europrene,
Pliolite, Buna Huls, Carom,
Solprene

Alfas, Flourel, Fluoraz

Silastic, Siloprene, Rhodorsil,
Silplus

is made into the bark of the rubber tree and the latex sap is collected in cups.

The solid grades are obtained by coagulation of the latex by adding an acid.
Then, it is flattened and rolled into rubber sheets and hung out to dry. Nat-
ural rubber is available in many grades, but, the most important distinction is

that between latex and solid grades.
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The main properties of natural rubber are as follow:
— Natural rubber combines high strength (tensile and tear) with outstand-
ing resistance to fatigue.
— It has excellent adhesion to brass-plated steel cord, which is ideal in the
fabrication of tyres.
— It has low hysteresis which leads to low heat generation, and this in turn
maintains new tyre service integrity and extends retreadability.
— Natural rubber has low rolling resistance with enhanced fuel economy.
— It has high resistance to cutting, chipping and tearing.
— It has moderate resistance to environmental damage by heat, light and
ozone which is one of its drawback.
Thanks to these characteristics, natural rubber can be used in different appli-
cations. The main use of solid natural rubber is for the manufacture of tyres,
but also, it is an excellent spring material. Latex natural rubber has good bar-
rier properties against pathogens such as the AIDS virus (HIV), and so, it is
used in condoms and surgical and medical examination gloves. Also, it is
used in catheters, balloons, medical tubes, etc.

2.1.2 Styrene butadiene rubbers

Styrene butadiene rubber (SBR) is one of the cheaper and the highest vol-
ume general-purpose synthetic rubbers, that competes with natural rubber
(NR). SBR is a highly random copolymer of butadiene and 10-25% styrene,
produced by free-radical solution polymerization or by emulsion polymer-
ization. The addition of styrene lowers the price and improves the abrasion
and aging resistance, and blend properties of polybutadiene. For it, SBR 1is
used in great quantities in automobile and truck tires, generally as an
abrasion-resistant replacement for natural rubber.

Like natural rubber, SBR is swollen and weakened by hydrocarbon oils
and is degraded over time by atmospheric oxygen and ozone. However,
unlike natural rubber, it tends to harden with age instead of softening.
The most important limitations of SBR are inferior mechanical properties
(requires reinforcements), low resilience, low tear strength, and poor oil
and ozone resistance. Thus, the proportion of SBR in tire treads decrease
as increases the need for heat resistance. Hence, natural rubber is used in
a 100% in the heaviest and most severe uses, such as tires for buses and air-
craft. SBR is also used in footwear, conveyor belts, hoses, toys and moulded
rubber goods, etc.
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2.1.3 Butyl rubbers
Butyl rubber (IIR) is produced by low temperature cationic copolymeriza-
tion of isobutylene and a small amount of isoprene, providing for a highly
saturated backbone. It can be vulcanized with sulfur, but due to its low unsa-
turation requires more active accelerators, as dithiocarbamate and thiuram.
It has outstanding ozone and weathering resistance, thermal stability,
vibration damping and higher coefficients of friction and good chemical
resistance. IIR has exceptional low gas and moisture permeability which
makes it ideal for inner tubes and high pressure/vacuum applications under
demanding conditions. IR elastomers are sometimes halogenated with
chlorine or bromine to improve their resistance to certain chemical media.
Butyl rubber is a good choice for a wide variety of rubber goods. It is used
for inner tubes of tires and other high pressure tubes, due to low permeability
of air, automotive mechanical parts, insulations, vibration damping, liners,
O-rings, sealant, adhesives, etc.

2.1.4 Butadiene rubbers

Polybutadiene is a synthetic rubber formed from the polymerization of the
monomer 1,3-butadiene. It is the second largest volume synthetic rubber
produced, next to styrene-butadiene rubber (SBR), with about a quarter
global consumption of synthetic rubber. Polybutadiene has excellent abra-
sion resistance (good tread wear), low hysteresis loss, high elasticity, and low
rolling resistance due to its low glass transition temperature (T,), typically
<—=90°C. However, this also leads to a poor wet traction properties, so,
usually, BR is blended with other elastomers like natural rubber or
styrene-butadiene rubber for tread compounds. Its major use is in the man-
ufacture of tires going into treads and sidewalls, which consumes about 70%
of the production. Another 25% is used as an additive to improve the tough-
ness (impact resistance) of plastics such as polystyrene and acrylonitrile buta-
diene styrene (ABS). It is also used to manufacture golf ball cores, various
elastic objects and to coat or encapsulate electronic assemblies, oftering high
electrical resistivity.

2.1.5 Ethylene propylene diene rubber

Ethylene propylene diene monomer (EPDM) is a terpolymer of ethylene,
propylene and a small amount of diene component (2.5-12wt.%), which
provides cross-linking sites for wvulcanization. The diene is usually
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dicyclopentadiene, ethylidene norbornene, or 1,4 hexadiene. The distribu-
tion of the propylene comonomer may vary from random to alternating.
The ethylene content can vary from 45% to 85%. If the contents of ethylene
and propylene are approximately equal, both monomers are distributed by
equal within the polymer and the rubber is amorphous. If the ethylene con-
tent is above 65% by weight, the ethylene sequences are able of forming
crystals. This results in improved tensile strength, hardness and compressive
strength at low temperatures.

EPDM elastomers are valuable for their excellent resistance to heat, oxi-
dation, ozone and weather aging due to their saturated backbone structure.
They also exhibit excellent electrical insulation, compression set, and low
temperature properties, but only fair physical strength properties. As non-
polar elastomers, they have good electrical resistivity, as well as resistance
to polar solvents, such as water, acids, alkalies, phosphate esters and many
ketones and alcohols In fact, EPDMs are probably the most water resistant
rubbers available. These rubbers respond well to high filler and plasticiser
loading, providing economical compounds. They can develop high tensile
and tear properties, excellent abrasion resistance, as well as improved oil
swell resistance and flame retardance.

EPDM rubber is an extremely versatile material that can be used in a vari-
ety of applications, from automotive products to HVAC parts. Since EPDM
rubber does not crack outdoors, it is widely used for seals in buildings and in
the automotive industry. EPDM is used in other applications as steam hose,
high temperature-resistant seals and roll covers. However, EPDM cannot be
used in applications where a continual contact with petroleum based prod-
ucts is required. EPDM is not recommended for usage in food applications
or those that expose it to aromatic hydrocarbons.

2.1.6 Nitrile rubbers

Nitrile rubbers (NBR) is a copolymer of acrylonitrile and butadiene rubber.
Nitrile rubber can be classified as three types based on the acrylonitrile

(ACN) content (low, medium and high) as follows:

* High nitrile: >45% ACN content

*  Medium nitrile: 30—45% ACN content

* Low nitrile: <30% ACN content

As the ACN content increases, NBRs show superior resistance to aromatic

hydrocarbons. Hydrogenated (HNBR) compared to NBR shows higher

physical strength and retention of properties after long-term exposure to

heat and oil. HNBR compounds typically have tensile strengths of
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20-31MPa within a broad temperature range, —40°C to 165 °C. HNBR
elastomers have excellent resistance to common automotive fluids (e.g.,
engine oil, coolant, fuel, etc.) and many industrial chemicals. These unique
properties make HNBR the most used elastomer in automotive, industrial,
and performance-demanding applications. In the automotive market it is
used for dynamic and static seals, hoses, and belts. HNBR has also been
widely employed in industrial sealing for oil field exploration and
processing.

2.1.7 Silicone elastomers
Silicones are synthetic polymers containing a silicon-oxygen backbone
similar to that in silica, but with organic groups attached to the silicon
atoms by C-Si bonds. Silicone rubber materials are readily available in a
variety of forms, such as solids, open cell foams, closed cell sponges, ther-
mally conductive, and electrically conductive. The most widely used sil-
icones are those which have methyl groups along the backbone. However,
some properties such as solubility in organic solvents, water-repellence and
flexibility can be altered by substituting other organic groups for the
methyls (Table 3). So, silicones with phenyl groups are more flexible poly-
mers than those with methyl groups. Silicone rubber is generally non-
reactive, non-toxic, stable at extreme temperatures, excellent resistant to
extreme environments (ozone, UV, water, snow...), good resistance to
compression set and low level of flammability. Due to these properties
and its ease of manufacturing and shaping, silicone rubber can be found
in a wide variety of products, including: voltage line insulators, automotive
applications; cooking, sportswear, and footwear; electronics; medical
devices and implants; and sealants.

Fluorocarbon elastomers (FKM or FPM)
The different types of FKM are reported in Table 4.

Table 3 Classification of silicone rubbers [9]

Class Substituent in polymer chain Applications

MQ Methyl Not commonly used
VMQ Vinyl General purpose

PMQ Phenyl Extremely low temperature
PVMQ Methyl, phenyl and vinyl Extremely low temperature

FVMQ Trifluoropropyl Fuel, oil and solvent resistance
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Table 4 Classification of FKM [6]

Class: Fluorine content Properties/applications

Copolymer of vinylidine fluoride (VF) Good fluid and best compression set
and hexafluoropropylene (HFP):
65—65.5%

Terpolymer of VF, HFP and Better chemical resistance and inferior
tetrafluoroethylene (TFE): 67% compression set

Tetrapolymer of VF, HFP, TFE and cure | Improved chemical resistance and
site monomer: 67-69% compression set compared to

terpolymers

2.1.8 Perfluoroelastomers

The chemical structure of perfluoroelastomers (FFKM) is sketched in Fig. 3;
the absence of hydrogen atoms increases the heat and chemical resistance
with the capability to withstand for a long-time to high temperatures up
to 260 °C and, for a short-time, up to 310°C.

Fluorinated elastomers FKM (typically containing 65% fluorine) and
more recently perfluoroelastomers FFKM (typically containing 71% fluo-
rine) provide materials with excellent high temperature and chemical resis-
tance. FKM is of critical importance in solving problems in aerospace,
automotive, chemical and petroleum industries. In particular FKM materials
are noted for their high resistance to heat and a wide variety of chemicals (see
Table 2) and they are usually extruded. Other key benefits include excellent
resistance to aging and ozone, very low gas permeability and the fact that the
materials are self-extinguishing. FKM materials are generally not resistant to
hot water, steam, polar solvents, glycol-based brake fluids and low molecular
weight organic acids. Also, they give low out-gassing under vacuum
and have good high temperature compression set resistance. The major
disadvantage is the poor low temperature flexibility. Fluorine containing
thermoplastic vulcanizate (TPV) elastomers consist of a continuous thermo-
plastic fluorocarbon resin phase and a dispersed amorphous vulcanized fluo-
rine containing elastomer phase, which is useful as a melt formable material
having rubber elasticity and processable by injection moulding. Injection

—(CF,—CF,), - (CF,—CF),,— (CF,— CF2)X—*CS—
|

O
|
CF;

Fig. 3 Structure of FFKM.
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moulded components can find use as seals and gaskets in applications where
high temperatures and harsh chemical environments are common, for
example in certain types of automotive applications.

3 Elastomer aerospace requirements

Energy absorption is an increasing important issue in the design of automo-
biles and aircraft. Mechanical damping is crucial for vibration controls,
fatigue endurance, and impact resistance. Compared with metals, viscoelas-
tic polymers are shown to be promising for damping materials and have
attracted considerable attention recently [10—13]. Elastomers with their elas-
ticity and elongation values from one hundred to several thousand percent,
are ideal candidates to meet the requirements of enough rigidity and flexi-
bility to give long flexural fatigue lives.

Current launch vehicle and payloads utilize numerous pyrotechnic
devices that are generally used to separate structural subsystems (e.g., pay-
loads from launch vehicles) and/or deploy appendages (e.g., solar panels).
The initial pyroshock peak acceleration may be as high as 200,000 g with
high frequency content as high as 1 MHz; because of the high frequency
content, many hardware elements and small components are susceptible
to pyroshock failure. The outstanding dynamic properties of elastomers
make them suitable as shock absorbers and passive dampers in the space
industry. Firstly, they were exploited to prevent damage due to shock loads
and then they were used as passive damping equipment. In both cases the
scope was always to limit shock level effects on equipment and devices.

In this regard the main properties that play a crucial role in aerospace
applications are:

(i) Mechanical characteristics

The main mechanical characteristic of elastomers is the extreme elongation
(more than 400%) and recovery of the original shape when relaxed. The
extreme elongation can be attributed to the long molecular chains, while
the networking of cross-links between such long molecular chains is respon-
sible of the shape recovery.

(ii) Thermophysical aspects

The high mobility of the macromolecular chains is due to the glass transition
temperature (T,) of elastomers that is lower than room temperature, and it
also depends on the chemical structure of the elastomer. Above T elasto-
mers will be soft and flexible, while below the T, they will be hard and
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brittle. Thus, the elastomers are very elastic around T, This is the relaxation
region where the damping of the elastomer is maximum.

(iii) Viscoelasticity

The Voigt model predicts the viscoelastic behavior of elastomers. This vis-
coelastic model predicts that the total stress (6) is equal to the sum of the
elastic and viscous stresses, as shown in Eq. (1):

6 =7,[G'(») sin (0t) + G"(w) cos (ot)] 1)

Thus, the modulus can be expressed as the storage modulus (G'), which is
the measure of the elastic behavior and loss modulus (G”) that measures the
viscous behavior. The ratio of the loss to the storage modulus, is called the
damping (¢).

The Voigt model predicts that G’ and G” depend on the frequency and
temperature. When o is low the molecular chains have enough time to flow
and the viscous or liquid-like behavior predominates. Otherwise, when ®
increases, the molecular chains behave like a rigid solid and hence the elas-
ticity dominates and the material behaves in brittle fashion. The temperature
has an opposite influence on elastomers: at very low temperatures the elastic
modulus is very high and the elastomer is rigid and brittle, while at high tem-
peratures the elastic moduli are low and the elastomer is elastic. At interme-
diate temperatures, near the glass transition temperature T, the elastomers
are mostly viscous.

*  Fluid resistance [14]

The O-ring is the most common elastomer sealing component based on
Newton’s Third Law, which states that “for every action, there is an equal
and opposite reaction.” When allocated in a dimensioned groove, elasto-
mers act like a liquid and are incompressible; thus, the energy transmitted
through the seal produces a sealing force against the faces of the groove. In
extreme Oil and Gas applications, extreme performances are required,
such as mechanical strength to withstand the pressures and strains without
rupturing, good thermal stability and compression set properties, resistance
to swelling, and resistance to explosive decompression. Many aerospace
products such as seals, gaskets, and hoses encounter lubricating and
hydraulic oils, greases, and fuels.Many liquids are good solvents for most
elastomers; this causes swelling and thus the change of the physical prop-
erties and the housing of elastomeric seals. The fluid susceptibility test is the
most reliable method for selecting an elastomer for use in the presence of
specific fluids.
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The fluid resistance of elastomers depends on the following factors:
* Elastomer cross-linking
* Compounding ingredients
*  Temperature and time of exposure
* Dimensions of the elastomer part
*  Chemical composition of fluid medium.

4 Aerospace applications of elastomers

Elastomers are essential materials for the following aerospace systems [15]:
(i) Airframe systems
Structural system vibration damping elements
Pressurization system sealing parts
Control system power source, actuator, servo, and vibration
damping parts
Chemical, thermal, and abrasion-resistant coatings and parts
Electrical system parts
Heating and cooling system parts.
(ii) Instrument, weapon, indicator and guidance systems
Power source and transmission parts
Electrical insulation
Shock absorption and vibration damping parts
Chemical, thermal and abrasion resistant coatings and parts.
(iii) Landing gear systems
Tyres
Shock absorption and vibration damping parts
Braking device parts
Retraction mechanism parts.
(iv) Propulsion systems
Fuel containment and transfer element parts
Actuator and servo parts
Shock absorption and vibration damping parts
Electrical insulation
Solid propellant ingredients.
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The purpose of this chapter is to help the reader in the choice of the correct
rubber for applications in extreme environments. We will describe test
methods simulating specific requirements which can be used in order to
assess the behavior of elastomers under selected service conditions.

Elastomers are indeed the main component of a rubber, that is produced
starting from a compound of elastomer, reinforcing filler, vulcanizing agents
and processing aids. Because the elastomer is the most relevant ingredient in
arubber compound, both for its function and its quantity (usually above 60%
in weight), the choice of the correct elastomer is a necessary condition to
achieve high rubber performances.

The focus of this study will be therefore on the elastomers, even if the
other ingredients of the rubber compound can also affect thermal- and
chemical stability, though to a lesser extent; seen the variety of choice for
the composition of the compounds, it would be anyhow not possible to
cover all their possible combinations with respect to the eftect they have
on the overall performance of the rubber. Therefore each consideration
about a given class of elastomers refers to the standard formulation as
described in its available literature, that most often deals with carbon black
as reinforcing filler.

Most of the rubbers applications is for use as seal elements such as e.g.,
o-rings, gaskets, shaft-seals or diaphragms, and all are key parts of any system,
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because there they represent virtually the door between two environments:
the internal one containing the functional fluid (gas or liquid), and the exter-
nal one (air in most of the cases). Therefore the service life of a whole equip-
ment is directly linked to the good service of the rubber part which is
installed. Designing the right seal is a powerful tool to control the costs
of service of an equipment (pumps, pipelines, engines, ...), both because
a seal failure can result in safety issues, as worse-case scenario, in loss of produc-
tivity, and because a longer seal lifetime means reduced maintenance with
associated shut-downs.

The unfortunately famous Shuttle crash case in 1986 is an useful exam-
ple of how important a sealing element can be. It was reported that the
“Challenger accident was caused by a failure in the o-rings sealing a joint on the
right solid rocket booster, which allowed pressurized hot gases and eventually
flame to blow by the o-ring and make contact with the adjacent external
tank, causing structural failure. The failure of the o-rings was attributed
to a faulty design, whose performance could be too easily compromised
by factors including the low temperature on the day of launch [1]”. In this
report the rubber element shows up in all its importance, where the
faulty design apparently was not considering the lowest temperature
possible faced by the o-ring in its lifetime. Such a disaster explains well
the dimensions of the consequences linked to a rubber failure: beside
the casualties, that are by far the most severe ones, and the economical
damages, also the loss of the market name can add as long-lasting
implication.

Fig. 1 shows schematically what a rubber part faces during its service life.

During its lifetime the rubber part can undergo several cycles of cooling/
heating, can be stressed mechanically (reciprocating movements or pressure)
and exposed to chemicals of various nature. Each of these aspects should not
detriment the rubber performance nor compromise its service.

Extreme applications are meant herewith those where the rubber part, be
that a seal, a hose or a membrane, must work at high temperatures, at low
temperatures, or exposed to aggressive chemicals; often it deals with a com-
bination of these cases. Even if the definition of the three conditions is quite
arbitrary, herewith “high” temperatures are meant the ones above 150°C
and “low temperatures” the ones below —30°C. The definition of
“aggressive chemicals” is quite complicated given the variety of the chem-
istry of all possible media that can come in contact with rubber parts. Aggres-
sive are generally meant the chemicals able to swell the rubber and/or to
chemically degrade it.



Elastomers in extreme environments applications 17

Exposure to heat Exposure to chemicals
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Fig. 1 The service challenges of rubber parts (scheme).

The chapter will focus on how to address the difterent requirements that
an “extreme application” may need:
— resistance to temperatures higher than 150°C
— cold flexibility below —30°C
— resistance to complex fluids
— static or dynamic function”
It is usually the combination of all the four categories of requirements that
makes the elastomer’s choice challenging, and selected test methods are a
valid support to find a suitable material able to face each given case.
Herewith the typical requirements that are met in O&G, Aerospace or
Industrial applications, that are often referred to as “harsh environment
cases”, will be discussed.
Some of the most common chemical environments of such markets are
listed in Table 1, along with their extreme service conditions.
Automotive applications are also demanding in terms of chemical and
service temperatures, but these are not considered “extreme” because the
consequences of a failure are not as dramatic as in Aerospace, O&G and Indus-
try processing.

* Static: o-ring in a groove, gasket between two surfaces (e.g., flanges); dynamic: rotary shafts,
reciprocating parts.
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Table 1 Example of chemical environments for selected applications.

Industry
Aerospace 0&G processing
Exposure to: Fuels: blends of alifatic | Fluids: Oxidants: nitric
(examples) and aromatic hydrocarbons, acid, peroxides,
hydrocarbons methanol, glycols, bleaches
Turbine and engine brines Acids: mineral
lubricants: highly Gas: CO,, CHy, and organic
additivated oils with H,S Bases: caustic,
amine-based ammonia
antioxidants Steam
Oxidants: oxygen and
ozone
Radiations (UV, X, )
Max service T 250-300°C 200°C 250°C
Lowest service T | —50/—60°C —40°C 0°C
Special - RGD (rapid gas No metal
requirements decompression) corrosion
resistance

The review will consider first the thermal and chemical stability of elas-
tomers, then their cold flexibility. Since cold flexibility is a necessary con-
dition for extreme applications, the focus of the whole chapter will be on
elastomers whose T, by DSC is below 30°C.

1 Elastomers for high temperature and harsh chemical
environments

The resistance of a rubber part to high temperatures is related to the resis-
tance of the rubber compound primarily to oxidation. Since oxidation is also
the mechanism of many chemical degradation patterns, the choice of a com-
pound that resists to oxidation is one of the main criteria for its use in
extreme environments.

ASTM D2000 standard classifies the most common elastomer classes
according to their volume swell in a reference oil (IRM 903), and to their
highest service temperature, defined as the highest temperature at which
changes of original mechanical properties after 70h aging are kept within
defined limits.
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Fig. 2 Relative performance of elastomers according to ASTM D2000.

Fig. 2 shows such elastomers ranking according to ASTM D2000, focus-
ing here on the ones for mid- to high-end applications, such as the ones in
the Automotive, Aerospace, O&G or Processing Industry markets, where the
rubber part faces high temperatures during service, with often exposure
to aggressive chemicals.

Table 2 describes the main features of the elastomers that are discussed
herewith.

The nature of the elastomer’s polymer chain is the main driver for the
resistance to both oxidation (thermal, chemical) and UV/light degradation
(yellowing, brittleness); the most important polymer functionalities with this
respect are summarized schematically below, in an increasing order of
resistance:

i. unsaturations on polymer main chain
il. wunsaturations on side chains
iii. saturated hydrocarbon main chain
iv. siloxane-based main chain

v. fluorinated polymer main- or side chain
vi. petfluorinated polymer main chain
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Table 2 Short description of selected elastomers composition, main curing technology,
and Ty measured on tested samples.

Tested Composition/
elastomers Description curing Grades Ty (DSQ)
HNBR Low T, elastomer | 49% ACN HNBR high | —6°C
(hydrogenated + improved perox. cure | ACN —24°C
acrylonitrile- chemical 34% ACN HNBR mid —37°C
butadiene) resistance vs NBR | 19% ACN ACN
HNBR low
ACN

AEM Low T, elastomer | 55% MA AEM G.P. —-29°C
(methylacrylate | with high diamine cure | AEM high res | —32°C
ethylene) thermal- and AEM high T | —30°C

chemical

resistance
ECO Low T, elastomer | EC/EO ECO —31°C
(epichlorydrin- with good diamine cure
ethylene oxide) | hydrocarbon

resistance
VMQ (silicone) | Very low T, PDMS VMQ —-39°C

elastomer peroxide (Tm)

cure

FVMQ Very low T, TFPS/DMS | FVMQ —67°C
(fluorosilicone) elastomer + good | peroxide

chemical cure

resistance
Tecnoflon VPLs | Very low T, FKM | VDF/TFE/ | VPL 85730 -31°C
FKM family + high MVE/ VPL 88540 —41°C
(fluoroelastomer) | chemical MOVE VPL 75545 —46°C

resistance peroxide VPL 65455 —55°C

cure

This simplified assessment can be confirmed if one looks at the thermal rating
as to ASTM D2000, where at same 10% oil swell, the thermal rating is
NBR «VMQ and FVMQ < FKM < FFKM, which is in accordance the

considerations above (Figs. 3 and 4).

The usual tests that are part of every material specification of rubbers are
the compression set (ASTM D395): duration and temperature of such tests

depend on the given specification, and for an extreme application compression
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Fig. 4 Chemical structure of silicone and fluorinated elastomers.
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HNBR low ACN vMQ FVvMQ FKM 66% F

Fig. 5 Compression set of selected elastomer samples.

set 1s usually measured after 70h at 200 °C, to assess the “thermal fit" of an
elastomer for heat-resistance demanding applications.

Fig. 5 shows c-set values of representative high-end elastomers and
clearly sets FKMs way ahead in terms of heat resistance, as expected.

It is worth noting that “HNBR low ACN” and “FKM 66% F" in Fig. 5
refer to the copolymer composition of HNBR and FKM, respectively;
indeed, the properties of such elastomers can be further tuned by the como-
nomers choice and level, that influence the polymer chemical resistance and
cold flexibility:

— in the case of HNBR and NBR families, the ACN monomer content can
be varied, tuning so the chemical resistance to hydrocarbons (higher with
high ACN levels) vs the cold flexibility (better with low ACN levels).
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— for FKMs, the monomers drive in an analogue way the chemical resis-
tance (directly linked to the polymer Fluorine content) vs the cold flex-
ibility (better at low F contents; more details in Section 2.)

It is therefore useful to describe which compositions of NBR, HNBR and

FKM polymers are considered when describing their performance.

Also the measurement of the mechanical properties after an heat aging in
an oven at defined time/temperature conditions is an useful tool to assess the
suitability of a rubber element for long heat exposures: their change com-
pared to the original values tells how stable the rubber (mainly the elastomer)
is to oxidation or thermal decomposition.

Figs. 6 and 7 show that best heat stability is obtained with fluorinated
elastomer, FVMQ and VPL 88540," whereas many of hydrogenated elas-
tomers are not even tested at temperatures exceeding 150 °C.

The change of mechanical properties upon thermal aging can give inter-
esting information:

(a) when elongation at break decreases upon heat aging, usually the degradation
reaction has led to additional interchain bonds created by radical acti-
vated mechanism (e.g., VMQ or FVMQ), that reduce chains mobility
and hence the elongation at break

(b) when instead elongation increases significantly, either a chain cleavage reac-
tion has occurred, or the crosslinking agent failed, because it was
decomposed, leaving behind a loose rubber network

Fig. 8 shows a radical activated crosslinking of PDMS chains in a silicone

rubber [2]: it is interesting to notice that when this mechanism occurs in

a controlled manner, such as via organic peroxides in a silicone compound,

it leads to rubber vulcanization, while instead it is the result of uncontrolled

oxidation, it leads to rubber hardening.

If no oxidative patterns are likely, thermal degradation can still occur when
temperatures exceed the ceiling temperature of the polymer, i.e., the polymer
decomposition into low molecular weight species. Still taking silicone as
example (one of most heat stable elastomers), such temperature is 339 °C in
air and it leads to its decomposition into cyclic oligomers (D3, D4, D5, ...) [3].

Both mechanisms (a) and (b) represent a rubber failure: the former,
because the rubber hardens and behaves more and more like a glass with
time; the latter because the resistance to mechanical stress or the recovering
ability from deformation worsens significantly. In all cases the primary cri-
terium of the rubber selection—elasticity—has failed.

® VPL FKMs are special FKM polymers supplied by Solvay Specialty Polymers under the tra-
dename Tecnoflon; see later on in Section 2.
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Fig. 6 Heat aging at 150°C.
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Fig. 7 Heat aging at 200°C.

For FKM and FFKM, the heat resistance is actually driven by the cross-
linking agent used, since this is the weak point of the rubber network, being
it a hydrogenated moiety hence more rapidly oxidized than the fluorinated
main chain.
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Fig. 8 VMQ oxidation scheme.

2 Elastomers resistant to harsh chemical environments

Considering the chemical resistance that a rubber element must provide, the
immersion tests in the target media (gas or fluid) are usually performed at a
temperature higher than the real service one, in order to have a conservative
approach on the assessment of the service life of the part, and the variation of
mechanical properties vs the original sample is taken as the indication of the
rubber suitability for contact with that media.

A simple experiment can serve well to show the negative effect of the
solvent swelling on a sealing material such as an o-ring: Fig. 9 show
o-rings made of 4 different rubbers in their groove after 24h immersion
in toluene at room temperature.

Dimensional stability was compromised for not fluorinated rubbers
(VMQ, HNBR) and as swelling lowers as well the mechanical resistance of
the o-ring, this is likely to be extruded off its groove in a pressurized system.

FVYMQ FKM VPL
|-+ 3 <

Weight swell after 24h/23°C in toluene:
64% 59% 12% 4%

Fig. 9 Toluene swelling of selected o-rings.
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According to a general rule of thumb, the more the chemical composi-
tion of the elastomer and the liquid to which it is exposed 1s similar, the
higher their mutual compatibility and hence the easier the elastomer will
be swollen. The IRM 903 oil of Fig. 2 is useful as such example: it is made
of hydrocarbons, and the elastomer that swells the most in it is EPDM, that is
indeed a polyolefin. Therefore the choice of an elastomer to be facing a
given chemical environment should focus on those polymers whose com-
position does not allow for significant interactions with that chemical class.

In addition to swelling, additives often present in service fluids can cause
two different degradation phenomena on the elastomer:

(a) hydrolysis- or oxidative reactions lead to an increase of elongation at
break with concomitant tensile strength decrease, as consequence of
the cleavage of intrachain- or/and crosslinking bonds

(b) undesired reactions can lead to an increase of the interchain bonds
(additional crosslinks), hence the chain mobility is reduced and the rub-
ber hardens. This pattern is very similar as observed in case of thermal
degradative phenomena

Since any chemical attack first starts with a physical diffusion of the chemical

species into the rubber (diffusion-driven swelling), hence by limiting phys-

ical diffusion, also chemical interactions are limited, including degradative
reactions.

Considering the same example of IRM 903, NBR elastomers swell in a
much minor way than EPDM, and this behavior relates directly to the pres-
ence in the NBR polymer chain of the polar monomer ACN (Fig. 3). For
same reason, ACN presence lowers the NBR/HNBR resistance to polar
fluids.

Therefore, if an additive was present in a IRM 903 solution and it was
able of a chemical degradation of the elastomer chain, its negative effect onto
NBR would be much less than onto EPDM, because the “transportation” of
that additive inside the NBR rubber would be at a minor extent than in
EPDM: chemical resistance would be improved just by increasing
“diffusion resistance”.

At the high-end of the chemical resistance of elastomers as to ASTM
D2000 we find the fluorinated elastomers such as FVMQ, FKM and FFKM.
These elastomers, whose polymer chain is described in Fig., are the least
compatible polymers with many chemicals. They all contain a C—F bond
in some part of their repeating units, that is among the most resistant single
bonds of organic chemistry (some examples in Table 3 [4]); the Fluorine
atom is also responsible of the very low intermolecular forces between
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Table 3 Bond energies of representative bonds.

Bond Energy [KJ/mol]
C—H 337
C—F 536
C—0—C 335
Si—O 798
Si—C 435

fluorinated groups. These two features combined together make fluorinated
polymers difficult to swell by many polar and unpolar fluids (the solvent-
polymer interactions are not favored vs solvent-solvent ones), and very
resistant to thermal degradation or oxidation. The relatively low chemical
affinity of fluorinated polymers with the most classes of chemicals (e.g.,
hydrocarbons, alcohols, water, ...) can explain why such elastomers are
considered for demanding chemical applications.

Hereafter, representative cases of difficult chemical environments are
listed, together with the basic criteria that can help the correct elastomer
choice.

» Additives based on amines

A class of fluid additives that can lead to both mechanisms (a) and (b) are
organic amines, that are used mainly as antioxidant protection of lubricants
or coolants. Usually, the higher the service temperature of the lubricant,
such as e.g., in Aerospace or in the latest developed car engines, the higher
the level of the amine present therein and its antioxidative activity. It is
worth suggesting to perform immersion tests with this kind of fluids in a
closed vessel, to prevent atmospheric Oxygen to diftfuse in and consume
the amine, leading to false positive results.

For elastomers that crosslink via nucleophilic reactions, such as e.g.,
acrylic rubbers (AEM or ACM), ad-hoc selected amines are actually the
crosslinking agent: therefore when an extra amine is present in the service
fluid too, this can form additional undesired bonds, hardening the rubber.
The magnitude of the effects depends on the additive chemical composition
(i.e., number and type of substitutions of the amine), beside concentration
and temperature.

Even the polymer mainchain of VMQ, FVMQ and FKMs can be broken
by amine attack, though with different mechanism, with consequent drop of
mechanical properties. Indeed, VDF monomer represents the only signifi-
cant weak point in FKMs, for basic attack due to its inherent acidity, driven
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by the high electron withdrawing effect of the perfluorinated proximity (the
HFP and TFE monomers). A way to tackle that is the use of a special alter-
nate copolymer of TFE and propylene, FEPM, marketed as Aflas by Asahi
Glass Co Ltd: the Hydrogens do not display an acidic character because of the
relative longer distance from TFE, and are more protected sterically by the
side methyl than in VDF (Fig. 10).

On the other side, having a hydrogenated monomer in the polymer
mainchain increases TFE/P’s affinity to hydrocarbons, hence decreasing
the elastomer resistance in e.g., fuels and crude oil.

This is explicative of how the chemistry of the polymer backbone is the
most useful knowledge to understand and drive chemical resistance.

*  Highly concentrated amines

Desulfurization or carbon dioxide removal, as required in the O&G indus-
try, is often performed by a water solution of amines whose concentration
can be as high as 50% w/w. Not many polymers survive such conditions:
EPDM is one of those, because the polymer backbone is apolar (= very lim-
ited swelling by aqueous solutions), there are no acidic moieties, and there is
no site for the nucleophilic attack of an amine. As the gas removal is pro-
moted by low temperatures, anyway lower than 100 °C, the use of EPDM
is suggested, and limited only if other gases like methane are present.

For similar applications where temperature exceeds 120-130°C, TFE/P
elastomers work well. Their upgrade becomes necessary only if heat stability
is required beyond 200 °C or cold flexibility below —10°C: in these cases,
FFKMs are the only sure solution. Their perfluorinated chain is unaftected
by amines, they can work up to 230-250°C, and a special FFKM grade
down to —30°C (see Section 3).

*  Inorganic acids

Inorganic or mineral acids are water based solutions of highly dissociated
acids (in protons and the respective anion), such as sulfuric and nitric acid,
Hydrogen sulfide (H,S, see later) and Hydrogen halides (HF, HCI, HBr,
HI), that are of main concern especially in the Industry Processing market.

Acidic hydrogen

A/\/\/\/Cl:z_gl: F,-CF,-CF5~ ~~~~ACF,-CF,-CH,-CH-CF,-CF5>"""
Fs H,
FKM terpolymer TFE/P copolymer

Fig. 10 Main differences between FKM and FEPM polymers.
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There are mainly two negative effects that acids can show on an elastomer,

oxidation and hydrolysis:

— oxidation can be played by nitric or perchloric acids, and the rules that
apply to protect a polymer from thermal oxidation are valid for oxidizing
acids too (see Section 2)

—  hydrolysis can work on inter-chain bonds and on main-chain ones:
acrylic rubbers vulcanized by amines form amide-type of crosslink, that
can be hydrolyzed by acid catalysis; siloxane-based elastomers such as
VMQ and FVMQ can have their mainchain hydrolyzed, because the
Si—O—Si bond is highly reactive towards acid catalyzed hydrolysis.
In both cases, the rubber network becomes inconsistent, with the
strength of the effect driven by acid concentration and temperature

Even water itself can be considered with respect to hydrolysis: even if its

action in a neutral solution is much slower, it can become important at high

temperatures, or when water is present as steam

* H,S

Hydrogen sulfide, or sour gas, can work both as an acid and as a nucleophile.

This “versatility” in attack possibilities make the application of many elas-

tomers in contact with sour gas difficult; here some examples:

— amine-cured acrylic elastomers (ACM, AEM) may be added of Sulfur
on the cure-site monomers (usually carboxylic moieties) leading to addi-
tional interchain links, i.e., to rubber hardening

— same effect is observed with HNBR and EPDM, but through a difterent
route, that is the H,S addition on the residual double bonds; only grades
with very low residual unsaturations are suggested for use

— the siloxane main chain of VMQ and FVMQ can also be hydrolysed by
H,S, making these elastomers unsuited for the application

— even FKMs should be chosen with care, because ionic curing technol-
ogy of these elastomers proceed via the formation of mainchain unsa-
turations [5], hence same as seen for HNBR and EPDM can happen,
though higher temperatures are needed

*  Compounding ingredients

Ingredients of the rubber compound are also affecting its chemical resistance,

but to a minor extent: it can be stated that the right polymer choice is a necessary

condition for the longest rubber service, while the wrong compounding is a

sufficient condition for it to fail. Among the most common examples useful

to address chemical resistance through compounding, we can name following:

— UV stabilizers help reducing the detrimental effects of UV light espe-
cially, but not only, on unsaturated polymers. In case these are not
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selected with care, they can turn out to be reactive towards the polymer
through chemical routes, like in the case of amine-based stabilizers.
They can be also stripped oft during service, therefore good
UV-stability is achieved with a saturated elastomer or, even better, with
a fluorinated one

— ZnOhas been claimed to work to enhance the elastomer heat rating and
the adhesion of rubbers to metals, but it absorbs water at high temper-
ature and reacts with acids, leading to rubber swelling. In the example of
the acid H,S, the addition of ZnO to the compound would make there-
fore the correct elastomer choice useless

—  Calcium carbonate (dolomite) or silicate (wollastonite) are often the fillers of
choice when the rubber cannot be black. Beside their different reinfor-
cing character, both fillers have in common that they can be considered
as salts of very weak acids, therefore in concentrated acids, and especially
at high temperatures, they can be hydrolyzed back to CO, and water
(dolomite) or SiO, and water (wollastonite). Such hydrolysis swells signit-
icantly the rubber networks, determining the mechanical resistance
dramatically

While it is not possible here to cover all possible chemical environments of

high-end applications with examples and data, general selection guides pro-

vided by suppliers of elastomers or rubber compounds are an useful tool as

first criterium to assess the feasibility of a given elastomer for the main cat-

egories of chemicals.

3 High-end elastomers for cold temperature
environments

We have seen in Section 1 that the high-end elastomers of choice when ser-
vice temperatures approach or exceed 150 °C, and/or when in contact with
aggressive chemicals, are HNBR, VMQ and fluorinated elastomers, such as
FVMQ, FKM and FFKM (Fig. 4), that represent an upgrade with respect to
common hydrogenated rubbers. Herewith we will focus on an additional
level of performance that is required: the low temperature flexibility.
Indeed, Aerospace and O&G applications are examples of markets where
many rubber parts (gaskets, membranes, packers, hoses) are expected to
work not only at very high T, but also in very cold environments, such
as at T<—30°C. Here, the elastomer is expected to never reach its glassy
state (“freeze”), that would resemble what happens by heat hardening.
Indeed, even if “freezing” is a reversible phenomenon, this can lead to



30 High-performance elastomeric materials reinforced by nano-carbons

dramatic part failure if happening at the wrong moment, such as e.g. when
the glassy o-ring is supposed to seal the space and instead shrinks, or when
the glassy hose is fragile towards mechanical stresses. The visit card of each
elastomer is its Tg as defined by DSC (metodo ...), either via on-set or mid-
point. Glass transition defined by DSC is very helpful to assess the sealing
behavior in static applications, such as for o-rings: the direct correlation
between the ability to seal at —40°C and the T, of the elastomer is clearly
summarized in Table 4.

Hence DSC is very useful to assess good isolation performances (seal-
ability) of a static seal or gasket. DSC method measures glass transition
according to change of specific heat in a static regime, therefore it cannot
say much about how the seal responds to dynamic environments, i.e. when
the temperature changes cyclically and the rubber part must follow, by pro-
viding elastic recovery from deformation, such as strain or compression.

The “temperature of retraction test" (“TR-test" hereafter) as defined in
ASTM D1329 can be helpful to have a look at the mechanical behavior of a
rubber responding to temperature changes. Here, the specimen is strained of
50% of'its original length and frozen in this constrained status well below the
elastomer Ty; then, the rubber is left free to move and the temperature is
increased slowly. The instrument measures how much of its original length
the rubber recovers during the temperature increase. TR -test assesses TR 10
as the temperature at which the rubber recovers 10% of its original dimen-
sion, TR30 at 30% of recovery, and the like for TR50 and TR70: a simple
curve is obtained connecting such recovery temperatures. T, by DSC and
TR 10 are correlated, as expected, being TR 10 usually a couple of degrees
higher than T,, because T, is measured usually on the polymer itself, and
TR 10 on a crosslinked rubber hence with restricted chain mobility. An ideal
elastomer is expected to show one single “TR 100" temperature, close to its

Table 4 Compression set measured at —40°C.

Elastomer c-set after 60 min at —40°C° Ty DSC (mid-point) [°C]
FVYMQ 37 —60
VMQ 40 —41
IVPL 88540 38 —40
HNBR low ACN 65 =37
AEM 97 —32
ECO 97 =31

*ISO 815; specimen compressed of 25% 1h at —40°C, then c-set measured at —40 °C 1 h after releasing
from compression.
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T,, above which the elastic recovery is full, as a kind of temperature switch.
Since this cannot be the case with polymers, the steeper the TR -curve mea-
sured, the closer is the elastomer behavior to the ideal one. For an applica-
tion, the temperature span of elastic recovery should be the narrowest,
indicating that the rubber part would recover back its elastic function soon
after being warmed up slightly beyond its glass transition temperature; or,
the other way around (cooling), that the rubber part does not stop being elas-
tic before the T, is reached. Indeed, it is tolerable in principle to have a fro-
zen rubber element, when it rests at very low temperatures during function
pauses, provided that it can go back fast to full service as soon as the system
requires it increases, i.e. the warming caused by the part function should be
used as quick as possible to recover full elasticity. Also, when the rubber part
faces cooling down to temperature values close to-, but not yet lower than
Ty, its elastic function should be still guaranteed.

Fig. 11 shows TR curves of elastomers with a T, between —40°C and
—20°C: the information gathered by the sole TR 10 value is not very dif-
ferent than T, by DSC, as already stated. The shape of the curves instead
describes that the EPDM sample takes more that 30 °C-span to recover full
elastic behavior, whereas the HNBR samples and especially the IVPL 85540
need less warming to be back to a fully elastic rubber: VPL needs slightly
more than 10°C above its TR10.

Following this model, flexibility at —15°C is granted for “HNBR low
T" and VPL 85540 samples, but not for EPDM or “HNBR high ACN”,
despite what expected from their nominal T, values.

80%

60% J
,/.,
[
/ —+—VPL 85540

40% 1
; 1 HNBR high ACN

/ ——EPDM
20%
/ 5 —=—HNBR Low T
0%
-50 -40 -30 -20 -10 0
T

Elastic recover

Fig. 11 TR-test of selected elastomers.
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The TR curves recorded for polymers with T, below —40°C (Fig. 12)
show interesting features:

—  FVMQ represents an upgrade of VMQ concerning chemical resistance,
still resembling a very low T, (around —60°C). The TR-curve shows
that its elastic recovery is quite slow i.e., the rubber starts to lose free
chain mobility at T below —30°C already

— VPLX654551s the FKM with the lowest T, know in the market: even if
its T, is higher than FVMQ, the TR curve shows a higher chain mobil-
ity in the temperature range above —40 °C, where instead FVMQ is not
yet “completely elastic”

— VMQ is the elastomer with the lowest T, (around —110°C), but the
TR-test show an unusual steep line at —43°C: this transition is due
to crystallization of PDMS chains, which have a melting point around
—40°C. Being this a 1st order transition and being VMQ polymer
chains highly flexible, the TR -test shows a kind of switch-like transition
that happens much before the expected glass-rubber one

TR-test was also performed on aged samples, and the curves obtained after

heat- or chemical aging were compared with the ones measured on the orig-

inal samples. Indeed, for some applications it might be more important to
keep flexibility at low temperatures during service rather than retaining
decent mechanical properties, which are instead usually the data used to
assess the suitability of a material, as seen earlier in Section 1 for the thermal
rating tests. With this respect, it is important that the rubber element shows
its characteristic elastic behavior all along its service life: measuring the

20%
L 60% |
g
8
2 0% —4—\/PL X65455
©
E‘ -VMQ
= 20% | ---FVMQ

0% |

-60 -50 -40 -30 -20 -10

T[°C]

Fig. 12 TR-test of very low Ty elastomers.
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change of TR -curve after an aging is as helpful as measuring the change of
mechanical properties. Analogue to the common practice of measuring the
change of mechanical performance after chemical or heat aging, also check-
ing the elastomer behavior upon “cooling” or “warming” on aged samples is
key to assess that the elastic behavior shown in the as-delivered status is kept
during the entire service.

Fig. 13 shows TR -test performed on selected, high performance elasto-
mers after heat aging for 1 week at 150 °C.

All heat aged samples but I’'PL 85540 show a TR ~curve shifted to higher
temperatures: this can be interpreted as an heat hardening that has reduced
chain mobility. After 1 week at 150 °C the ECO and HNBR samples tested
did not show anymore the same flexibility as-delivered, and especially the
ECO sample showed a shift of about 10°C to recover full elasticity (aged
TR70 at —2°C vs —11°C original).

Fig. 14 shows same experiment run at 200°C with elastomers more
suited to withstand such high temperature.

The curves obtained after 1 week at 200 °C show similar trend, with the
TR-curves shifted to higher temperatures due to the heat hardening, for all
elastomers but the FKM VVPL 88540. The magnitude of the shift is propor-
tional to the resistance to oxidation of the polymers. It is interesting to note
that VMQ’s straight line corresponding to Tm is also shifted, therefore even
the melting process looks affected by some heat-driven hardening.

TR-Test before and after heat ageing 168h@150°C
80%

—+—V/PL 85540 original

g

--k--V/PL 85540 after ageing
—m— ECO original

--8--ECO after ageing

Elastic recover
iy
2

—=— HNBR low T orig.

g

--u--HNBR low T after ageing

=50 -40 -30 -20 -10 0
T[°q]

Fig. 13 TR-test curves before- and after heat aging at 150°C.
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TR-Test before and after heat 168h@200°C

80%
—e— VPL 88540 original
0% --#--VPL 88540 after ageing
g ——FVMQ original
§ 0% — A - FVMQ after ageing
E —m— AEM original
a0 --m-- AEM after ageing

——VMQ original
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Fig. 14 TR-test curves before- and after heat aging at 200°C.

As worse-case scenario we can look at the AEM sample that after aging at
200°C shows a TR10 at —22°C vs —32°C (Fig. 14) of the original status,
that is it becomes glassy and brittle already at —25 °C if thermally aged. On
the opposite, a FKM such as IVPL 88540 retains its original cold flexibility
because it is not thermally degraded.

Same kind of experiment was carried out after a chemical aging of
selected elastomers samples: the comparison of TR-curves obtained after
the condition of Table 5 to the original ones (Fig. 15) could give an idea
how cold flexibility is affected by chemical degradation.

These TR -curves add a piece of information that was not shown by the
results from the usual chemical resistance test (Table 5): indeed, whereas the

Table 5 Change of mechanical properties and weight after chemical aging of selected
elastomers.

Change of mechanical properties after 168h@100°C in Fuel C + 1% benzylamine +
dry-out 168h@150°C

VPL HNBR high

X75545 FVMQ ACN AEM
Tensile strength % —4.5 —6.6 | =265 12
Elongation @ % —6.4 —24.7 | —62.4 —-13
break
Hardness ShA 3 2 12 —17
Weight increase % 0 —0.6 —4.2 -85
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TR-Test before and after chemical ageing

80%
—4—VPLX75545 original
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20% —=—AEM original
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Fig. 15 TR-test curves before- and after chemical aging in Fuel C+benzylamine.

TR-curves after aging reflect the poor stability of HNBR and AEM elasto-
mers in the selected fluid (likely also because of the hard dry-out conditions
for such polymers), and the good stability of the FKM IV'PL X75545, for
FVMAQ the TR -curve is helpful to assess that its elastic behavior at cold tem-
peratures is still good, despite what instead the significant change of elonga-
tion as in Table 5 could indicate.

The tests above suggest that elastomers that are not sufficiently resistance
to thermal or chemical degradation may underperform in cold temperature
applications because of the loss over time of their intrinsic elastic behavior,
i.e., the key reason for their selection.

The excellent chemical resistance of the FKM type VPL is an additional
attribute to the cold flexibility that this type of fluoroelastomers can offer.
Indeed, most common FKM elastomers have been known for decades to
work up to —30°C at the lowest, whereas it was also known that at such
temperatures the chemical resistance of low T, FKMs must compromise.
Indeed, the viable technology to lower the T, of a FKM polymer has been
the synthesis of terpolymers of TFE, VDF and MVE as depicted in Fig. 16,
where the higher the VDF content the lower the T,

A~ CF -CF-CH,-CF,-CF ,-CF 5~
CF,
MVE VDF TFE

Fig. 16 Low temperature FKM composition.
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By increasing the VDF content, the Fluorine content of the main chain
decreases too and hence the polymer becomes more readily swollen by polar
solvents (alcohols, esters, ...), lowering so the chemical resistance.

The fact that the FKM VPL types show instead outstanding resistance
combined with flexibility, exceeding the limit of T, at —30°C down to
approximately —55°C, is due to the proprietary technology exploited to
build the VPL polymer chains, that uses the perfluorinated monomer meth-
oxy methyl vinyl ether (also known as MOVE, Fig. 17) to decrease T, with-
out decreasing the Fluorine content of the main chain.

The benefit of the MOVE technology of achieving very low T,’s while
keeping outstanding chemical resistance typical of FKM polymers is
described in Fig. 18, where the volume swell in M15 test fluid (Fuel C:
methanol 85:15 w/w) is plotted vs the TR10 of FKM elastomers and
FVMQ, to compare another fluorinated elastomer with close TR10.

The high chemical resistance available at temperatures as low as —55°C
makes VPL type of FKM engineered specialties, that are the ultimate solu-
tion to face extreme conditions. MOVE monomer was exploited for FFKM
technology too, achieving with PFR LT supplied by Solvay Specialty

CF,=CF,
CF,OCF4
MOVE

Fig. 17 Perfluoro methoxy methyl vinyl ether.
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Fig. 18 Volume swell in M15 of low Ty FKMs compared to VPL FKMs and FVYMQ.
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Polymers under the trademark Tecnoflon PFR, the unique solution available of
a perfluoroelastomer working up to —30°C (Fig. 19). Such a perfluoroelas-
tomer is virtually the best-in-class in the high-end options for harsh appli-
cations, because its main chain is practically undestroyable by any chemical
and the polymer shows flexibility 30 °C below common FFKMs. This set of
properties are of significant importance in O&G and Aerospace applications.

Dynamic Mechanical Analysis (DMA) is a characterization technique
that is able to investigate separately the viscous and the elastic response of
a polymer to external mechanical stimulus, as function of the temperature.
Such peculiar characteristics of every polymer are extremely interesting for
elastomers too, where especially the elastic component is per definition the
key feature for the application of the rubber, as it drives deformation- and
recovery ability. Plotting the elastic modulus of elastomers vs temperature is
also a method to record the glass-rubber transition, defining the “T, by
DMA”; for the purpose of this study it is not important to define where such
T, value is taken along the curve, but to observe the range of temperature in
which such transition takes place. This information is very analogue, but
more accurate, than what is gathered by the TR-test, because the elastic
component of the response to a stress is recorded continuously from the
glassy to the rubber state, hence it is possible to understand in which range
of temperatures a rubber element is able to oppose elastic, reversible defor-
mation to a stress, or when it will be irreversibly modified. The transition
range can vary of tens of degrees depending on the elastomer (and its

80%

60%
]
g ——\/PL 85540
o
@ 0% —=—V/PL X75545
A=l
i ——V/PL X65455
“o20% —e—V/PL 85730

——PFRLT
0%
-60 -40 -20 0
TI°C]

Fig. 19 Comparison of TR curves of FKMs and FFKM based on MOVE technology.
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compounding recipe at a second level), and the narrower the transition the
more ideally elastic the behavior of the rubber.

Fig. 20 shows the elastic modulus recorded for the three high-end elas-

tomers with the lowest T,

by comparing the curves of VMQ and FKM IVPL X65455, it looks like
the two elastomers have a glass-rubber transition very close, disregarding
their respective T, (and T, for VMQ) values as per DSC. The much
shorter transition for VMQ can be correlated well to the steep
TR-curve seen earlier

the DMA curve of FVMQ confirmed what observed with the TR -test:
this elastomer needs to be warmed well above its T, in order to achieve
the rubber plateau typical of an elastic behavior. It looks like the
“chemical upgrade” of VMQ to FVMQ achieves higher chemical/ther-
mal resistance of the latter at the expenses of the better elasticity behavior
known for silicone backbones.

For cold temperatures applications it is important that the glass-rubber tran-
sition does not shift upwards significantly as consequence of chemical- or
heat aging during service, that can drive changes of the elastomer structure
and hence of its part function. Therefore it is interesting to perform the

DMA also on aged samples and to compare those curves to the original ones.

Storage modulus G' [Pa]
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This experiment was carried out with the FKM IVPL 85730 and the AEM
samples, that have both a glass transition around —30°C as delivered. DMA
specimen of both were tested in a highly additivated transmission fluid of
proprietary composition (“ATF oil”) for 96h at 150°C, which changed
mechanical properties of both as in Table 6.

The curve of the VPL elastomer keeps its original shape after testing, as
expected from the minor changes of mechanical properties recorded. On the
opposite, AEM shows a shift upwards of the glass transition and of the elastic
modulus, both elements indicating an hardening phenomenon occurred
during chemical aging, affecting the performance of the AEM elastomer
when approaching its nominal T, at —30°C (Fig. 21).

Table 6 Change of mechanical properties after chemical aging of
selected elastomers.

Change of properties after 96 h@150°C in ATF oil +dry out at 150°

VPL 85730 AEM
Tensile strength [MPa] —11% +3%
Elongation @ break [%)] +2% +10%
Hardness [ShA] 0 -1

~—— VPL 85730 original
— = = VPL 85730 after chem ageing
——— AEM original

— = = AEM after chem ageing
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Fig. 21 DMA curves before- and after chemical aging.
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4 Outlook

There can be difterent further developments of elastomers for harsh appli-

cations, where delivering a solution able to provide a long-lasting service is

surely a value worth all the development efforts. The most common
demands are targeting to widen the service temperature range:

— flexibility at even lower temperatures, whereas the synthesis of new
monomers looks like the only way to achieve such “almost cryogenic”
performance, since VMQ, FVMQ and FKM VPL work already beyond
—50°C

— ceramic-like resistance to high temperatures: nitrilic cure FFKMs are
nowadays able to work beyond 300°C; this rating can be further
increased by developing innovative crosslinking agents, that are the
weak point in such a rubber network made of perfluorinated chains,
where even ad-hoc compounding cannot add significant step increase

Beside developments involving the elastomer polymer or its vulcanization
chemistry, innovative fillers can improve too rubber performance signifi-
cantly. Improving conductivity has been always a topic in the rubber indus-
try, despite the apparent contradiction of aiming at a property that cannot
belong to the chemistry of saturated polymers. Indeed, polymers with con-
jugated insaturations do show electrical conductivity, but their elastic mod-
ules and T, are so high to be more fibers-like than elastomers. Therefore
compounding is the only way to improve electrical conductivity of a rubber
element, otherwise born as insulator. Dissipative surface conductivity can be
achieved by increasing the ionic content of the compound or by having
surfactant-like additives, able to accumulate a water layer sufficient to dissi-
pate electrostatic charges. To further improve electrical conductivity, inno-
vative rubber compounds are described using graphene: the electron
transportation through this graphite-like filler beyond its percolation thresh-
old, shows electrical conductivities in the range of 0.1-1S/m [6], that is
comparable to that of salty water solutions and tens of orders of magnitude
higher than usual rubber values (10~ "*~107'® S/m). This is an interesting
example of how technology of compounding can help in designing high
added-value rubber parts.
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44 High-performance elastomeric materials reinforced by nano-carbons

1 sp? carbon allotropes as reinforcing fillers for rubbers
1.1 Families of sp? carbon allotropes

Reinforcing fillers [1, 2] are used in rubber compounds to impart the
physical-mechanical properties required by the applications. Among
them, sp” carbon allotropes are well known for their efficient reinforcing
action.

CB [1-3] is one of the ten most important chemical products nowadays
and is used since the beginning of the last century, though the consumer
resistance to the black color [4] delayed its large scale application.
HR-TEM (high resolution transmission electron microscopy) micrographs
of Carbon Black N326 from Cabot Corporation are in Fig. 1.

As it was written [5], the discovery of fullerenes [6] “stimulated the
creativity and imagination of scientists and paved the way to a whole new
chemistry and physics of nanocarbons”. Hence, over the last decades,
new generations of sp> carbon allotropes have become available: carbon
nanotubes (both single [7, 8] and multi-walled [9, 10]), graphene [11-14]
or graphitic nanofillers made by few layers of graphene [15-18]. The quest
for other members of this family is not over: “many exciting challenges
remain. There are various new allotropes to be synthesized, and there are
major challenges in combining our basic low-dimensional forms into more
complex 3D architectures” [19].

Most of new generation sp” carbon allotropes are represented in Fig. 2.

The behavior of all these potential fillers and of some hybrid systems
(in particular based on CB) in rubber compounds has been studied [1-3,
20-31].

Fig. 1 HR-TEM micrographs of carbon black at low (A) and higher (B) magnifications.
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1.2 sp? carbon allotropes as nanomaterials

On asize basis, sp” carbon allotropes reported so far can be classified as nano-
materials. Indeed, according to the standard definition [32], the nanoscale
ranges approximately from 1 to 100nm and a nanomaterial should have
any external dimension, internal structure or surface structure in the nano-
scale. As a consequence, sp> carbon allotropes are usually defined as nano-
structured or nanometric materials. For example, CB is a nanostructured
filler: as it can be seen in Fig. 1, it is made by primary particles which have
at least one dimension below 100 nm and are joined together to form aggre-
gates at least 200 nm long. Silica is a nanostructured filler as well [1, 2]. CNT,
GRM and the allotropes in Fig. 2 are nanometric fillers: their nanosized pri-
mary particles can be separated and individually dispersed in the polymer
matrix.

The importance of nanosize can be easily explained as follows: particles
have large surface area (s.a.) and are in large number per unit volume, at
lower interparticle distance. In particular, a larger s.a. means a larger
filler-polymer interfacial area (i.a.), that is the surface made available by
the filler per unit volume of composite; it can be calculated through Eq. (1):

ia. =s.a.*p*d 1)
where r is the density and fis the filler volume fraction.

Nanometric fillers such as CNT and GRM are characterized by a high
ratio between the largest and the smallest dimension, called aspect ratio.
Hence, thanks to nanosize and high aspect ratio, they have very large surface
area and are able to establish significant interactions with the polymer matrix,
promoting dramatic effects on the properties of the rubber compound.
Nanometric fillers can lend rubber compounds the same mechanical rein-
forcement as nanostructured fillers at much lower content: so, lightweight
materials can be envisaged [29].

2 Functionalization of sp? carbon allotropes
2.1 The need for functionalization

In a rubber compound, is the interaction between a reinforcing filler and
polymer chains stable?

As reported above, CB and silica are nanostructured fillers: aggregates
contain voids, which are able to occlude and immobilize polymer chains,
giving rise to a fundamental contribution to the mechanical reinforcement
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[1, 2]. Nanometric fillers such as GRM and CNT are not nanostructured
and immobilization of polymer chains has not been clearly demonstrated.
In fact: (i) polymer chains cannot be accommodated between layers of a gra-
phitic aggregate, (ii) entangled CNT could trap the chains, but the tubes are
broken during melt blending [33], even when a so called wet melt blending
is used [34]. Also the other nanometric carbon allotropes in Fig. 2 do not
reveal a structure suitable to occlude polymer chains. Moreover, since car-
bon fillers do not have functional groups able to react with rubber chains and
with other compound ingredients, they can only establish Van der Waals
interactions with the polymer matrix.

On the contrary, silica has a polar surface, rich of oxygen atoms which are
involved in siloxane and silanol functional groups [35]. The so called precip-
itated silica [35, 36] is able to give rise to chemical reactions, for example with
organosilanes containing sulfur atoms, which are used to shield the silica sur-
face and as coupling agents with the polymer chains [36, 37]|. Compatibiliza-
tion and chemical linkage between silica and the polymer are thus obtained.

A stable filler-polymer interaction is of the outmost importance. Indeed,
a labile interaction leads to substantial decrease of the dynamic-mechanical
modulus with the increase of the strain amplitude. The network established
by the filler, either directly or through a layer of absorbed polymer, is con-
tinuously formed and disrupted. Such a phenomenon of filler networking is
known as Payne effect [38] and is explained with filler agglomeration-de-
agglomeration [39—-41] and/or filler-matrix bonding and debonding
[42-51]. Thanks to its chemical modification with silanes, silica is the best
filler for low filler networking and, as a consequence, for low dissipation
of energy and fuel consumption [1, 2, 52].

As previously remarked, nanometric fillers, such as CNT and GRM,
have large interfacial area but are not able to establish chemical links with
the polymer, just large and labile interactions between filler particles and
between filler and polymer chains. This leads to high values of modulus
at minimum strain and to remarkable modulus decrease with the increase
of the strain amplitude, so rubber compounds based on CNT [33] and nano-
sized graphitic fillers [26] are characterized by a large Payne eftect.

In the light of such recollection, itis clear that the functionalization of sp*
carbon allotropes is a basic need for the compatibilization with polymer
chains, in particular in the case of nanometric fillers. Reactive carbon fillers
would lead to substantial mechanical reinforcement and to dramatic reduc-
tion of energy dissipation and hence, for example, of rolling resistance of a
tyre compound.
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Moreover, a modification allowing to tune the solubility parameter of
sp> carbon allotropes would be highly desirable, in order to steer both the
compatibility with different polymer matrices and the ability to interact with
compound important ingredients, namely the vulcanizers.

2.2 Prior art

A brief summary of the prior art on the functionalization of CB, CNT and
GRM as the carbon allotropes is reported in Section 4 and 5. As mentioned
in the summary, some aspects are in particular considered:

(i) chemicals and procedures used for the functionalization

(ii) main features of the functionalized products
(iii) properties and applications of the rubber composites based on the func-

tionalized carbon allotropes

In particular, recent advancements are taken into consideration. Attention is
focused on what appeared in the scientific and patent literature in the last
3 years.

3 Functionalized graphite and graphene related materials
in rubber compounds

3.1 Functionalization of graphite and graphene related
materials

A brief sum-up of prior art and present status of functionalization of graphitic
materials, in view of their application in rubber compounds, can be
attempted as follows.

The first approach for the functionalization of graphite was oxidation,
which dates back to XIX century. Over the last decades, the interest in
the oxidation of graphitic materials has largely increased, with the aim to
prepare graphite and graphene oxide (GO) and then, through thermal or
chemical reduction, graphene and GRM. GO and its derivatives have been
and are used in rubber compounds. The introduction of functional groups is
exploited to improve the compatibility either with rubber latexes or with
rubber matrices.

Fuming HNOj; and KClOj; were used by Brodie [53] in the late 1850s:
the adopted multi-cycle process had major drawbacks as the production of
toxic and explosive gases such as NO,/N,O, and ClO,. Explosions indeed
have been documented [54, 55]. A blend of H,SO,4 and HNOj; (2:1) with
KClOj; as oxidant was used by Staudenmeier, toward the end of the XIX
century. The one-step process yet generated explosive ClO, [56]. In the late
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60’s of the last century, Hummers chose H,SO,/NaNO3; and KMnO, [57]
for the intercalation and oxidation of graphite. KMnO, has high efficiency
and only few hours are required for the reaction, though only partial oxida-
tion is obtained [58—61]. Explosive products are not formed and acidic
smokes are removed by replacing HNOj3 with NaNOj. For all these reasons,
Hummers’ method is considered as one of the best, if not the best method for
large scale production of GO. However, toxic NO,/N,O, are still obtained
and manganese ions need to be removed by using strong acids such as HCI,
which remains adsorbed on the graphitic substrate. Improvement of the
Hummers’ method [60—-63] has been performed by excluding NaNO;
and by increasing the amount of KMnQO,, with a H,SO,/H;PO, mixture
[60]. The exclusive use of potassium permanganate did not cause negative
effects on the reaction [61], but only an incomplete conversion of graphite
to GO was obtained. Also the residence times have been modified [61]. Pre-
oxidation of graphite was carried out with P,Os and K»S,Og in H,SO, [63].
The adoption of graphite flakes with sizes in the 3—20 pm range has allowed
the complete conversion to GO [62]. GO could also be obtained through
solvent-free mechano-chemical oxidation of graphite [64|. However, such a
method can be hardly employed for large scale production.

All the aspects of graphene oxide chemistry (preparation, structural fea-
tures, reduction and functionalization) are rationalized in the open literature
[65, 66].

Focus of this chapter is on functionalized carbon allotropes, for rubber
composites. However, it is worth to make a quick defour on the reduction
step which is crucial in order to obtain layers with the expected graphene
properties. It is well known that hydrazine [67—70] and hydrogen plasma
[69] can be used. A stabilizing agent is added to avoid re-aggregation of gra-
phitic flakes [71, 72]. Quick deoxygenation of graphite oxide in the presence
of'a base (NaOH 0.1 M) has been carried out at moderate temperatures (80 °
C) [73]. Ascorbic acid has been used [74]. Thermal [75] and flash [76] reduc-
tions have been performed. However, it is known that reduction is incom-
plete and that the ideal graphene structure is not restored |77, 78]. As regards
the papers appeared in the scientific literature, GO used as a filler in rubber
compounds has been in most cases produced through (modified) Hummers’
method [65, 79, 80]. This chemical form allowed to achieve the best disper-
sion of the graphene layers in the rubber composites. For example [81], after
dispersing GO in NR latex, in situ chemical reduction to RGO was per-
formed, followed by stirring and sonication. Coalescence and freeze-dry
approach led to a templated array, with graphene platelets confined around
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NR globules. After hot molding, a segregated interconnected network of
graphite in NR matrix was obtained. The scheme of this approach is shown
in Fig. 3.

Thanks to this procedure, percolation is obtained with the minimum
amount of graphene platelets, even though, as reported by the authors,
some restacking of graphene layers can be expected. GO has also been
used as a carbon framework for the preparation of many derivatives
[65, 82, 83].

In this chapter, the GO derivatives used for the preparation of rubber
composites are considered. What appeared both in the scientific and patent
literature has been examined, with emphasis on the last few years. Table 1
lists the chemical modification of GRM, the polymer matrix used, the
objective of functionalization and the main result(s) obtained. In brief,
the polar groups introduced onto the graphitic layers lead to:

(i) stronger interfacial interaction, also via covalent bonding, with a
polar rubber
(ii) formation of hybrid system with a polar filler, such as silica
(iii) loading of polar functional molecules, such as the antioxidants, on
the filler

(iv) self-assembly and self-healing materials
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Fig. 3 Interconnection of graphene platelets in NR matrix. (From Y. Luo, P. Zhao, Q.
Yang, D. He, L. Kong, Z. Peng, “Fabrication of conductive elastic nanocomposites via
framing intact interconnected graphene networks”, Compos. Sci. Technol. 100 (2014)
143—151).



Table 1 Functionalized GRM in rubber composites

Chemical modification

Rubber matrix

Objective/main achievement(s)

Ref.

3-Mercaptopropyltrimethoxy silane
(MPTMS)*

Glycerol and fatty acid (molar ratio 2:1)"

Plant polyphenol-tannic acid; mixture
with primary amine-containing silane
coupling agent modified SiO, to
obtain a hybrid"

—OH, —COOH

Nitrile-butadiene rubber

Styrene-butadiene rubber/
silica

Natural rubber

Maleinated polystyrene-b-
poly(ethylene-r-butylene)-
b-polystyrene thermoplastic
elastomer

Elaboration of a one-pot procedure to
simultaneously modify and reduce
GO; a stronger interfacial interaction
via covalent bonding between filler
and matrix; superior mechanical
properties and higher storage modulus

Remarkable improvement in
mechanical, thermal and electrical
properties; enhanced dry and wet
braking and rolling resistance

A new efficient strategy of constructing
graphene—SiO, hybrid fillers
established; evenly distribution of the
filler in the matrix with improved
interfacial interaction; high tensile and
tear strength; good thermal
conductivity; excellent abrasive
resistance capacity

Superior mechanical properties, higher
hardness, higher electrical conductivity
at a lower percolation threshold and
enhanced gas barrier resistance with
respect to analogous composites with
non-functionalized graphene

[84]

[85]

[86]

[87]

Continued
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Table 1 Functionalized GRM in rubber composites—cont'd

Chemical modification

Rubber matrix

Objective/main achievement(s)

Ref.

2-Tert-butyl-6-(3-
tertbutyl-2-hydroxy-5-methylphenyl)
methyl-4-methylphenyl acrylate®

2,6-Di-tert-butyl-4-hydroxymethyl
phenol”

Polystyrene-block-poly(2-hydroxyethyl
methacrylate)®

AMPTES and GPTMS (silanes)®

Silica decoration”

Hexadecylamine®

Natural rubber

Natural rubber

Styrene-butadiene rubber

Polypropylene/ethylene-

propylene rubber

Styrene-butadiene rubber

Carboxylated nitrile rubber

Improvement of thermo-oxidative aging
resistance

Enhancement of thermal stability and
thermo-oxidative aging resistance of
vulcanized composite

Strong interfacial interaction between
filler and matrix; continuous filler
networks; enhancement of thermal
conductivity and mechanical
properties of vulcanized composite

Improvement of tensile strength, Young’s
modulus and thermal stability;
elongation and Izod impact strength
adversely affected

Tensile strength and thermal stability
increased; possible various high-
performance rubber composites

Improvement in tensile strength and in
elongation at break; reduction of
Young’s modulus; enhancement of
thermal stability and dielectrical
constant; possible application as
flexible dielectric materials in
electronic devices

(88]

[89]

[90]

[91]

[49
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Fluoridric acid®

—OH, —COOH

4,4’ -Methylenedianiline and
polypropylene chains
N-1,3-dimethylbutyl-N'-phenyl-p-

phenylenediamine®

Phenylene ethynylene oligomer”

1-Allyl-3-methyl-imidazolium chloride®

Styrene-butadiene and
butadiene rubber

Bromobutyl rubber

Polypropylene/ethylene-
propylene diene
Styrene-butadiene rubber

Diene—based elastomer

Styrene-butadiene rubber

Mechanical properties substantially
improved; decrease of antiwear
properties since layered graphene
promotes to tear and peel oft

Significant enhancement of the barrier
properties at low levels of nanofiller
loading and exceptionally low value of
electrical percolation threshold for a
composite with a segregated
morphology

Lower damping behavior and intensity of
the loss factor

Immobilization of the antioxidant leads to
a much better antimigratory efficiency
and to exceptionally high long-term
thermo-oxidative aging resistance;
potentially a promising strategy for the
eco-friendly reduction and
functionalization of GO

Promotion of low rolling resistance and
tread wear resistance for a tire tread
rubber composition as well as of the
thermal conductivity for the rubber
composition (tread, sidewall, other
internal components)

Great enhancement of tensile strength,
tear strength, thermal conductivity and
solvent resistance

[94]

[96]

[97]

[98]

[99]

Continued
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Table 1 Functionalized GRM in rubber composites—cont'd

Chemical modification

Rubber matrix

Objective/main achievement(s)

Ref.

Polyethylene terminated with —SH
groups brushes”

3-Aminopropyltriethoxysilane (APTES)"

p-Phenylenediamine”

a

3-Aminopropyl triethoxysilane (APTES)’

Poly(styrene-b-ethylene-co-
butylene-b-styrene)
triblock copolymer

Polyurethane

Bromobutyl rubber

Nitrile-butadiene rubber

modification of polymer domains
morphology; retention of high
elongation at break; percolation
threshold for electrical conductivity
slightly above 0.7 vol%; promising new
class of flexible conductors for
applications like actuators or bodily
motion sensors

Enhancement of anti-corrosion properties
attributed to the hydrophobicity and
barrier effect which not only reduce the
contact and interaction between water
and the surfaces, but also increase the
tortuosity of the corrosive medium
diftusion pathway

remarkable enhancement in tensile
strength, storage modulus, thermal
stability and permittivity; drastic
improvement in gas impermeability;
nanocomposite developed for tyre
inner liner application

Relatively high dielectric constant and a
small loss factor at 1.0kHz, combining
with a good insulating property;
potential applications in resistive and
capacitive field grading materials

[100]

[101]

[102]

[103]

*From graphite/graphene oxide.
From graphitic materials.

14
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4 Functionalized carbon nanotubes in rubber compounds

CNT, both single- [7, 8] and multi-walled [9, 10] are nanofillers of great

potentialities to improve the properties of rubber composites. The main

objective of the many functionalization methods reported in the scientific
literature is to convert CNT bundles into dispersible tubes, able to establish

a strong interaction with the matrix. It is fulfilled by performing:

(i) endohedral or exohedral functionalization

(ii) covalent or non-covalent functionalization

The endohedral functionalization occurs in the internal part of the tubes, is

hindered by the size of the tube diameter (up to about 2nm), and has minor

effect on the compatibilization with the matrix. The exohedral functiona-
lization, involving the external area of CNT, has been mainly attempted and
both non-covalent and covalent approaches have been developed.

R eviews are available to describe covalent [104—110] and non-covalent
[107-109] chemical modifications. A very concise summary is proposed as
follows.

Non-covalent functionalization. Non-covalent functionalization is based on
(1) anionic, cationic, and non-ionic surfactants, (i) polymers wrapped around
the tubes, such as for example polyurethanes, poly(phenylenevinylene),
poly(styrene)-block-poly(acrylic acid), (i) biomacromolecules such as pro-
teins. This approach has been used also in the last years, for the preparation
of rubber composites. Examples appeared in the scientific literature are in
Table 2. In brief:

(i) cation-pi interaction is exploited, thanks to the use of ionic salts

(ii) ionic surfactants typically have long hydrophobic chains and a salt as
the functional group

(iii) non-ionic surfactants typically are poly(oxyalkylene)

(iv) the increased compatibility with the elastomer matrix and the better
dispersion lead to the reduction of polymer phases size in a blend,
to the improvement of thermal and electrical properties and to the
effect on rheological properties

Covalent functionalization. Covalent chemical functionalization of CNT can

be divided in:

(i) direct functionalization (see Fig. 4)

(ii) derivatization of oxidized CNT (see Fig. 5).

Asit can be seen, oxidation is the first step for the introduction of many func-

tional groups. Oxidized CNT have been also used, in many elastomer nano-

composites, to obtain ultimate dispersion in rubber latex. Procedures to

obtain such dispersions are summarized in Table 3.



Table 2 Non-covalent functionalization of CNT and their use in rubber composites

Chemical modification

Rubber matrix

Objective/main achievement(s)

Ref.

Ionic liquids

Compatible furan groups

Surfactants (lithium dodecyl
sulfate, sodium dodecyl
sulfate, Na+K Soap,
Zn-Soap)

Polystyrene brushes

Poly(ethylene glycol)
monomethylether; dodecyl
groups

Surfactants (sodium dodecyl
sulfate, cetyl tri-Me
ammonium bromide,
Tween 20)

Thermoplastic, thermosetting
and elastomer matrixes

Thermoreversibly crosslinked
ethylene propylene rubbers
grafted with furan groups

SBR latex

Polystyrene-block-poly
(ethylene-butylene)-block-
polystyrene (SEBS)

Epoxy resin or chloroprene
rubber

Natural rubber latex

Development of new materials with EMI
shielding, supercapacitors, energy storage,
sensors applications

Crack-healing by welding; design of novel
strain-sensors based on recyclable rubbers

Composites with outstanding mechanical,
thermal, and electrical properties at low
loadings; tread compounds of a pneumatic tyre
with enhanced abrasion, wet grip, and rolling
resistance performance

Decrease of the block co-polymer microphase
separation temperature; significant promoting
effect on microstructural development,
comparable to that of annealing

Electrical conductive nanocomposite adhesive
containing also polyaniline

Finding a correlation between the dispersion of
CNT and the rheological properties of
nanocomposites

[111]

[112]

[113]

[114]

9s
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Fig. 4 Direct functionalization of CNT. (From H.-C. Wu, X. Chang, L. Liu, F. Zhao, Y. Zhao,
“Chemistry of carbon nanotubes in biomedical applications”, J. Mater. Chem. 20(6) (2010)
1036—1052).

In brief:
(i) —OH and —COOH groups are preferentially introduced, with

oxidation techniques

(i) CNT with polar groups are preferentially mixed with rubber latexes or
polar rubbers

(iii) lower permeation to oil, better mechanical and electrical properties,
better properties under stretching are obtained.

Functionalized CNT are steadily used for the preparation of rubber compos-

ites. In this chapter, focus is on what has appeared in the scientific literature

between 2014 and 2018. Chemical modification, rubber matrix, objective

and main results are indicated in Table 4.
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? Living polymerization, CNT-copolymer can be obtained: n, m: Degree of polymerization.

Fig. 5 CNT functionalization through derivatization of carboxylic groups. (From P.-C. Ma,
N.A. Siddiqui, G. Marom, J.-K. Kim, Dispersion and functionalization of carbon nanotubes
for polymer-based nanocomposites: a review. Comp. Part A Appl. Sci. Manuf. 41 (10) (2010)
1345-1367).

5 Functionalized carbon black

CB can be functionalized in many ways, as reported in the scientific litera-
ture and in the industrial practice [3]. Examples are the CB treatment with
ozone [127-131], plasma [132], triazole [133], polysulfide [134]|. Carbon-
silicon dual phase was obtained with the so called cofuming technology
[135, 136]. Research on the functionalization of CB has been active also
over the last years. In Table 5, examples appeared in the scientific and patent
literature in the year period 20162018 are shown.
In brief:

(i) both non-covalent and covalent functionalization have been performed
(ii) hydroxy, carboxy and silanol groups have been preferentially introduced
(iii) improvement of mechanical, thermal, electrical properties have been

achieved



Table 3 Covalent functionalization of CNT and their use in rubber composites

CNT treatment Blending procedure Results: CNT dispersion Ref.
1. HClI 1. Dispersion in water with SDS, 1/1 wt |- CNT strongly adhered to latex particle | [117]
2. HNO; ratio; bath sonicator for 15 min surface
2. Dispersion added to ammonia solution of | — Latex spheres: exclusion volume
prevulcanized natural rubber for CNT
3. Magnetic stirring for 24h, sonication for | — The available space for CNT is reduced:
15min lower percolation threshold and
4. Poured into a Petri dish, dried at 60°C formation of networks at the “grain
for 24h boundaries”
— No aggregates. CNT are properly
embedded in the films and do not
impede latex spheres coagulation.
H,SO,/HNO; 1. Dispersion in water with sodium dodecyl | — High concentration of oxygen and sulfur | [118]
sulfate (SDS; SDS/CNT =1/1.5 wt around CNT: surfactant molecules
ratio); bath sonicator for 2h remain adhered to CNT surface and act
2. Addition of natural rubber latex, as a bridge between the CNT and the
magnetic stirring polymer
3. Sonication 1h (to remove bubbles): thick |- CNT covered by a layer of polymer:
slurries good adhesion between the two
4. Cast onto a flat plastic mold, dried in an components
oven under air, 50°C, 24h — The polymer is “softer” around the
boundaries of CNT than in other
regions: dissipative interfacial layer
Continued
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Table 3 Covalent functionalization of CNT and their use in rubber composites—cont'd

CNT treatment Blending procedure Results: CNT dispersion Ref.
1. SDS (CNT/SDS = |1. Prevulcanized NR latex (addition of |— Untreated CNT severely aggregated in | [119]
2/1) curing system for 2h at 60°C). Total the matrix (twisting): uncompatible
2. KOH (pH=10, solid 50% — PDDA: used as a bridge, to enhance the
negatively charged 2. CNT-PDDA water suspension dropped interfacial adhesion with the polymer
CNT) into negatively charged natural rubber — CNT-PDDA: more intimate with the
3. Poly(diallylmethyl latex. Gentle magnetic stirring, room matrix, individually attached to the
ammonium) temperature, 24 h NR particles like a little worm. Much
chloride (PDDA; 3. Cast onto glass plates, dried at 50 °C for improved dispersion. Interface with NR

CNT/
PDDA=10/1)

24h

very smooth

With CNT content <3wt%, almost all
CNT homogeneously distributed
throughout the matrix as individual
tubes. A further increase of CNT
content had an unfavorable effect on
dispersion in the latex

09
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Table 4 Chemical modification of CNT

Chemical modification Polymeric matrix Objective/main achievement Ref.
Compatible furan groups Thermoreversibly Crack-healing by welding; design of’ [112]
crosslinked ethylene novel strain sensors based on recyclable
propylene rubbers rubbers
grafted with furan groups
Polystyrene brushes Polystyrene-block-poly Decrease of the block co-polymer [114]
(ethylene-butylene)- microphase separation temperature;
block-polystyrene (SEBS) significant promoting effect on
microstructural development,
comparable to that of annealing
—OH groups Fluoroelastomer Resistance to oil based drilling mud; use as | [120]
sealing rubbers (for example o-rings) in
this application field
3-Aminopropyltriethoxy silane (APTES) Epoxidized natural rubber Composites with good electrical [121]
conductivity achieved with a very low
content (0.5 phr) of CNT
Bis(triethoxysilylpropyl)tetrasulfide Natural rubber Composites prepd. by latex mixing with [122]
(TESPT) better tensile properties and electric
conductivities
—COOH groups Polyethylene-octene Increase of the stiffness, mechanical strength | [123]
copolymer (E38) and of UV resistance
Continued
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Table 4 Chemical modification of CNT—cont'd

Chemical modification

Polymeric matrix

Objective/main achievement

Ref.

—COOH groups

Acid treatment and silanization reaction
with bis(triethoxysilylpropyl)tetrasulfide

Covalent functionalization with styrene
groups; non-covalent functionalization
with C(,H5CH:CH2 or CH2:
CH—CH=CH,

Polyurethane

Natural rubber

SBS thermoplastic
elastomer

all-printed, inexpensive, highly stretchable
electrochemical sensor and biofuel cell
array with negligible impact on structural
integrity, electrical performances and
electrochemical properties upon
repeated stretching, torsional twisting,
indenting stress

High rubber reinforcement and crosslink
density; retardation of vulcanization
reaction

Electro-mechanical composites suitable for
large deformation sensor applications

[124]

[125]

[126]

9
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Table 5 Functionalization of carbon black

Chemical modification Polymeric matrix Objective/main achievement Ref.
Ferrocene aldehyde, ketone or Natural rubber Improvement of thermal aging; [137]
carboxylic acid compound significant toughening and
reinforcing effects
—OH, —COOH Non-functionalized diene-based Pneumatic tyre [138]
elastomer
Acrylic acid Synthetic rubber; automobile tire Fender; recycling economy: [139]
leftovers minimization, recycling and
reclamation
Long-chain alkylsilane Natural rubber Method with simple equipment and [140]
gentle reaction conditions; is
adapted to industrialized production
Maleic anhydride Isocyanate-modified vinylchloride- Super-smooth semiconductive [141]
vinyl acetate copolymer; maleic shielding cable with high volume
anhydride grafted ethylene-1-octene resistivity stability, good dispersion
copolymer elastomer, linear low uniformity of the conductive filler,
density polyethylene high pressure and temperature
resistance, good mechanical
performance and long service life
1-Hexadecyl-3-methylimidazolium Silicone rubber Polymer-based flexible piezoresistive [142]
bromide composite for future fabrication of
sensors and wearable electronic
devices
Ampholytic surfactant Natural rubber Wet-process masterbatch with [143]

homodispersed filler; the obtained
tire prepared using the vulcanized
rubber can reduce compression heat
generation and oil consumption
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6 Sustainable functionalization of sp® carbon allotropes.
Objectives

All the methods reported in previous paragraphs are characterized by the use
of a specific chemistry, sometimes with harsh conditions and hazardous
chemicals. In most cases, the functionalization methods lack of versatility.
There is still room for investigating innovative, more sustainable and versa-
tile procedure.

Starting from the present paragraph, functionalization methods developed
by the authors are discussed. They were inspired by the following objectives:

(i) sustainability
(ii) preservation of bulk structure and sp> hybridization of the carbon
substrate

(iii) introduction of different types of functional groups.
In particular, the adopted sustainable functionalization methods rely on the
absence of solvents and catalysts and avoid the production of wastes.
Reagents are available on the market and associated to acceptable phrases
of risk.

To what extent such objectives were achieved with the developed
functionalization methods will be discussed in the following.

7 Sustainable functionalization of sp? carbon allotropes.
Methods

Reactions on carbon allotropes were performed with:
(i) potassium hydroxide
(ii) hydrogen peroxide
(iii) serinol derivatives: pyrrole compounds obtained by means of Paal-
Knorr reaction between a primary amine and a dicarbonyl compound.
sp” carbon allotropes were: CB, nanosized graphite with high surface area
(HSAG), MWCNT.

In this section, the experimental procedures adopted for performing the
functionalization reactions (Par. 7.1, 7.2, 7.3), a comparison between the
methods (Par. 7.4) and the effect of functionalization reactions on the struc-
ture of the graphitic substrate (Par. 7.5) are presented and discussed in order
to evaluate the sustainability of the methods and the preservation of the
molecular structure of the carbon allotropes.

All the presented methods allowed to introduce heteroatoms such as
oxygen and nitrogen in the chosen substrate.
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7.1 Functionalization of sp? carbon allotropes with KOH

Reactions of carbon allotropes (CA) with KOH were carried out as shown
in Fig. 6 and described in detail in the experimental part of published papers
[144-146].

In brief, KOH powder was mixed with the selected carbon allotrope and
energy was given to the mixture, by simply heating or by using a ball mill.
The product (CA-OH) was carefully washed and then isolated, upon ver-
ifying a neutral pH. KOH/CA mass ratio was in the range from 1:5 to 20:1.
In particular, this paragraph will be focused on samples obtained with 1:1 as
the mass ratio.

The functionalization method with KOH appears to be simple indeed.
The critical step is the achievement of a neutral pH after the reaction,
although such a procedure is not that troublesome when a little amount
of KOH is used.

The efficiency of the functionalization method was investigated by esti-
mating the amount of acidic groups in CA-OH by means of Boehm titra-
tion, as described further below in Table 10 (see also the experimental part in
Ref. 145).

7.2 Functionalization of sp? carbon allotropes with H,0,

Reactions of CA with H,O, were carried out as shown in Fig. 7 and
described in detail in the experimental part of a published paper [145].

In brief, mixtures of CA and H,O, were formed in the absence of cat-
alysts and solvents (other than water) and stirred either at room temperature
or at 70°C, for either 3 or 24h. The functionalized carbon allotropes
(CA-Ox) were isolated by washing with H,O until neutral pH.

thermal energy

CA/KOH Energy* neutral pH
+ ]— Mixture “Vedanea g | CA-OH/ KOH W CA-OH

Fig. 6 Block diagram for the preparation of hydroxylated carbon allotropes (CA-OH).

CNH202 Thermal energy filtration %
+ } i | [CAOX/H,0 | ————> [ CA-Ox ]
-Hzoz'(

*30 % (wiw) in Hp0

Fig. 7 Block diagram for the preparation of oxidated carbon allotropes (CA-Ox).
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Also the functionalization method with H,O, appears to be simple and
the washing procedure is easier than in the case of the reaction with KOH.
Even on these samples the amount of acidic functional groups was estimated
by means of Boehm titration (vide infra).

7.3 Functionalization of sp? carbon allotropes with pyrrole
compounds

Various pyrrole compounds (PyCs) were synthesized through the Paal-
Knorr reaction of 2,5-hexanedione with primary amines, as reported in pre-
vious publications. Different types of primary amines were considered. The
synthesis was performed in the absence of solvents and catalysts, as reported
in detail elsewhere [147—154], and is summarized in Fig. 8.

All the reactions are characterized by a high atom economy and just one
by-product, that is water. A high yield was obtained for all the syntheses.
Atom economy (AE) and yield of the reactions are reported in Table 6.

Some of the authors have in particular reported the synthesis of 2-(2,5-
dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (serinolpyrrole, SP), whose
structure is in Fig. 9, from 2-amino-1,3-propandiol (serinol) as the primary
amine (Run 6 in Table 6) [147-151].

Such synthesis is characterized by a yield larger than 95% and by an 83%
AE. The reaction mass efficiency [150—155] is thus of about 80%. However,
the yield of most reactions of Table 6 was at least 70% and the yield of some
of them exceeds 80%. All these data allow to comment that the PyCs were
obtained with a sustainable process.

The functionalization of CA was performed as schematically shown in
Fig. 10 and as reported in detail in previous publications. The reagents were
simply mixed in a low boiling solvent such as acetone, optionally with the
help of sonication. Upon solvent removal, either thermal or mechanical
energy was given. The thermal treatment was from 80°C to 150°C, for

2—4h. The mechanical treatment was performed with a ball milling, at
300 rpm for 6h.

(@)
o )
)W *HNT v 2RO
|

0 R
Fig. 8 Reaction of 2,5-hexanedione with primary amines to give pyrrole
compounds (PyCs).



Table 6 Reactions of 2,5-hexanedione with different primary amines®

Product
Run Amine AE (%) Yield (%) Acronym Structure
1 oo 75 86.9 TMP —
N/
2 S~~~ NH2 84 73 HP -
NN %
3 88 62 DDcP
M
N\ _N
4 90 73 ODcP M
HN Y7
N\ _N
5 OH 81 80 GlyP ™
HZN/ﬁ]/
o]
OH
/N
6 83 96 SP = o
HO/Y\OH M\
7 89 80 APTESP Ho\)\/OH
OL? §
N \Sli/\/\NHz o ?
~O ~~ \Sli/\/\N N\
\/O =

*Temperature: 130°C, time= 3h. For Run 1 and 5: T=150°C.
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Fig. 9 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (serinolpyrrole, SP).

thermal

energy
CA + PyC

mechank

energy CA-PyC-M

Fig. 10 Block diagram for the preparation of CA-PyC adducts with the help of either
thermal or mechanical energy.

Adducts were rinsed with acetone, until it was not possible to detect any
organic substance in the washing solvent. After drying in air, thermogravi-
metric analysis (TGA) was performed on the obtained powder, determining
the amount of PyC.

The yield of functionalization was evaluated, through the following
equation (Eq. 2):

Functionalization Yield (%) = M x 100 (2)
PyCeore washing

In the following, adducts prepared through the thermal treatment will be
discussed. The yield of functionalization will be compared for the reaction of
HSAG, CNT and CB with SP as the pyrrole compound. Then, the efficiency
of functionalization reaction of HSAG with various PyC will be discussed.
Results from TGA analysis of CA reacted with SP are listed in Table 7.

Three main steps were detected for the mass loss in the TGA thermo-
graph at various temperatures and were attributed [150] as follows:
— at T <150°C loss of absorbed low molar mass substances, namely water;
— from 150°C to 700°C decomposition of PyC and alkenylic groups,

defects in CA
— at T>700°C combustion with oxygen.
The yields of functionalization are summarized in Table 8.
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Table 7 Mass loss for CA-SP adducts from TGA analysis

Mass loss [%]

Carbon 150°C 400°C

allotrope T <150°C <T <400°C <T <700°C T>700°C
HSAG® 0.0 0.1 0.4 99.5
HSAG" 0.4 4.1 6.0 89.5

CB® 0.2 2.9 5.3 91.6
CNT" 0.4 2.4 6.8 90.4

*Pristine sample.
® After the reaction.

Table 8 Yield of functionalization of CA with SP from TGA analysis and Eq. (2)

Carbon allotrope Surface area (m?/g) Yield of functionalization
HSAG 330 96%
CNT 275 92%
CB 77 82%

High functionalization yield was obtained with all the CA and was
almost quantitative for HSAG. The amount of functional groups in the
adducts was again determined by means of Boehm titration (vide infra).
Functionalization yields of HSAG with various PyCs are compared in
Table 9. Data reveal that the functionalization was efficient whatever pyrrole
compound was used.

7.4 Comparison of the functionalization methods

As previously anticipated, the amount of functional groups in CA reacted
with KOH, H,O, or PyC has been determined by means of Boehm titra-
tion. It was performed to quantitatively determine the content of oxygen-
ated surface groups. In a typical experiment, 0.05g of the carbon allotrope
were dispersed in 50mL of a 0.05 M NaOH solution. After stirring at room
temperature for 24 h, the mixture was filtered. 10 mL of solution were mixed
with an aqueous solution of HCI (0.05M, 20mL). The obtained mixture
was titrated using a 0.05 M solution of NaOH. The results are summarized
in Table 10.

In the case of the reaction with KOH, a certain correlation between the
amount of functional groups and the surface area of the carbon allotrope can
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Table 9 Yield of functionalization of HSAG with various PyCs from TGA analysis and
Eq. (2)

Product

Acronym Structure Functionalization yield (%)

T™MP — 73

N/

HP - _ 87
\/\/\/N /

DDcP 80
N\_N

ODcP ™ 98
N\ _N

GlyP Nt 82

Sp = o 96

APTESP Ho _A_ oH 78

0
\/O\S:i/\/\N N\
~° =

Table 10 Amount of functional groups (mmol/g) in functionalized CA determined by
means of Boehm titration

Functionalization method

Surface area KOH H,0,5° SP
Carbon allotrope m?/g mmol/g
HSAG 300 5.0 3.1 6.3
CNT 275 3.0 3.2 2.6
CB 77 2.0 5.8 7.7

*Sample prepared at 70 °C.
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be noted. Indeed, HSAG has larger surface area than CB. However, why do
CNT, in spite of their large surface area, reveal a low amount of functional
groups? The functionalization of graphene layers by means of KOH has been
hypothesized to occur through a nucleophilic substitution on the edge ben-
zene rings [144]. In the light of such mechanism, HSAG could be more reac-
tive, as it has a larger amount of reactive edges.

As regards the functionalization of CA with H,O,, a higher number of
functional groups was found on samples prepared at higher temperature,
though in a shorter time. Data in Table 10 refer to a reaction performed
at 70 °C. The efficiency of the functionalization reaction appears to depend
on the type of CA, differently from what observed in the case of KOH. In
particular, the larger amount of functional groups in CB-Ox could be
explained taking into account that CB contains alkenylic and oxygenated
groups, which easily react with H>O».

Considering the functionalization of CA with SP, the reaction was
efficient indeed, particularly for CB and HSAG. By observing the
values in Table 8, the yield of functionalization seems to depend on the
surface area of the carbon allotrope as well as on the available reactive
sites, such as the edges, which are more abundant in CB and HSAG than
in CNT.

7.5 Effect of functionalization reaction on the graphitic
substrate structure

The effect of the reaction with KOH, H,0O, and PyC on the bulk structure
of the graphitic substrate was studied by means of wide angle X-ray diffrac-
tion (WAXD) and Raman spectroscopy. HSAG was chosen as the carbon
allotrope. SP was selected as the pyrrole compound.

In Fig. 11 WAXD patterns taken on powders of pristine HSAG and of
HSAG functionalized in different ways are shown.

In pristine HSAG (a), two reflections reveal the crystalline order in the
direction orthogonal to structural layers: (002) at 26.6 degrees, which corre-
sponds to an interlayer distance of 0.338 nm, and (004) at 54.3 degrees. (100)
and (110) reflections indicate the in-plane order: at 42.5 and 77.6 degrees,
respectively. WAXD spectra of functionalized HSAGs in Fig. 11 reveal that
the (002) peak remains at the same 20 value, allowing to exclude any
intercalation. Peak shape analysis of (002) reflection permitted to evaluate
the size of crystallites orthogonal to the layers, by applying the Scherrer



72 High-performance elastomeric materials reinforced by nano-carbons

I (a. u.)

J e, .~ a

T g T J T T T & T T T T T J 1

10 20 30 40 50 60 70 80
20, ., (deq)

Fig. 11 WAXD patterns of: HSAG (a), HSAG-SP (b), G-Ox (c), and G-OH (d).

Equation [144, 147]. Taking into consideration the interlayer distance, the
number of stacked layers was then estimated: 35 in HSAG, 24 in HSAG-SP,
28 in G-Ox and 23 in G-OH. Peak shape analysis of (100) and (110)
reflections, clearly visible in each pattern, allows to estimate the dimension
of crystallites also inside the structural layers. Almost the same value was
found, in particular for HSAG, G-OH and HSAG-SP.

From these findings, it can be commented that the reaction with SP,
H,0, and KOH promotes the partial exfoliation of HSAG without altering
the in-plane order.

In Fig. 12 Raman spectra (recorded with the laser excitation at 632.8 nm)
of HSAG, pristine and functionalized, are shown.

Two main peaks located at 1580 and 1350cm™ ', named G and
D respectively, indicate the presence of graphitic sp>-phase in the Raman
spectra [144, 145]. The high intensity of the D band has been attributed
[156, 157] to different types of molecular disorder, in particular to the
relative large amount of edges in such a nanosized graphite, prepared via
ball milling. However, G and D bands are present in all spectra in similar
relative amount and there are no indications that the reaction of HSAG
with each modifying agent appreciably affect the structure of the graphitic
layers.
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Fig. 12 Raman spectra with normalized intensities of HSAG (a), HSAG-SP (b), G-Ox (c),
and G-OH (d).

8 Functionalized carbon allotropes. Structure of
functional groups

Qualitative investigation of functional groups was performed by means of
Fourier transform infrared (FT-IR) spectroscopy. Absorption spectra were
recorded in transmission mode using a diamond anvil cell.

In the following, the functional groups introduced onto the carbon allo-
trope by using the different functionalization methods are examined. Spectra
of HSAG and HSAG functionalized with oxygenated groups are compared
in Fig. 13. Oxygenated HSAG samples were obtained with SP, H,O,
and KOH.

The diffusion/reflection phenomena of the IR light caused by the par-
ticles of the samples led to an increasing background toward high wavenum-
bers, clearly visible in all the spectra. In the HSAG spectrum (Fig. 13a), the
band at 1590cm ™', typical of graphene and GRM, is assigned to Eq, IR
active mode of collective C=C stretching vibration. Bands which cannot
be attributed to HSAG are found in the spectrum of HSAG-SP
(Fig. 13b): the broad band at 3370cm ™" is due to hydrogen bonded OH
groups, the bands centered at about 2900 cm ™" are due to sp” C—H stretch-
ing and the band at 1383 cm ™' is due to diol vibration. Stretching of the ami-

dic C=0/isat 1652cm ™" and vibration of the alkenyl groups is at 802cm ™.
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Fig. 13 FT-IR spectra of HSAG (a), HSAG-SP (b), G-Ox (c), and G-OH (d).

Bands in the region of C—C bonds, at 1590 and 1470 cm !, could arise
from the aromatic rings.

The C=C peak is visible also in the spectrum of G-Ox sample (HSAG
reacted with H,O5) (Fig. 13c¢), as well as broad bands, which were not visible
in the spectrum of pristine HSAG. They are at: 3400 cm ™', due to stretching
vibration of —OH; 1388 cm ™', attributed to the out of plane vibration of
—OH groups; 1724cm™ !, assigned to C=0 stretching vibration. Strong
and broad features at 1202 and 1044cm™ " are assigned to the C—O—C
bond stretching of ester and epoxide groups respectively, together with
other vibrations of C—O — C and —OH functionalities.

In the spectrum of G-OH (HSAG reacted with KOH) (Fig. 13d) bands
are present which can be assigned to the absorption of different —OH
groups. Peaks are located at: 3400 cm ™', attributed to stretching vibrations
of hydrogen bonded hydroxyl groups; 1388cm ™', assigned to the out of
plane vibration; 1110cm ™", attributed to C—O stretching vibration;
970cm™ ", assigned to the in-plane phenyl—O—H bending.

The functionalization with PyCs led to decoration of the graphene layers
with a variety of functional groups. FT-IR spectra (recorded in attenuated
total reflectance mode) of HSAG and HSAG functionalized with various
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Fig. 14 FT-IR spectra in the fingerprint region 700-1800cm ', after baseline correction,
of HSAG and HSAG functionalized with SP, Gly, HP, DDcP, APTESP (see Tables 6 and 9 for
the acronym reference).

PyC are shown in Fig. 14. Each PyC used for the functionalization is indi-
cated by the acronyms already reported in Tables 6 and 9.

Some absorptions appear to be common for all the spectra. They are close
to 1700cm™ ", compatible with the presence of C=O stretching vibrations,
and in the 1100-1200 cm™ ' range, most likely due to the stretching vibrations
of C—O—C and C—OH functional groups. A strong feature is present at
1590cm ™" in most of the spectra of Fig. 14, is typical of graphitic materials
and is assigned to E;, IR active mode of the collective C=C stretching
vibration. Such band is hardly visible in the spectra of HSAG-SP and
HSAG-APTESP, because of the strong absorption of the functional groups.

Indeed, the spectrum of HSAG-SP is characterized by i) the strong
absorption assigned to the stretching of C—O-—R groups at about
1040cm ™" and ii) the strong and broad bands due to the C=C stretching
of the pyrrole ring, at 1650 and 1400cm™'. The spectrum of HSAG-
APTESP reveals a very strong absorption at about 1100cm ™', typical of
Si—O stretching vibration. In the spectra of HSAG-HP and HSAG-DDcP,
the bands close to 1450 cm ™! (assigned to CH; and CH, bending vibrations)
can be attributed to the alkyl residues present in PyCs. The strong and broad
bands at 855 and 1005cm ™! could be tentatively assigned to aliphatic ether.
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9 The mechanisms and the products of the
functionalization reactions

Mechanisms for the functionalization of CA with KOH, PyCs and H,O,
have been investigated, by using graphitic substrates [144, 145, 158].
A two-step mechanism has been reported for the functionalization of gra-
phene layers with KOH. Such mechanism is shown in Fig. 15.

In brief: (i) hydroxide anions give rise to a nucleophilic addition to
peripheral aromatic rings and a negatively charged intermediate is formed,
favored by a considerable number of resonance hybrids; (1) a
re-aromatization process occurs. The large stabilization of the charged inter-
mediate in step (1) could be considered as a sort of “wave effect” and the
driving force of the whole process could be the aromatization of the gra-
phene layer. Poly(hydroxylated) graphene layers are formed, shown in
Fig. 16.

A domino reaction has been proposed [158] for the functionalization of
graphene layers with PyCs. The mechanism is shown in Fig. 17.

In brief: (i) one PyC undergoes oxidation, catalyzed by the graphitic sub-
strate and an oxidized lateral substituent (the aldehyde in Fig. 17) is formed;
(1) the activated double bond in PyC performs a cycloaddition reaction on
peripheral positions of the graphene layers. It is worth underlying that the
PyC can be formed in situ on the CA. The structure of the product of such
reaction is in Fig. 18.

it d _
Addition ===~ OH
step
n = = ... an endless number
{ —_———— of resonance hybrids*

*stabilization on the entire conjugated structure ( Meisenheimer like complex)

OH

e iy
"3"3 -
S

Elimination . .
step O, * PotassLum oxygenated species
_—

Fig. 15 Proposed two step mechanism for the functionalization of graphene layers with
KOH (addition-elimination reaction).
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Fig. 17 Proposed domino reaction for the functionalization of graphene layers
with PyCs.

Fig. 18 Product from the reaction of graphene layers with PyCs.

Mechanism for the oxidation of graphitic materials with H,O, is
currently under investigation.

10 Comparative evaluation of the functionalization
techniques

In the previous paragraphs, the functionalization of graphene layers with
KOH, H,O, and PyC has been discussed. Is it possible to identify some cri-
teria on the basis of which such methods can be conveniently compared? An
answer is schematized in Fig. 19.

Reaction sustainability and product compatibility in various environ-
ments have been considered. As far as the functionalization method is
concerned, sustainability and the possibility to use it in the frame of the
existing technology, adopting the so called “drop-in” approach, are of great
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method:
sustainability H,0,
drop-in KOH

Composites:
compatibility with various environments

Fig. 19 Comparative evaluation of functionalization methods.

importance. All the methods appear to be sustainable. In particular, the very
high yield of the functionalization with PyC and the negligible amount of
substances other than the functionalized CA at the end of the process, indi-
cate that it 1s the most efficient and sustainable one. Moreover, the reaction
of CA with PyC can be performed in the frame of existing plants. The com-
patibility with various environments of functionalized CA emerges as the
main criterion for evaluating the versatility of a functionalization method.
Once again, functionalization with PyC seems to be the best method since
it is the only one able to modify the chemical nature of the graphitic sub-
strates over a wide range of solubility parameters, whereas KOH and
H,0, allow to introduce only oxygenated groups.

In conclusion, functionalization of CA with PyC appears a very interesting
and promising method to enlarge their properties and applications. Compos-
ites based on functionalized CA, prepared either via latex or melt blending,
with natural rubber, polyisoprene and polybutadiene as the rubbers (NR,
IR and BR respectively) and CB and silica as the fillers are reported in the
following paragraph. In particular, G-OH was used as the only filler in
composites based on NR, prepared via latex blending. CB-SP was used in
composites based on IR and BR with CB and silica as the filler system.

11 Elastomer nanocomposites with functionalized carbon
allotropes

Elastomer nanocomposites were prepared with either G-OH or CB-SP.
Purpose of the research was to investigate the eftect of a better compatibi-
lization of CA with polar surroundings.
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11.1 Elastomer nanocomposites with G-OH

Nanocomposites were based on NR and G-OH. Preparation is described in
the experimental part of previously published papers. Recipes are in
Table 11, all the amounts are expressed in phr.

Structure of the composites was investigated by means of TEM and
WAXD analyses.

WAXD patterns of HSAG and crosslinked G-OH-15 composite, in
Fig. 20A, reveal that (002) reflection remains at the same 20 value, indicating
that the preparation of the composite from the latex did not lead to any inter-
calation. The number of graphene layers stacked in G-OH, in the powder
isolated after the functionalization reaction and in the crosslinked composite,
was estimated by applying the Scherrer equation (as reported above in the
text) to (001) peak, estimating the dimension of crystallites orthogonal to
structural layers and dividing the values by the interlayer distance. Values
are shown in Table 12.

The number of stacked layers increases from the powder to the cross-
linked composite. Such a finding was already observed in the case of HSAG.
In Table 12, the values of layers stacked in HSAG as powder and in the NR
crosslinked composite are reported. Some of the authors already commented

Table 11 Formulations of elastomer nanocomposites based on NR and G-OH?

Nanocomposite

G- G- G- G-OH- G-OH- G-OH- G-OH-
Ingredient  OH-0 OH-4 OH-7 10 12 15 25
NR 100 100 100 100 100 100 100
G-OH 0 3.7 6.5 9.5 12.3 15.1 25

*Other ingredients: ZnO 4 phr, Stearic acid 2 phr, 6PPD 2phr, S 3phr, TBBS 1.8 phr.

002 0.25 um
3| 2
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Fig. 20 (A) WAXD pattern of HSAG (1) and G-OH-15 crosslinked composite (2) (see
Table 11); (B) TEM micrograph of G-OH-9 composite as precipitated from the NR latex.
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Table 12 Number of stacked graphene layers in HSAG and G-OH

Number of stacked

Compound graphene layers Ref
G-OH 23 [144]
G-OH in G-OH-15 70

NR composite
Pristine HSAG 35 [22, 26]
HSAG in IR composite 70

[22, 26] that the energy given to the composite during processing and vul-
canization favors re-aggregation of the graphitic layers (both G-OH and
HSAQ) into a crystalline graphite: indeed, the crystalline organization cor-
responds to the minimum of energy.

Fig. 20B shows the TEM micrographs of the composite G-OH-9, pre-
cipitated from the NR latex. TEM analysis revealed that G-OH is evenly
distributed. Sub-micrometric size aggregates and few agglomerates not
larger than 3 pm were present in the micrographs; very few isolated graphene
layers and stacks of layers, of different dimensions, are visible.

Rheometric tests have been performed on all the composites. G-OH had
an impact on the sulfur-based crosslinking, causing the decrease of ty
(induction time of vulcanization) and the increase of both My (highest tor-
que value) and My-M; (difference between highest and lowest torque
value) as it can be seen in Fig. 21A and B respectively.

Hence, all the data from rheometric tests can be correlated with the
G-OH content in the composites. The consistent trends and in particular
the linearity of correlations in Fig. 21B seems to confirm that G-OH was
evenly distributed and dispersed in the rubber matrix. It is worth comment-
ing that the reduction of induction time with the content of the graphitic
filler is in line with what reported by some of the authors [159]: the increase
of surface area of the CA led to faster vulcanizations.

Uniaxial stretching was applied to the nanocomposites of Table 11 and
tensile measurements were taken. The dependence of nominal stress on
nominal strain is in Fig. 22.

Neat NR (G-OH-0) gave the lowest values of stress at every deforma-
tion and the largest elongation. Increase of stresses and reduction of strain at
break were obtained with G-OH. Presence of agglomerates of G-OH could
be hypothesized to explain the worse ultimate properties of G-OH-15, with
respect to G-OH-12.

In conclusion, it can be commented that even distribution and dispersion
of a nanosized high surface area graphite were achieved thanks to the
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Fig. 21 ts1/tsimatrix (A), My and (My— M) (B) as a function of G-OH content for the
vulcanization reactions of composites of Table 11. The amount of G-OH in the
composites is indicated.
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Fig. 22 Nominal stress-nominal strain curves, with standard deviations for crosslinked
G-OH composites of Table 11. The amount of G-OH in the composites is indicated.

functionalization with KOH. As a consequence, consistent effects were
observed on the nanocomposite properties: faster vulcanization, large
reinforcement.

11.2 Elastomer nanocomposites with CB-SP

Nanocomposites were based on IR and BR as the rubbers and CB and silica
as the fillers. A furnace carbon black (CB N326) was functionalized with
serinol pyrrole (10% by mass of functionalization). Objective of the research
was the reduction of the silica networking, thanks to the affinity of silica for
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the functionalized CB. Recipes are in Table 13, all the amounts are
expressed in phr.

Both the nanocomposites contained the same amount of CB; SP was an
extra-ingredient in composite (2). Also in this case, crosslinking was per-
formed with a sulfur-based system. It was found that functionalization
had no effect on the vulcanization behaviors, as it is shown by the curves
in Fig. 23.

Silica networking was investigated by performing strain sweep experi-
ments at 50°C, on crosslinked samples. The dependence of shear storage
modulus G on strain amplitude and the dependence of loss module G”
on G are in Fig. 24.

Table 13 Formulations of elastomer nanocomposites based on IR, BR as the
rubber and CB and silica as the fillers. CB-SP as the functionalized CA*®

Composite
Ingredient (1) (2)
IR 50.0 50.0
BR 50.0 50.0
CB N326 25.0 20.0
CB-SP 0.0 5.5
Silica 25.0 25.0
TESPT 2.0 2.0

*Other ingredients: ZnO 4.0, Stearic acid 2.0, 6PPD 2.0, S 1.5, TBBS 1.8.
® Amount of SP on CB 1:10 mass.

25 -
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Fig. 23 Rheometric curves taken at 170 °C for composites of Table 13. Content of CB—SP:
(1) 0phr; (2) 5.5phr.
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Fig. 24 Storage modulus G’ versus strain amplitude (A); loss modulus G” versus storage
modulus G, for crosslinked composites of Table 13. Content of CB=SP: (1) Ophr;
(2) 5.5phr.

From the graphs of Fig. 24 it is clear that the addition of CB-SP led to the
reduction of the G’ modulus non linearity, i.e. of the Payne Effect [46]. More
interestingly, crossover of the curves can be seen. This is usually taken as indi-
cation that a chemical bond was established between the filler and the polymer
chains. Most likely, CB is able to establish a stable interaction with silica and
such a “hybrid filler system” reacts with the polymer, through the sulfur-based
silane. Indeed, as it appears from the Cole-Cole plot in Fig. 24B, for a given
level of dynamic stiftness, the use of CB-SP allows to have lower loss modulus.

In conclusion, functionalization of CB with SP leaves the vulcanization
behavior substantially unaltered but leads to larger moduli at large strain and
to lower dissipation of energy.
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1 Introduction

From a rheological point of view, a direct consequence of incorporation of
nano-particles in molten polymers is the significant change in the viscoelastic
properties. For example, the effect of strain-dependence (non-linearity effect)
of the dynamic viscoelastic properties of filled polymers, often referred to as the
Payne effect |1, 2], has been well known in elastomers and rubbers for 40 years.
The filler dispersion (scales of dispersion and aggregation), their nature (silica,
carbon and clay particles for example) and aspect ratio (sphere, lamella, nano-
tubes, etc....) are expected to play a major role in determining the filler effects
on non-linear responses of nanocomposites. Generally speaking, elastomers
filled with nano-particles show a solid-like behavior response which includes
a non-terminal zone of relaxation, apparent yield stress and a shear-thinning
dependence of viscosity on particle concentration and dispersion [3]. Specifi-
cally to rubbers applications, the compression set (mechanisms of relaxation at
long times) could depend also on the nanocomposite structures. All these
particular rheological behaviors arise from the presence of a network structure.
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https://doi.org/10.1016/B978-0-12-816198-2.00004-9 All rights reserved. 93


https://doi.org/10.1016/B978-0-12-816198-2.00004-9

94 High-performance elastomeric materials reinforced by nano-carbons

The present work is dedicated to the review of the current knowledge on
rheology of rubber composites filled with nanofillers (carbon and silica par-
ticles). As the structure of nanoparticles is of importance in the viscoelastic
behavior of nanocomposites, a brief description of structure of the carbon
nanofillers, for example, is addressed in this introductive part.

Carbon nanoparticles (carbon black, carbon nanotube and graphene
derivatives) have been extensively studied due their ability to improve
the mechanical and electrical conductive properties of polymer nanocom-
posites. Fig. 1 shows the morphology from Transmission Electronic Micros-
copy (TEM) of carbon nanoparticles. The Fig. 1A shows that the carbon
black CB primary particles are structured at different scale (aggregation)
due to strong interaction among the particles which results in chain-like
structures. Note that fumed silica has similar structures at the different scales.
This type of strong interaction of particles leads to apparent elongated par-
ticles which have larger interacting volume than spheres with the same par-
ticle volume in weakly structured carbon blacks. From Fig. 1B, CNT are
expected to achieve their percolation threshold at low filler volume fractions
due to the high aspect ratio (generally L/D>>100). Indeed, percolation
thresholds as low as 0.06 wt% have been reported in the literature for
CNT—polymer systems. Regarding graphene nano-particles in Fig. 1C, it
can be observed like in carbon black, an aggregation of the graphene sheets
at different scales. From a physic point of view the percolation threshold, the
transition between liquid-solid (or between insulator-conductor), depends
on the nature of these carbon nano-particles. It can be then expected the
following classification in terms of the percolation threshold concentration:
CNT < Graphene < CB from the lowest to the highest value. However, the
dispersion and the control of the aggregation at different scales are of impor-
tance to control this percolation threshold and the final properties.

0.2 pm

Fig. 1 TEM observation of carbon nanoparticles: (A) carbon black, (B) carbon nanotubes,
(C) graphene.
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2 Linear viscoelasticity

Due to the small size and the high specific surface, nano-fillers are prone to
self~aggregation and consequently easily form three-dimensional network in
molten polymer matrix. For example Fig. 2A and B shows the variation of
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Fig.2 Variation of the complex shear modulus of nanocomposites at different nanofiller
concentrations: (A) EVA copolymers filled with fumed silica. (B) SBR filled with
carbon black. (A) Reprinted with permission from P. Cassagnau, Polymer 44 (2003)
2455-2462; (B) Reprinted with permission from A. Mongruel, M. Cartault, J. Rheol.
50 (2006) 115—135.
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the linear complex shear modulus (G*(w)=G'(w)+jG"(w)) at different
nanofiller concentrations for respectively: (a) copolymers of ethylene and
vinyl acetate (EVA) filled with hydrophilic silica [4], Styrene butadiene rub-
ber (SBR) filled with carbon black [5]. Therefore, the general rheological
trend for nanocomposites reported in most of the works is the appearance
of a transition from a liquid-like behavior (G'aw” and G”cw') to a solid-
like behavior (G'occ®” = Ge), i.e. the apparition of a plateau (second plateau
modulus) of the storage modulus at low frequency which is higher than the
loss modulus (tand < 1). Actually, it is admitted that the increase in nanofiller
concentration is driving this transition. However, the state of dispersion
and/or the surface modification of nanofillers is another parameter driving
this transition. Since the filler-matrix interactions dictate the nature of shell
formation, they play a direct role in the filler agglomeration process. It is
evident that poor compatibility, for example untreated silica particles
(hydrophilic) in hydrophobic polymer such as polybutadiene or SBR makes
the dispersion difficult.

The sol-gel transition (liquid to solid-like behavior) occurs during a ran-
dom aggregation process of subunits into larger and larger aggregates at the
macroscopic scale. From a practical point of view, the increase in the effec-
tive particle volume fraction due to particle swelling or clustering from
inter-particle interaction leads to a drastic decrease in ¢.. Scaling relations
have been developed to provide the divergence of the properties at the per-
colation threshold arising from physical interactions. Actually, the sol-gel
transition for nanocomposites in which the filler particle aggregates has
the same features as chemical gelation, namely the divergence of the longest
relaxation time and power law spectrum with negative exponent [6]. As a
result, at the percolation threshold, storage and loss moduli have the same
power law frequency dependency (Eq. 1):

G ()< G"(0)oco® (1)

where A is the relaxation exponent. Moreover, the loss tangent tand
(tand =G"”/G’) is independent on the frequency and is given by:
tand = tan(An/2). For example, Fig. 2A shows that the silica concentration
at the percolation threshold and the relaxation exponent on complex shear
modulus are observed to be ¢.~0.034 and A =0.5, respectively. Further-
more, Transmission Electronic Microscopy (TEM) allowed the author [4] to
visualize the scale of segregation of silica particles at different concentration
in EVA samples. As shown in Fig. 3, the fumed silica is aggregated in clusters
of elementary silica particles, these clusters at high concentrations lead to the
formation a percolation-like filler network.
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Fig. 3 TEM pictures for different silica concentrations in EVA nanocomposites:
(A) ¢ =0.0075 (<), (B) ¢ =0.034 (=), (C) ¢ =0.086. Reprinted with permission
from P. Cassagnau, Polymer 44 (2003) 2455—2462.

Regarding carbon black-filled SBR, Mongruel and Cartault [5] and
Leboeuf et al. [6a] observed a percolation threshold situated between
¢ =0.12 and ¢ =0.18 with A~ 0.5. However, It must be pointed out that
the viscoelastic behaviors of the elastomers, and even more so for the rub-
bers, are far from a viscoelastic Maxwell behavior due to the fact that that
these polymer systems do not exhibit any clear and well defined terminal
relaxation zone. Therefore, the liquid-solid transition cannot be clearly
determined unlike thermoplastics.

Above the percolation threshold, the growth of the equilibrium elastic
modulus can be described as a function of the volume concentration ¢ by:

Geoc ®ﬂl (2)

It is expected that this power-law exponent depends on particle-particle
interaction. From a modeling point of view, Heinrich and Kluppel |7] have
considered a network structure that refers to a space filling configuration of
kinetically aggregated filler clusters: the Cluster-Cluster Aggregation (CCA)
model. This model is based upon the assumption that the particles can fluc-
tuate around their mean position in a polymer matrix. Depending on the
concentration of filler particles, a flocculation process of particles or clusters
leads to a filler network that can be considered as space-filling configuration
of fractal CCA-clusters. From the calculation of the solid fraction of the frac-
tal CCA-clusters and assuming a rigidity condition for reinforcement of the
polymer matrix, the authors derived the concentration dependence of the
equilibrium elastic modulus:

3+ df,B
G, oc @37 )
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where d; 3~ 1.3 is the fractal dimension of the CCA-cluster backbone and
dr~1.8 is the fractal dimension due to the characteristic self-similar structure
of the CCA Clusters. The Eq. (3) predicts a power law G, oc @ which has
been confirmed |7, 8] by viscoelastic data obtained for carbon black filled
rubbers.

On the other hand, the elasticity should increase more rapidly and the
network become more resistive for elastomers filled with hydrophilic silica
than for the hydrophobic ones. For example, Cassagnau [4] observed
m=4.5 for nanocomposites of hydrophilic silica in EVA copolymer. Zhu
et al. [8a] observed the scaling law G, oc ®>* for polybutadiene filled with
silica particles. More recently, Majesté and Vincent [9] showed a direct link
between the bound rubber (Styrene-butadiene rubber, SBR) amount (more
precisely the covering rate of the surface of aggregates by physically adsorbed
rubber, a more detailed analysis of the bound rubber concept is given by
Leblanc [9a]) and the modulus G.. Then, they derived a power-law,
G, o< ®*°, by introducing an effective interacting surface between filler
(effective filler concentration: WQA;%MCD, d: diameter of particles, A:
bound rubber thickness) as postulated by Kluppel and Heinrich [7].

3 Non-linear viscoelasticity

The famous effect of strain amplitude dependence of the dynamic viscoelas-
tic properties of filled polymers is often referred to as the Payne [1] effect.
Actually, the Payne effect was first reported for carbon black reinforced rub-
bers and extensively studied on filled elastomers [7, 10]. Nowadays a lot of
papers deal with rubber filled with silica particles with the objective to study
the influence of silica dispersion and silica surface treatment (from hydro-
philic to hydrophobic behavior). For an illustrative purpose, the Fig. 4 shows
the Payne effect (Variation of G’ versus strain) for hydrophilic and hydro-
phobic silica particles at different concentrations.

The concept of filler networking yields a good interpretation of the
Payne effect for filled elastomers. For example, common features between
the phenomenological agglomeration-disagglomeration and recent micro-
scopic networking approaches (particle-particle interaction) were discussed
by Heinrich and Kluppel [7]. The excess of dissipated energy is attributed to
the breakdown of particle structure. Consequently, filled elastomers can be
drastically modified under large deformation and the viscoelastic properties
are then governed by filler-structure breakdown and build-up.
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As a consequence of the Payne effect, the limit of linearity y. decreases
with increasing the volume fraction of particles according to the following

power-law:

reocd” “)
Actually, Shih et al. [10a] developed a scaling theory for this limit of lin-
earity y.:

7(1 + df,B)

vocd ()

The fractal dimension df~2 is universal for gel aggregate systems

whereas dg;,, which depends on the number of particles per aggregates,
strongly depends on the shape of fillers (spherical or tactoids).
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According to the works from Zhu and Sternstein [11] and Sternstein and
Zhu [12] we found v =2.4 and v =3.0 for hydrophobic and hydrophilic
silica, respectively. According to our previous work [13] we calculated
v = 1.7 for hydrophilic silica and Clement et al. [14] showed that the ampli-
tude of the Payne effect is reduced by introducing a permanent treatment of
the silica surface or a processing aid.

According to the paper of Yurekli et al. [15] on carbon black-filled elas-
tomer composites, we derived from their work the power law y.oc ™.
Finally, Chatterjee and Krishnamoorti [16] reported y.oc¢p > for
nanotube-poly(ethylene oxide) nanocomposites. The authors concluded that
the weak and relatively short range interactions between nanotubes and the
pathways between percolating paths dominate the network properties. This
conclusion is consistent with the mechanism of particle-particle interaction
between fillers to explain the non-linearity effect in nanocomposites.

4 Shear rheology

From a practical point of view, polymer processing tools create steady state
or transient flow conditions in which the material experiences large defor-
mations and large deformation rates. In such situations, filled polymers and
more specifically nanocomposites exhibit complex rheological properties, so
the description of their flow behavior is still a challenge. From a fundamental
point of view, this requires to understand how the nanofiller particles modify
the properties of the polymer matrix. Due to the different natures of the flow
conditions, the influence of the nano-filler nature or concentration on the
shear viscosity, measured either in steady state or in transient conditions like
those met in start-up experiments, is expected to be different from the effects
described previously on viscoelastic properties measured in oscillatory shear.

Unlike thermoplastic polymers or soft elastomers (thermoplastic elasto-
mers for example) that have been the subject of extensive research, relatively
few rheological studies are devoted to rubbers. This is due to several exper-
imental problems met during rheological characterization of this class of
materials, such as high viscosities, wall slippage and long-time evolution
of properties. Due to their industrial history, carbon black-filled rubbers
have been studied for long, and they induced the development of some spe-
cific theological devices, for the reasons cited above. Thus, prototype instru-
ments such as a sandwich rheometer for low stress creep tests [17], a modified
Mooney-viscometer [17a] or modified Weissenberg rheometer [18], or a
sliding cylinder rheometer [19], were built to offer new experimental
capacities.
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As pointed out by Leblanc [9a], the reinforcing fillers most commonly
used with elastomers, namely carbon blacks and high-structure silane-
treated silicas, are very different, specifically with regard to their interactions
with the polymer, but induce the same qualitative trends of the flow prop-
erties, though (see for example the work carried out in parallel with carbon
black and silica by Mongruel and Cartault [5]). Data published by Montes
et al. (1988), displayed in Fig. 5, illustrate these features which can be sum-
marized as follows:
¢ at low shear rates (or stresses), the compounds with low filler fractions

exhibit a Newtonian plateau and the dependence of the zero-shear viscos-
ity on the volume concentration of particles can be described satisfactorily
by hydrodynamic models as those used in suspension rheology. When
increasing the filler concentration, the Newtonian plateau is no longer
observed and yield behavior occurs (Fig. 5A).

o at large strain rates or stresses, a shear-thinning behavior is observed, and
the viscosity is much less sensitive to the filler volume fraction than in the
low shear rate range.

* the increase of carbon black surface area (decrease of particle size) at con-
stant loading has qualitatively similar effects as the increase of particle con-
centration, as shown in Fig. 5B: increase of viscosity, and transition
towards yielding behavior as particle size decreases.

As mentioned above, the incorporation of solid particles strongly influences

the low shear rate viscosity. Elastomers filled with carbon blacks comprising

large, structureless and roughly spherical aggregates, at volume fractions below
the percolation threshold, exhibit Newtonian behavior at low shear rates, and

their zero-shear viscosity agrees well to the Guth and Gold relation [20]:

7]0(¢) = ”O,polymer . F(d)) with F(¢) = 1+25 ¢ +14.1 ¢2 (6)

However, this equation does not hold for small particle structure blacks,
even in Newtonian polymeric medium. Kraus [21], reviews some attempts
to improve the description of viscosity increase in polymers filled with
highly reinforcing carbon blacks, by introducing shape factors for example,
but also mainly by introducing the concept of effective filler volume con-
centration, which takes into account the combined volumes of the filler par-
ticles and of the unextractible polymer fraction. This concept was
extensively developed by Pliskin and Tokita [22], and involves the notion
of bound rubber, which is viewed by these authors as a layer of polymer
strongly adsorbed on the particle surface and covering the latter as a rigid
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layer of uniform thickness. The “filler” volume fraction can now be consid-
ered as the sum of the respective fractions of the particles and bound rubber,
which yields the so-called effective volume fraction. White and Crowder

[23] give a general form of the concentration-related factor that they
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introduce in their continuum mechanics analysis of suspensions of particles
(carbon black) in viscoelastic media (synthetic rubbers):

Fp) = (1 + ayfp, + aof p” + ...) 7)

where ¢, is the effective volume fraction, fan anisotropy factor, a; and a,
empirical coefficients depending on the system under study.

Such relations fail for filler volume fractions increasing beyond the per-
colation threshold of the particles, because at low shear rates the effects of
particles become dominant over those of the matrix: the dynamics of the
latter is modified by increasing interparticle forces, and solid-like behavior
occurs.

In contrast to the preceding statement, when strain rates are high
enough, highly filled polymers demonstrate usual viscoelastic behavior as
unfilled polymeric liquids. Several authors illustrate the effects of increasing
carbon black or silica concentration on the steady state, shear thinning vis-
cosity of elastomers, for example (this list is not exhaustive): White and
Crowder [23], Ertong et al. [18], Bandyopadhyay et al. [24], Mongruel
and Cartault [5]. The general pattern of the plots for different concentrations
remain similar, which demonstrates that not qualitative change of rheolog-
ical behavior occurs. Shifting of the plots over one another is possible. In this
respect, the work by Mongruel and Cartault is worth examining in more
details, since it proposes an original analysis of the “concentration scaling"
in the non-linear viscoelastic domain, and more specifically of the flow
curves.

The authors deal with carbon black and silica-filled SBR compounds
with filler volume fractions ranging between 0.05 and 0.23 (the volume frac-
tion at percolation, ¢, for these fillers lays between 0.12 and 0.16). They
first introduce a concentration shift factor f(¢p) defined as the ratio [G’(w,
@)]/[G (w, ¢ =0)], where G (w, ¢) is the storage modulus measured in
the linear viscoelastic domain for a compound with filler volume fraction
¢. They demonstrate that f{¢) is also equal to [G" (@, ¢)]/[G" (@, ¢ =0)]
and remains independent upon angular frequency @. The Guth and Gold
equation fails in modeling the evolution of f for ¢ > ¢, whereas the

-2
Krieger-type relation f(¢) = <1 - i) [25], used in the framework

¢m

of suspension rheology, succeeds in fitting the data over the whole range
of ¢. This concentration shift factor is then used to rescale the viscosity
curves in the non-linear domain (Fig. 6A). Interestingly, when plotting

Ny, ¢, T)/f(p) vs. 7-f(¢), a reasonable master-curve is obtained over
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the whole range of shear rates for filler volume fractions ¢ below the per-
colation threshold, whereas for the most filled compounds (¢ > ¢,), the
superposition only holds in the low to medium shear rate range. The plots
separate in the highest shear rate domain. When plotting the graph of the
shear stress vs. 7 - f(¢) (Fig. 6B), again the superposition fails for the most
filled materials at highest shear rates, which correspond to stress values
beyond a critical value of about 0.3 MPa. The explanation proposed as most
probable is that the data collected for compounds containing filler fractions
beyond percolation have been obtained under slip conditions.

Finally, the same shift factor is shown to rescale satisfactorily the damping
function h(y, ¢) which is derived from the factorization of the relaxation
modulus measured in the non-linear domain (principle of time strain sepa-
rability: G(t, y,¢p) = Go(t, ¢)-h(y)). The authors’ conclusions can be summa-
rized as follows:

— at large strain or strain rates, the rheological behavior shows qualitatively
the same trends as for unfilled rubber, suggesting that the particles do not
alter qualitatively the dynamics of the polymer chains.

— asingle concentration shift factor, analogous to the one used for Newto-
nian suspensions, can rescale different viscoelastic functions of filled
materials

— in practice, this concentration scaling factor can be used to assess the pres-
ence or not of slip in capillary rheometer data.

Nevertheless, comparisons between different systems must be carried out
with care, though, since variations in rubber-filler interaction influence
structure and properties via very complex mechanisms. The work of Kim
and White [26] typically illustrates this statement. The authors compare
untreated silica-filled EPDM with compounds of EPDM and the same silica
treated with silanes of different chemical nature or chain length, at the same
filler volume fraction and submitted to the same mixing procedure. The vis-
cosity is measured over the 0.1-1s~ " decade and exhibits strong shear thin-
ning. The very clear effect of silanization is to reduce significantly the
viscosity with respect to untreated silica. Nevertheless, since all parameters
vary simultaneously, especially the size of the agglomerates, the state of dis-
persion, the interparticle interactions and the physicochemical nature of the
particle-polymer interactions, no straightforward conclusion regarding the
mechanisms of such reduction can be drawn.
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5 Wall slip and extrudate swell

A more effective impact is expected from wall slip than from yielding on the
flow of filled rubbers. Indeed, wall slippage is often observed with industrial
rubber compounds. Ma et al. [27]| demonstrated with colored markers the
occurrence of slip above a critical shear rate. Slip is induced by the presence
of filler (above 10 wt% carbon black for example) but can also result from the
release of some components like plasticizers, lubricants and processing aids
that enter these complex formulations.

It was already mentioned that any rheological characterization of such
materials should assess first whether slip is present or not, in order to ensure
significance of rheological data. Then, the quantification of slip is a key issue.
In the framework of classical assumptions for viscometric measurements, the
assessment of a master-curve for the true wall shear stress o, (corrected for
entry effects following Bagley’s method) vs. apparent shear rate 7,,,, upon
variation of the measuring geometry (radius or gap), is a proof of no-slip
conditions. By assuming that slip velocity V, only depended on o,,, Mooney
[28] proposed a method to quantify V; which is still the most widely used,
since it can be applied to most geometries (capillary and slit dies, rotational
systems...). However, Mooney’s method fails in a number of situations and
provides slip velocity values with no physical meaning (V; greater than mean
flow velocity 1), which led authors to introduce a dependence of V, upon
the local geometry in addition to &, [29, 30].

Other approaches rely on the use of rheological tools with smooth and
grooved surfaces. The latter allow to determine slip-free behavior, and com-
parison with the former leads to the values of slip velocity [31, 32].

Mourniac et al. [33] addressed the wall slip velocity of SBR compounds
by revisiting Mooney’s technique. The first step was to assess the real, slip-
free behavior of the material with grooved, non-slippery die surfaces. Then,
experimental data collected in the current die provided pressure drop mea-
surements AP with corresponding actual flow rate Q. If Q* represents the
theoretical flow rate that would be obtained with the same pressure drop
in no-slip conditions, then the wall slip velocity V is given by V, =(Q-
Q*)/S where S is the cross-sectional area of the die. V; was found to follow
a power law upon shear stress in the form 6, = a K I\, where Kand n are
the power-law coefficients of the true viscous behavior and  is a slip param-
eter that depends on the material characteristics and on the local geometry.
With this method, physically sound values of slip velocities were obtained in
all cases, and an additional interesting observations could be made: a critical
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shear stress appeared, showing that the onset of wall slippage was located
above 0.1 MPa, which is in good agreement with data published by other
authors (except for EPDM compounds).

As a modification to Mooney’s method, the consideration for the geom-
etry dependence of the slip velocity gave rise to different expressions (see for
example [34, 35]). Similarly, varied interpretations for the increase of V;/ 1
upon gap decrease, all other conditions remaining constant, were given.
Mourniac et al. suggest that this could result from the increasing weight
of surface effects at the expense of volume effects. Migration of some com-
ponents is also frequently conjectured.

Reinforcing fillers, in general, reduce the extrudate swell of elastomeric
materials. This has been studied for long with carbon black-filled rubbers
and was reviewed by Leblanc [9a]. Therefore, no exhaustive reporting on
extrudate swell is carried out here, but only some complementary aspects,
especially dealing with nanoclay or nanosilica-filled rubbers, are addressed.

Generally admitted mechanisms for extrudate swell combine rearrange-
ment of velocity profile at die exit, partial relaxation of entry tensile stress
and recovery of strains associated with normal stress difference within the
die. Upon addition of solid filler particles, die swell is reduced not only
due to their hydrodynamic effect and the reduction of polymer volume frac-
tion, but also because of the polymer-filler interactions which develop gen-
erally higher viscosities at the expense of elasticity.

This point can be illustrated by the variation of the first normal stress dif-
ference Ny, which characterizes the elasticity of viscoelastic materials. For
example, Bandyopadhyay et al. [24|, who prepared nanocomposites of
epoxydized natural rubber and in-situ generated nanosilica by a sol-gel tech-
nique, observed a remarkable drop of N; when the concentration of nano-
filler increased. Similarly, Gupta et al. [36] examined the effect of dispersed
organo-bentonite on the melt elasticity of exfoliated EVA-nanocomposites
by monitoring the dependence of Ny on the organo-clay concentration.
The addition of the nanofiller decreases N; at high shear stresses (above
2000 Pa), whereas at low shear stress N; appears almost independent on sil-
icate concentration. This behavior offers contrast with published data con-
cerning intercalated nanocomposites, whose N; was independent of silicate
concentration. It shows that strong interactions between clay layers and
polymer chains are responsible for the reduced mobility of the latter and
thus, reduced elasticity which has direct consequences in decreasing extru-
date swell. The eftect of dispersion (exfoliation vs. intercalation) was con-
firmed by Sadhu and Bhowmick [37] or Ibarra et al. [38], with different
polymer matrices like (carboxylated or not) acrylonitrile butadiene, styrene
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butadiene and butadiene rubbers. All these studies, along with the work by
Kader et al. [39] on fluoroelastomer/layered clay nanocomposites, demon-
strate that the die swell reduces when fillers are added, like in traditional rub-
ber compounds.

6 Compression set

The compression set test aims to measure the ability of rubber compounds to
retain elastic properties after prolonged action of compressed stresses. Tests
are frequently conducted at elevated temperatures (17'=100°C), so that
crosslink samples are placed between two heating plates. Usually the samples
have the shape of'a disk having a thickness [, of a few millimeters. A nominal
deformation of g, =0.25 is usually applied to the sample for few hours,
generally 24h. After this loading time, the sample is removed out of the
plates and cooled down at the room temperature by placing it on a poor
thermally conducting surface for 30min before making the measure of
the final thickness /;. From Fig. 7, which schematically defines the different
size parameters, the compression set is then expressed as:
lo—h lh—b

= -100withgy , =—— 8
lh—1h Wi o, Iy ®)

which implies the following limits of the compression set data under the

Cs

experimental conditions (temperature and loading time):

Cs =0%, as I; = 1, the sample shows a perfect elastic recovery.

Cs =100%, as [; = I,, the sample shows no elastic recovery.
From a viscoelastic point of view, the compression set experiment is a stress
relaxation test under compression followed by an elastic recovery test. It can
be then modeled [40] from the superposition principle of Boltzmann (linear
viscoelasticity).

However, there is actually few works in the literature that report the
compression set of rubber nanocomposites. Kim et al. [41] showed the

t<0 t=0 t>t’

Fig. 7 Size parameters of an elastomer sample submitted t a compression set
experiment.
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compression set of butadiene rubber (BR) decreases (from 27% to 15%) with
the presence of nanofillers (3 phr of organo-clays and 10 phr carbon black).
Rattanasom et al. [42] reported a slight variation of the compression set with
the concentration of different fillers (organo-clays, carbon black and silica).
Varghese et al. [43] studied the compression set of acrylonitrile butadiene
rubber using pristine few layer graphene (FLG). They showed that the com-
pression set slightly increases (from 16% to 20%) at the concentration of 5 phr
of FLG. However, the compression set decreases to 12% at the same con-
centration of 5 phr of fillers based on 2.5 phr of FLG and 2.5 phr of carbon
black. In the case of natural rubbers, Chaichua et al. [44] observed a signif-
icant increase (from 34% to 62%) of the compression set with the addition of
30phr of silica. Finally, Ziraki et al. [45] measured a decrease of the com-
pression set of silicone rubber from 16% to 9% with the addition of 2%
of silica particles.

From these results, obtained with different rubbers and fillers systems, it is
quite difficult to have a clear trend of the influence of nanofillers on the com-
pression set variations. However, it can be observed that the compression set
decreases at low concentrations of fillers. In other works, the elastic recovery
is better with the presence of nanofillers. Actually this behavior is reversed at
high concentration (typically >10%) as it is observed that the compression
set significantly increases. It must be remind that the applied strain in the
compression set is 25% so that we generally do not know if the test is per-
formed in the linear or non-linear regimes. As the transition between linear
and non-linear regimes (Payne effect) strongly depends on the nature and
concentration of nano-fillers, it can be then imagine that the trend in the
variation of the compression set depends on these viscoelastic regimes.
Therefore, we can assume that at low concentration of fillers the viscoelastic
regime is still linear and the fillers contribute to a better elasticity recovery.
On the contrary at high concentrations, the linear domain of the nano-
composite is lower than 25% so that the compression set experiment is car-
ried out in the non-linear regime resulting in worse properties. However,
this speculative discussion would require more controlled experiments in
terms of viscoelastic regimes and more fundamentals approaches.

7 Conclusions

From an historical point of view, the determination of the viscoelastic prop-
erties of industrial rubber nanocomposites, i.e. basically carbon black and
silica-filled compounds, has been considered for decades in the purposes
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of quality control and of predicting behavior in processing conditions. The
appearance of a novel class of rubber nanocomposites, based on nanoparti-
cles such as carbon nanotubes and graphene in very low concentrations, has
not reached yet this stage of industrial concern. The studies on these new
classes of polymer materials are much more focused on microstructural anal-
ysis through linear and non-linear viscoelastic properties (Payne effect).
Determining sound rheological data in processing conditions still remains
a challenge with elastomeric materials [9], because fundamental knowledge
on the influence of filler particles, the strongly viscoelastic behavior and slip
phenomena, which are inherent to the flow of rubber materials, is only par-
tial. Furthermore, in spite of the progress made in computational rheometry
of thermoplastic polymers, the rheology of elastomeric materials still presents
enhanced difficulties, which explains that comparatively rather few data are
published in literature. On the other hand, the compression set, which is a
simple way to measure the elasticity recovery of rubbers, needs to be more
deeply investigated for rubber filled with nanoparticles.
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1 Introduction

Among the current processing techniques used to produce polymeric parts
and components, injection molding is one of the most widely used due to its
high versatility and productivity: it allows the production of high quality
parts in less time. In the latest years several variations of the conventional
injection molding process have been developed; one of them is Overmold-
ing or Multicomponent Injection Molding, which has been extensively used
and has a lot of growing potential [1]. The development of more complex
molds, which are capable of joining difterent materials into one part, has
been very important in making this possible. The overmolding process is
used in the fabrication of parts for several industrial sectors such as automo-
tive, medical and packaging. Some of its products commonly seen in the
market are: tooth brushes, razors and tools, among others.

In spite of this, there are still some difficulties associated to the overmold-
ing process during the design and production stages. First, when designing a
multicomponent part, the only information available to perform material
selection are qualitative tables, which only indicate if adhesion may be
achieved for some material pairs. Also, the lack of quantitative information
about adhesion strength makes it impossible to predict if the part under a
certain load state will fail by an adhesive or cohesive mechanism. In other
words, the designer does not know what is going to occur first: the separa-
tion of the two materials or the failure of one of them. Furthermore, there is
insufficient information correlating the processing conditions with the adhe-
sion strength.

Therefore, the main objective of the present work is to compare exper-
imental test methods to quantify the adhesion strength between two over-
molded polymers, and to choose the best method to measure the adhesion
strength between these materials. For this study, tensile test, peeling test and
essential work of interfacial fracture (EWIF) are explored and compared as
potential testing methods to quantify the adhesion strength between Over-
molded materials.

1.1 Overmolding

Overmolding is a variation of the conventional injection molding process; it
can be seen as consecutive injections because the principle of this process is
to inject another melted polymer over a previously molded plastic part, using
one or several molds. Some of the techniques currently in use are: Rotatory
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Table, Indexing Plate, Stack Mold, Slide-Cam and Transfer Molding [1—4].

The applications of this process could be divided in three groups [3]:

*  Multicomponent one step assembly: if two similar materials are selected,
it is possible to produce a strong joint in a single step, without using
screws, welding or adhesives.

*  Multicolor injection molding: it allows injecting parts of the same mate-
rial but with different colors, improving the visual aspect of the final
product.

* Hard-soft combinations: by molding a suitable thermoplastic elastomer
(TPE) or thermoplastic vulcanized elastomer (TPV) on top of a rigid
polymer it is possible to improve the tactile properties of the finished part.

When two or more materials are overmolded, it is important to understand

the adhesion mechanism by which a strong bond is formed. This mechanism

can be divided into three stages [5—7] as long as physical (roughness) or
chemical (reaction between both materials) anchorages are neglected:

1. Wetting of the substrate: during the first stage of the overmolding process,
a polymer is injected and solidifies inside the mold cavity. Then, this
part becomes the substrate as it is used as an insert in the cavity during
the next injection step. Wetting the substrate by the melted material is
very important, because it is in this stage where intimate contact
between the two materials is generated, assuring the absence of inter-
facial defects that could act as stress concentration factors that will
decrease the adhesion strength of the part.

2. Interdiffusion of the polymer chains: the diffusion process takes place as soon
as the melted material has wetted the substrate. Once the interface is
formed, by intimate contact between the two materials, the polymer
chains will diftuse through them. The chains of both materials will
thus tend to entangle forming a strong union. Both wettability and
diffusion strongly depend on the compatibility between the materials
being overmolded. Hence, it is very important that the materials have
similar solubility parameters (8) in order to bond them, because both
the wettability and the diffusion will be favored. In addition to diffu-
sion of the melted polymer, the migration of the additives or some
other compounds present in the elastomer could aftect the adhesion
strength.

3. Solidification of melted material: once the melted material solidifies, an
interphase with a concentration gradient of both materials is formed
as a result of the diffusion process.
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1.2 Adhesion strength measurement

The adhesion strength is a measure of how strong the bond between two

materials is. This can be done in terms of load, stress, energy or work

required to break the interphase. In the present work, the adhesion strength
was evaluated by:

(@) Tensile test: a conventional mechanical test which measures the resis-
tance of a material to the gradual application of uniaxial strain. In the
present case, a dumbell specimen where the interphase of the over-
molded polymers was located at the center of the gage length had to
be prepared in order to measure the adhesion strength.

(b) Pecling test: it is a technique frequently used today to measure the
adhesion strength between two materials. Different configurations
of peeling test may be used by changing the crack opening angle
[8—12].

(c) Essential Work of Interfacial Fracture (EWIF): it is a method that derived
from the Essential Work of Fracture (EWF) methodology [13, 14]
which has been used satisfactorily to determine the fracture behavior
of many ductile polymeric systems [15, 16]. It has been proposed that
when a ductile solid material is subjected to a uniaxial load, its failure
can be studied applying the EWF technique if the crack propagation
starts after the fracture process zone (FPZ) has completely yielded (full
plastic collapse, implying pure plane stress). In this case, the total work
of fracture (JWg) may be divided into two components:

Wg=W.+ Wp (1)

where W, is the essential work of fracture (i.e. work done to generate the
fracture surfaces), and W, is the non-essential work of fracture associated
with the energy consumed during any dissipative deformation process (usu-
ally plastic) of the material that surrounds the FPZ (i.e. crack propagation
plane).

Since the W, is proportional to the size of the FPZ and 17, is propor-
tional to the deformed volume around FPZ (i.e. outer process zone,
OPZ), then Eq. (1) may be rewritten using specific terms by taking into
account the thickness (B) and width (usually, ligament length, L) of the
FPZ and the volume of OPZ [14]:

we (L X B) =w, (L x B) +Buw, (L* x B) @)

wg = 1w + P, L (3)
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where w, 1s the specific essential work of fracture and it may be considered as
a property of the material under evaluation, w;, is the non-essential work of
fracture by the volume of deformed material in the OPZ and f is a geomet-
rical factor with a value <1 that quantifies how much the volume of OPZ
deviates from its ideal volume (i.e. L* x B). Experimentally, the EWF
parameters are determined from load-displacement (P-d) curves of test spec-
imens with different L values. The double edge-notched tension (DENT)
and single edge-notched tension (SENT) are the geometries mostly used
for this test [15], although a center-notched tension (CNT) geometry has
also been used [17] (Fig. 1).

Knowing the basic principles of the EWF method, it is possible to study
the adhesion strength of polymer-polymer interphases [13, 14]. The total
work of interfacial fracture (wg) of two materials (1 and 2) that, during
the test, display plastic deformation around the interphase can be described
according to the following expression:

wie=wy + (By wni1 + By wni2) L “4)

where wy is the specific essential work of interfacial fracture, f; and f, are
the geometrical factors associated with the shape of the plastic zone of mate-
rials 1 and 2, respectively, and wyy; and wyy » correspond to specific non-
essential work of interfacial fracture of each material. Then it is assumed that
wr 1s a measure of the strength of the joint; a higher wy value indicates higher
adhesion strength (see [13] for more details).

1.3 Adhesion strength measurement of overmolded

materials

Weng et al. [6] determined the adhesion force through peeling tests for sev-
eral pairs of overmolded materials. They studied the adhesion between a sty-
rene based TPE overmolded with PP, PC, PMMA and PA6. The authors
observed good adhesion only with PP because both materials have similar &
values, but in the cases where the compatibility was poor (PC, PMMA and
PAG6), the TPE was modified to obtain similar & values or to generate specific
interactions with the substrate.

On the other hand, Carella et al. [18] used the 180 degrees peeling test to
determine the optimal melt and mold temperatures to obtain a good adhe-
sion between two overmolded materials. In that case, two polyolefin based
TPEs with different hardness were overmolded. They concluded that if the
melt temperature was low, the holding/packing pressure was insufficient to
achieve good adhesion between both materials.
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6 mm

Ligament

(A) (B)

;

(E)  A~—s0mm—

Fig. 1 Schematic illustration of a specimen used. (A) Tensile (dumbbell) specimen,
(B) peeling specimen, (C) DENT specimen, (D) CNT specimen, and (E) SENT specimen.

Arzondo et al. [2] studied the influence of the melt temperature
and other factors in the adhesion strength of PP overmolded with an
ethylene/1-octene copolymer (EOC) and low-density polyethylene
(LDPE), using the 180 degrees peeling test. The adhesion force reached
by PP/LDPE was much smaller than that the reached by PP/EOC, because
the compatibility between EOC and PP is higher than that the PP/LDPE
pair. They concluded that the strength of the union depends mainly on the
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temperature of the interface and the mobility of the EOC. The peeling
force tended to be higher as the melt temperature increases.

As it has been stated before, the adhesion strength was measured for three
melt temperatures to evaluate the accuracy of the different test methods. In
Candal et al. [13, 19] previous works, it was shown that as the TPV’s melt
temperature is increased, the tensile load required to break the interphase is
also higher; in other words, the adhesion between the two materials is
improved. This eftect is probably produced by an improvement of the sub-
strate wettability and of the diftusion of the melted material (TPV) through
the PP, and as a consequence, the molecular entanglement of the polymeric
chains of both materials is enhanced. It is important to point out that both
wettability and diffusion are favored at higher melt temperatures, producing
a stronger link.

2 Experimental part
2.1 Materials

The materials used in this study were a Polypropylene (PP) homopolymer
Moplen HP501H from Basell Polyolefins and a TPV Sanfoprene 8211-55
from Advanced Elastomer Systems (Table 1).

[t is important to know that the morphology of the TPV used depends
on two phases (PP and elastomer), the nature of the blend before the
cross-linking and the mechanism of cross-linking. For uncured EPDM-
PP blends, depending on the composition, three morphologies can be
obtained: (a) Dispersed elastomer particles in a continuous PP matrix,
(b) Co-continuous PP in the elastomeric phase and (c) Dispersed PP par-
ticles in the continuous phase of the elastomer. For the EPDM-PP blend,

Table 1 Properties of PP and TPV

Properties Unit PP TPV
Density g/cm’ 0.90 0.93
Melt flow index (230/2.16)" dg/min 2.1 -
Hardness Shore D: 70 A: 55
Young modulus MPa 1450 -
Tensile stress at 100% MPa - 2.1
Elongation at break % 700 480

*ASTM D1238-04c.
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with PP as a major component, the dynamic vulcanization preserves the
morphology by dispersing the EPDM in the PP matrix. However, for
the EPDM-PP blend in the intermediate composition two
co-continuous phases are generated before the dynamic vulcanization pro-
cess. As the cross-linking occurs, the inversion of phases takes place, and at
the end of the process, vulcanized elastomer particles dispersed in the PP
matrix are obtained. The morphological characteristic of having a contin-
uous phase of PP with particles of cross-linked elastomer is the key to
obtain a blend that exhibits physical properties comparable to that of a
cross-linked elastomer but with the processability of a thermoplastic.

2.2 Solubility parameter (9)

The 8 of the TPV was determined using chloroform, hexane, benzene,
formic acid, acetone and THF. The same procedure was used for all the sol-
vents; first, several pellets were weighted in an Ohaus balance with a preci-
sion of 0.01g. Then, they were immersed in the different solvents for 24 h.
Afterwards, the weight difference was calculated. The solvent that caused
the biggest difference between initial and the final weights of the pellets;
in other words, the solvent that induced the greater swelling of the pellets
was used to determine the 8 of the TPV. The 8 obtained for the TPV was
19.0MPa'’? and that & of the PP was taken as 18.8 MPa'’? [20)].

2.3 Overmolding procedure

All test specimens where molded with an injection molding machine
Mateu & Solé Meteor 440/90, and molds for plates of 100 X 100 mm were
used. In all cases, the PP plates of 1 mm thickness were molded first, and
the TPV was overmolded on the PP. All the PP plates had the same surface
roughness. The process conditions used for both materials are presented in
Table 2. All the variables were held constant except for the TPV’s melt tem-
peratures which were 190°C, 210°C and 230°C.

Table 2 Molding conditions

Variable Unit PP TPV
Melt temperature °C 220 -
Injection velocity cm/s 21 11
Holding/packing pressure MPa 50 35
Holding/packing pressure time s 8 8
Mold temperature °C 40 40
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Three different techniques were used to measure the adhesion strength:
Tensile, Peeling and EWIF testing. For EWIF testing, three geometries
were used: DENT, CNT and SENT. The test specimen preparation details
will follow:

* Tensile (dumbell) specimens

In order to mold the dumbell specimens, PP plates of 100 X 50 X 1 mm were
molded first, and then used as mold inserts, where TPV was overmolded.
Finally, the test specimens were cut from the center of the bimaterial plates,
according to ASTM D638 standard Type IV test specimens (Fig. 1A). For
each melt temperature, 10 specimens were molded and tested.

* Peeling specimens

The first step to produce the peeling test specimens was to mold PP plates of
100 x 100 x 1 mm. Then, their sides were partially wrapped with aluminum
foil (thickness=0.015=£0.001 mm), so no TPV will adhere on that area.
Then, the section of the plates not covered with the foil was overmolded
with the TPV forming a bimaterial plate (Fig. 1B). For each melt temper-
ature, 10 specimens were molded and tested.

*  Double edge-notched tension (DENT) specimens

The DENT specimens were molded following a similar procedure to that for
obtaining peeling test probes. In this case, PP plates of 100 X 50 X 1 mm were
molded. Then, the edges of the PP plates were partially wrapped with alu-
minum foil in order to generate edge notches inside the mold cavity. Finally,
using PP plates as mold inserts, the TPV was overmolded. The bimaterial test
specimens were plates of 100 X 100 x 1 mm (Fig. 1C). The ligament length
was varied between 6 and 32 mm.

* Center notched tension (CNT) specimens

As it was done in the DENT test specimens preparation, the CNT specimens
were obtained molding PP plates of 100 x 50 X 1mm. Then, the center of
them was wrapped with aluminum foil so the crack will be generated inside
the mold cavity during the overmolding process (Fig. 1D). The crack lengths
were varied between 6 and 32mm.

* Single edge-notched tension (SENT) specimens

The SENT test specimens were made by cutting the DENT specimens in
half (Fig. 1E). The study was done with 14 different ligament lengths ranging
between 3 and 16 mm.

2.4 Mechanical testing

The five specimen types were tested in a Lloyd universal testing machine,
with a crosshead speed of 20 mm/min and at a temperature of 23£1°C.
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The dumbell specimens were tested according to ASTM D638 standard.
The distance between grips was 75 mm and the adhesion strength was deter-
mined from load-displacement (P-d) curves.

The P-d curves of the Peeling Test were obtained with a crack opening
angle of 180degrees, applying the principles of ASTM D903 standard. In
addition, looking for better results, the specimens were also tested using
the 90degrees configuration and additional crosshead speeds of 2 and
200mm/min. In all cases, the distance between grips was 90 mm.

Finally, the EWIF methodology was applied using CNT, DENT and
SENT specimens in Mode I, which consists of crack opening under tensile
stress, applied normal to the crack plane. For each ligament length, P-d
curves were used to calculate the EWIF parameter [13]. The distance
between grips was 50 mm. The real ligament length was measured after frac-
ture for all test specimens using a Medilab optical microscope with a preci-
sion of £10™* mm.

3 Results and discussion

3.1 Peeling tests

Typical P-d curves of the 180 degrees peeling test (performed at 20 mm/min)
for different melt temperatures are compared in Fig. 2 (see Fig. 3A and B for
a visual description of test setup and Fig. 3C and D for a visual description of
the rupture of the polymer). All the curves have similar behavior at the begin-
ning of the test (d < 15 mm), associated to the deformation of the TPV. After
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Fig. 2 Typical P-d curves for the 180degrees peeling testing for different melt
temperatures at 20 mm/min.
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Visual description of peeling testing:
I

(F)
Fig. 3 Sequential pictures taken during the loading of peeling test specimen (A-D) and

fracture mechanism observed: Fracture surface shown evidences of adhesive
mechanisms (E) adhesive and (F) cohesive mechanisms.

that, the shape of the curve depends on the fracture mechanism. The curve
for 190 °C shows a maximum load, when the fracture of the interface starts,
and then the load reaches a first plateau during adhesive failure. On the other
hand, at the melt temperatures of 210 °C and 230 °C the load does notreach a
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plateau because adhesive and cohesive failures are taking place simulta-
neously. This is evidenced in Fig. 3E and F, where the fracture surfaces of
the PP after conducting the 180 degrees peeling test are shown. It is clear that
at the lower melt temperature (190 °C) the fracture is adhesive (Fig. 3E),
whereas in the fracture surface of the specimens molded at higher melt tem-
peratures (210 °C and 230 °C) the two fracture mechanisms (cohesive and
adhesive) are present simultaneously (Fig. 3F).

After analyzing the fracture surfaces, it can be concluded that the adhe-
sion improves with the melt temperature, as predicted, because substrate
wetting and TPV diffusion are enhanced at the higher melt temperatures
[13, 18, 20]. However, since the two fracture mechanisms (adhesive and
cohesive) occurred at the same time it is impossible to obtain a quantitative
measure of the adhesion strength using this method for the higher melt
temperatures.

The results obtained from the 90 degrees peeling test were very similar to
those at 180degrees. At the lowest melt temperature the test gives good
results, but at 210°C and 230°C the cohesive fracture mechanism takes
place. Hence, it is not possible to measure the adhesion strength by this
method either. Analogous results were obtained using other crosshead
speeds (2 and 200 mm/min).

Based on all the above it can be concluded that the Peeling Testing is not
a good test method to measure the adhesion strength of overmolded mate-
rials; variations in the fracture mechanism do not allow to quantitatively
compare the adhesion strengths at different injection temperatures.

3.2 EWIF tests using DENT geometry

Lauke and Schuller [14] applied the EWIF methodology to determine the
adhesive strength between two overmolded polymers. Their work was left
at a very early phase; only three ligament lengths were studied using DENT
geometry. However, they pre-established a technique for the application of
this methodology in overmolded materials. The authors concluded that it is
possible to study the adhesion strength of the interface by using EWIEF
parameters. At the end of the study, they recommended using more liga-
ment lengths to obtain satisfactory results.

However, in the present work, the P-d curves of DENT specimens, pre-
sented in Fig. 4, show poor correlation between the shape of the curves and
the ligament lengths (low autosimilarity). Based on experimental observa-
tions, this low autosimilarity is attributed to asymmetric crack propagation,
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Fig. 4 Typical P-d curves of DENT test specimens at different ligament lengths (L).
Condition: M1.

caused by aleatory irregularities in the specimen preparation (i.e. movement
of the aluminum foil from its original position before or during overmold-
ing). The poor correlation between the shape of the curves and the ligament
lengths observed in Fig. 4 is also reflected in Fig. 5, where high data disper-
sion can be clearly observed when plotting the total work of fracture as a
function of the ligament length. As a consequence, the errors associated with
wy determinations are too big to establish a clear correlation between wy
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Fig. 5 Total work of interfacial fracture vs. ligament length at different melt
temperatures used DENT geometry.
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and the melt temperature for this geometry. Therefore, using the DENT
geometry to apply EWIF is not the most recommended test method for
determining the adhesion strength of overmolded materials (at least using
the specimen preparation procedure described here).

3.3 EWIF tests using CNT geometry

As it is shown in Fig. 6, the crack propagation in CNT test specimens
exhibits the same problem than that in the DENT specimens. It was
completely asymmetric due to the difficulty to guarantee the correct posi-
tion of the aluminum foil during overmolding, which results in low auto-
similarity of the P-d curves obtained (not shown here). In other words, the
P-d curves do not follow any trend with respect to the ligament length.
Since this behavior is very similar to the one observed with the DENT spec-
imens, at this point it is possible to conclude that this test method is not
accurate either.

(€)

Fig. 6 Crack propagation during the EWIF-CCT testing. (A) Notch of the CNT specimen,
(B) Asymmetry of the notch, and (C) Asymmetric notch rupture.
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3.4 EWIF tests using SENT geometry

Due to the problems encountered using the DENT and the CNT geome-
tries (i.e. asymmetric crack growth), the SENT geometry was tested for the
EWIF measurements. This geometry has a single crack propagation front,
and in a previous work, the authors showed that it is possible to use it in
the evaluation of the adhesion strength of overmolding polymeric
systems [13].

Typical P-d curves for different ligament lengths of the SENT specimens
were presented elsewhere [13]: In contrast to the DENT specimens, SENT
specimens showed good correlation between shape of the curves and the
ligament length (high autosimilarity) for all the melt temperatures studied
(see [13] for more details about the results obtained). Also, when the EWIF
parameters are determined, the data distribution is much better than the
results obtained with the DENT specimens.

In agreement to the ESIS protocol [15], when applying conventional
EWF methodology in polymers (evaluation of bulk material), the crack
propagation must start after the ligament is fully yielded to assure failure
under pure plane stress state. In general, when DENT specimens are used,
this is favored due to symmetrical stress concentration along the ligament, a
consequence of two aligned notches. In addition, DENT specimens avoid
possible edge effects like those in the case of the SENT specimens along the
un-notched side.

However, in a previous work using SENT specimens [13] it was estab-
lished that, in overmolded materials, it is possible to use the essential param-
eter (w) as a quantitative adhesion energetic parameter for comparison
purposes between processing conditions, even though the aforementioned
requirement is not fulfilled in the overmolded material. Both SENT and
DENT specimens showed no-plastic deformation along the outer process
zone (surrounding the interphase) before or when crack propagation was
initiated. Furthermore, the greater amount of deformation corresponds to
the nonlinear elastic (highly recoverable and time dependant) response of
the TPV half; no plastic or even elastic deformation was observed in the
PP substrate.

Therefore, the limitations found in the evaluation of the adhesion
strength using the DENT specimens are overcome by using the SENT
geometry. So far, the measurement of the adhesion strength with SENT test
specimens applying EWIF methodology seems to be the most accurate
test method.
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Barany et al. [21] mentioned in a state of art related with applications
of the EWF concept for polymers, related blends and composites, that it
is successfully adapted also for the qualification of welded joints of poly-
mer/polymer systems.

3.5 Tensile tests

Another technique that has been applied to study the adhesion strength
between two overmolded materials is the tensile testing. Applying this
technique, Extrand and Bhatt [22] found that when the test specimen is
deformed, the crack always grows normal to the applied force. In addition,
the stress at break obtained for overmolded specimens is always lower than
those of each material individually tested.

The adhesion strength measured with dumbell specimens was analyzed
in terms of force at break. First of all, by comparing a typical P-d curve of the
TPV with one of an overmolded (190 °C) test specimen (Fig. 7), it is clear
that the shape of the curves are very similar, but the values of the stress and
strain at break are much lower for the overmolded material, in agreement
with Extrand and Bhatt [22] observations. This behavior is the result of
two factors: (1) the interphase is less resistant than the bulk material, and
(2) the deformation of the TPV is restricted by the interphase.

Fig. 8 shows that the force at break of the interface increases with the
overmolding melt temperature. In other words, the adhesion strength of
the test specimen is improved. Based on these results, the adhesion strength
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Fig. 7 Typical P-d curves of tensile testing for TPV and overmolded test specimens.
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could also be measured by conventional tensile test. However, when using
dumbell specimens, it is not possible to assure that the fracture occurs along
the interphase, while with the SENT test specimens, the notch guarantees
that the fracture takes place along the interphase rather than through the less
resistant material.

In addition, when the adhesion strength is measured in terms of EWIF
parameters using the SENT geometry, the results are an actual measurement
of the resistance of the interphase. On the other hand, in the tensile test, the
measured force at break is related not only to the interphase but also to the
properties of the material being deformed, in this case the TPV.

4 Conclusions

Neither the 180degrees nor the 90 degrees peeling testing method can be
used to determine the adhesion strength of overmolded materials because
at high melt temperatures the two fracture mechanisms (cohesive and
adhesive) take place simultaneously. In the case of the EWIF methodology,
when the test specimen has two fronts of crack propagation, the results
have very high variability caused by asymmetric crack growth, so it is not
possible to measure the adhesion strength with DENT or CNT specimens
either (under the conditions of specimens preparation employed in this
work). In future work, DENT and CNT specimens should be manufactured
with symmetric crack growth, but the manufacturing would be more
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complicated than the SENT specimens. The potential methods to measure
the adhesion strength according to the results obtained in this work are:
EWIF method using SENT specimens or tensile testing. Although, it would
be interesting, in future works, to verify the accuracy of these tests using
other pairs of overmolded materials.
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1 Introduction

Elastomers have found myriad uses in the industrial, transport, biomedical
and electrical sectors, to name but a few. Their elasticity, resistance to abra-
sion and high tensile strength have made them a key material in our everyday
life and, as technology improves, their uses have encountered ever more
extreme conditions, such as high/low temperatures and pressures, frequency
of vibration, radiation or chemical levels. Among their many applications,
elastomers are the choice material in gaskets, sealants, or damping elements.
However, there are countless sealing and damping jobs where solid rubber is
often unable to perform effectively. For these, foamed rubber is selected
because it is extremely soft and elastic, ensuring an airtight and durable
seal in extreme conditions and under heavy loads. Additionally, foams
strength-to-weight ratio, impact, and sound absorbing capabilities have
ensured their widespread use in the transport and aeronautical sectors for
improved fuel efficiency.
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Foams are two-phase materials: a solid matrix, with a cellular structure, in
which is dispersed a gas phase [1]. Foamed rubber, also known as cellular
rubber or sponge, can be produced in a continuous extrusion process or a
discontinuous molding process using traditional rubber formulations, where
a blowing agent is also introduced. Foaming and vulcanization reactions
have to be well adjusted to obtain either an open or closed cell system
[2]. Fillers are introduced into solid and foamed rubbers to reduce cost or
to modify the properties of the cured system. However, foamed rubbers
usually present a considerably lower amount of reinforcing fillers than solid
rubbers since they would retard, or even prevent, the expansion. Hence,
the use of nanofillers can represent an advantage over traditional fillers since
they require low loading fractions (less than 10 vol%) to provide compara-
ble property enhancements than micrometer-scale fillers. Additionally,
the nanofiller size represents a further advantage for the reinforcement of
fine structures in which conventional fillers cannot be readily accommo-
dated (Fig. 1).

Elastomer nanocomposites have already proved their value to improve
further the initial performance of the matrix, enabling them to endure harsh
environments and severe uses [3]. Even though nanocomposite foams have
not been so extensively studied as solid elastomer nanocomposites, there are
a number of interesting reports in the literature that have already highlighted
the potential benefits of nanofillers on the foaming process, cellular
structure, and properties of the final nanocomposite foams. Research on
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Fig. 1 Carbon nanotube reinforcement of the foam'’s cellular structure.
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nanocomposite foams has taken advantage of the versatility of foam
manufacturing and several methodologies have been pursued from the use
of chemical blowing agents (CBAs) to foam high-performance thermoplas-
tics [4], to physical foaming by supercritical carbon dioxide [5], and reactive
foaming of polyurethanes and silicones [6, 7]. Nevertheless, there still are
fundamental questions to be answered concerning the interaction of nano-
fillers with the foaming process, the resulting cellular structure, and final
properties. For example, nanofiller-polymer interactions can give rise to
significant changes in polymer morphology and, hence, to its rheological
behavior and foaming dynamics. Research in this field should lead to fun-
damental knowledge and to a number of applications.

This chapter discusses two exemplary cases of rubber foams, in particular
ethylene-propylene-diene terpolymer (EPDM) and silicone, since they
provide an overview of the foaming processes, and they are both used in
extreme environmental conditions.

2 Nanofillers

There are three major types of nanofillers, nanoparticles, rod-like, and plate-
like nanofillers. The first type of nanofillers, nanoparticles, has all three
dimensions at the nanometer scale, such as carbon black, silica, and quantum
dots, among others. These nanofillers have been traditionally used in the
composite industry; however, the current means to individually dispersed,
control and modified their structure have stimulated further investigation.
Rod-like nanofillers have two dimensions at the nanometer scale; examples
include carbon nanofibers (CNFs) and nanotubes (CNTs), metallic nanor-
ods, and whiskers. Arguably, CNFs and CNTs are the most widely used
rod-like nanofillers in polymer nanocomposites due to their remarkable
properties [8]. CNTs are cylindrical shells of one or more co-axial graphitic
sheets, with diameters in the range 1-100 nm, and lengths typically on the
order of tens of microns. Individual CNTs have been predicted and
observed to have remarkable properties. Axial stiffness and strength are of
the order of 1 TPa and 50 GPa, respectively, and densities are low (less than
2 g/cm’). A variety of synthesis methods exist to produce CNTs that lead to
a wide range of structural differences, such as their diameter, aspect ratio,
crystallinity, purity, and entanglement, among others. Finally, the last nano-
fillers are platelet-like systems where only one of their dimensions, the thick-
ness, is on the nanometer scale while the lateral dimensions could be in the
range of several hundred nanometers to microns [9]. Smectite clay minerals,



136  High-performance elastomeric materials reinforced by nano-carbons

in particular montmorillonites (MMTs), are the most representative group
of this type of nanofillers. One of the strategies to improve the silicate com-
patibility with the polymer chains is by the organophilic modification of the
internal and external cations. A second example is graphene. Graphene is a
one-atom-thick planar single sheet of sp’~bonded carbon atoms obtained in
2004 from graphite by micromechanical cleavage [10, 11]. Graphene was
successfully synthesized from graphite and started to receive considerable
attention [12—14]. Current strategies use traditional chemical processes
[15—17] to produce graphene materials and have open new opportunities
for this variety of carbons.

3 Foamed rubbers

Foams are basically produced when a gas is blown into a low viscosity matrix.
Foaming reaction is commonly achieved through the thermal decomposition
of CBAs, reactive foaming, or expansion of gas dissolved in the matrix. This
evolution involves the interplay of several physical phenomena such as surface
tension, diffusion, and viscosity. Thus, this reaction has to be well controlled
in order to balance the rates of both the evolution of the gas and the increase
in viscosity [18], if not, the foam will collapse. The selection of the blowing
agents determines the cellular structure of the foam and, thus, its application.
Closed cell foams are the preferred material for thermal insulation, seals and
gaskets that protect against moisture, chemicals, UV light or ozone, dyna-
mic shock absorbers, and packaging. Meanwhile, open cells are employed
in seating, automotive trim, filters, and acoustic applications.

3.1 EPDM foams

Ethylene-propylene-diene terpolymer (EPDM) is a nonpolar synthetic
rubber, which is produced by copolymerizing ethylene (45—75%) and pro-
pylene monomers (13—45%) and non-conjugated dienes [(ethylidene nor-
bornene, dicyclopentadiene and 1,4 hexadiene), (1-11%)]. The ethylene
monomer, propylene monomer, and non-conjugated diene are responsible
for the load bearing, prevention of crystallinity, and providing sites for
crosslinking (vulcanization), respectively. The schematic chemical structure
of EPDM is shown in Fig. 2. Owing to its great resistance to ozone,

{CHZ—CHZEI-E;HZ—(I:H%EDiene}
CH; ~m o

Fig. 2 Chemical structure of EPDM.
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weathering, heat, water, and chemicals (acids, alkalis, polar fluids, and hot
water) and excellent electrical insulation properties, EPDM has attracted
considerable attention in different industries, such as gaskets, acoustic insu-
lation, seals, weather-stripping, and pipe insulation in automotive, electric-
electronic, marine and construction industries, and is a polymer of choice to
withstand harsh conditions. It is worth mentioning that EPDM is the most
water resistant elastomer, which makes it a great candidate for maritime
applications. However, they are not compatible with mineral and synthetic
di-ester lubricants, and hydrocarbon fuels and solvents.

EPDM foams are mostly prepared by the thermal decomposition of
CBAs added to the formulations. Since the cellular structure is formed
due to the decomposition of the blowing agent, many parameters like its
content, dispersion state, and its particles size have a great impact on the
foam properties. The principal CBAs are organic compounds, such as azo
compounds, mostly azodicarbonamide (ADC) that decomposes between
150 °C and 210 °C, and sulfonyl hydrazide compounds, such as 4,4’-oxy-
bis(benzene sulfonyl hydrazide) (OBSH) that decomposes between 95 °C
and 100 °C.

The final properties of foams are greatly dependent on the achieved cel-
lular structure, which in turns depends on the matrix characteristics, proces-
sing conditions, and dispersion and decomposition of the blowing agent.
Michaeli et al. [19] fabricated foam samples based on EPDM rubber with
different viscosities and ADC (as a blowing agent), and explored the effect
of EPDM viscosity on the average cells size and cell density of the foams.
They found that as the viscosity of EPDM rubber increased, the average cell
diameter decreased. Meanwhile, Yamsaengsung et al. [20] analyzed two
types of OBSH blowing agent [neat OBSH and ethylene-propylene mod-
ified OBSH (EPR-b-OBSH)]| to prepare EPDM foams with closed-cell
structure and investigated their effects on the cell morphology and mechan-
ical properties. They observed that using EPR-b-OBSH increased the
porosity and cell number (Fig. 3A), which was ascribed to a better dispersion
within the EPDM matrix. This higher porosity led to a decrease of the ten-
sile modulus (Fig. 3B) and an increase of the compression set with blowing
agent content (Fig. 3C). Similar results have been reported by other
researchers [21-23] on the effect of blowing agent loading on EPDM foams.

Wang et al. investigated the effect of foaming process temperature on
the morphology of closed-cell foams. Their results revealed that increasing
temperature resulted in bigger cells and decrease the foam density
(See Fig. 4) [24].
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Fig. 3 Effect of blowing agent (OBSH and EPR-b-OBSH) content on: (A) porosity,
(B) tensile modulus, and (C) compression set- of EPDM foams [20]. (Reprinted from W.
Yamsaengsung, N. Sombatsompop, Effect of chemical blowing agent on cell structure
and mechanical properties of EPDM foam, and peel strength and thermal conductivity
of wood/NR composite—EPDM foam laminates. Compos. Part B 40(7) (2009) 594—600,
Copyright (2009), with permission from Elsevier.)
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Fig. 4 Scanning electron microscope (SEM) micrographs of EPDM foams prepared at
different temperatures: (A) 175 °C; (B) 185°C; (C) 195°C [24]. (Reprinted from Wang, Z.
Peng, Y. Zhang, Zhang Y. Study on foaming kinetics and preparation of EPDM foams.
Plast. Rubber Compos. 35(9) (2006) 360—367, with permission from Taylor & Francis.)

An effective method to control the cell size and distribution is using the
pre-curing approach. Pre-curing results in higher viscosity and consequently
alters the foam structure. Wang et al. studied the eftect of pre-curing on the
EPDM foams using ADC as a blowing agent and found that it leads to smal-
ler cell size and more uniform cell distribution, and also increase the foam
density (Fig. 5) [25].

The addition of nanofillers into EPDM foams has already shown to affect
the cellular structure and enhance their final properties. Chang et al. [26]
produced EPDM/organoclay foams observing a heterogeneous nucleating
effect of the clay and a reduction of the cell size. Similar nucleating effect
has been reported with halloysite [27] but not with carbon black [22, 23,
28]. Furthermore, Dindarloo et al. [29] studied the effect of nanofiller
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(B)

Fig. 5 Effect of pre-curing on the morphology and cell structure of EPDM foams:
(A) without pre-curing and (B) with pre-curing in a HAAKE Rheometer at 80 rpm
at 80°C for 15 min [25]. (Reprinted from B. Wang, Z. Peng, Y. Zhang, Y. Zhang,
Compressive response and energy absorption of foam EPDM. J. Appl. Polym. Sci. 105(6)
(2007) 3462—3469, with permission of Wiley.)

geometry on the cell structure and mechanical properties of EPDM foams.
They observed that foams loaded with nanosilica (OD) had a sharp cell size
distribution and larger cell size compared to CNT (1D) and nanoclay (2D).
Additionally, CNT resulted in higher compression strength, modulus, and
hysteresis loss (compared to nanosilica and nanoclay), which was attributed
to the higher aspect ratio of CNT and more flexural restriction of it.

Recent studies have analyzed blends of EPDM with other elastomers
[30—-32] and blends with nanofillers [33—35]. For example, Ma et al. [32] pre-
pared EPDM foams containing silicone rubber (SR). The addition of SR
resulted in higher crosslink density of EPDM/SR blend, which improved
the compression set, wear resistance, and tensile strength. Ding et al. [35]
prepared EPDM/chloroprene rubber (CR) foams containing expandable
graphite (EG), organic montmorillonite (OMMT), and magnesium hydrate
(MH) and studied their effect on the flame-retardancy behavior. Their
results indicated that thermostability and flame-retardancy performance of
the EPDM foams are improved by combining all three fillers due to the for-
mation of a rigid layer of EG particles embedded within the OMMT hon-
eycomb structure [35].

3.2 Silicone foams

Silicone, or polyorganosiloxane, consists of alternating silicon and oxygen
atoms, or siloxane units, with hydrocarbon side radicals combined directly
with silicon. Thus, silicones are considered as intermediate compounds
between inorganic materials, in particular silicates, and organic polymers.
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The characteristics of the Si—O—Si bond, large bond length (0.163 nm)
and angle (130 degrees), and bond energy (445 kJ/mol), provides silicones
with high elasticity, high thermal and UV radiation stability, high weather-
ing resistance, and good dielectric properties, as well as low temperature
dependence of their physical properties and very low glass transition temper-
ature (Ty~ —120°C) [36-38]. The most common silicone polymer is poly-
dimethylsiloxane (PDMS) (Fig. 6).

Silicone foams are commonly produced through reactive foaming,
which involves the simultaneous foaming and polymerization of liquid reac-
tants, presenting a liquid-solid phase transition. The foaming is driven by a
gas generated as a by-product of the polymerization reaction |7]. Reactive
foaming is a versatile manufacturing process as the control of parameters such
as functionality, chemical composition, and molecular weight of the difter-
ent reactants, produces a wide set of materials with significantly different
properties [39—41]. Here, we briefly explain the basic reactions taking place
during the reactive foaming of silicones. A detailed recount can be found
elsewhere |2, 40, 42]. Silicone foaming is based on two simultaneous
reactions, a polyaddition and a polycondensation. Foaming is the result of
a condensation reaction that takes place between =SiOH-containing and
=SiH-containing components in the presence of platinum, as the catalyst,
with the evolution of hydrogen. The crosslinking takes place by the
addition-cure reaction of vinyl-endblocked groups with Si—H groups
(Fig. 7) |2]. Commercially available silicone foam reactants are generally
supplied as a two-part system; one component consists of the =SiH- plus
cross-linker and the second component consist of the =SiOH- plus catalyst.
One practical way in which to improve the stability of reactive foams is to
increase the bulk viscosity of the reactants or the surface viscosity of the
gas-liquid interface through a colloidal suspension of solid particles [43].
These dispersed (nano)particles can also act as nucleation sites for bubbles
in the early stages of the process and as functional fillers for the final foam.

Additionally, physical foaming methods are also used minority to pro-
duce silicone foams such as phase separation, supercritical carbon dioxide,
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Fig. 6 Chemical structure of PDMS.
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Fig. 7 Basic chemistry of reactive silicone foams: blowing (1) and gelling (2) reactions.
(Reproduced from R. Verdejo, F. Barroso-Bujans, M.A. Rodriguez-Perez, J.A. de Saja, M.A.
Lopez-Manchado. Functionalized graphene sheet filled silicone foam nanocomposites.
J. Mater. Chem. 18(19) (2008) 2221-2226, with permission of The Royal Society of
Chemistry.)

emulsions and sacrificial models, and syntactic balloons [44—50]. The reader
can find further information on the manufacturing processes used in the
development of cellular silicone in a recent review [42].

Verdejo et al. [12, 51-53] were among the first authors to use carbon-
based nanoparticles, particularly CNTs and functionalized graphene sheets,
which are now termed thermally reduced graphene oxide, in reactive sili-
cone foams. The authors studied the eftect of the nanoparticles on the foam-
ing, cellular structure, and thermal and flammability characteristics of the
developed systems.

The use of nanoparticles has shown to improve thermal degradation by
delaying the onset of degradation and shifting the degradation temperature
to higher temperatures [54]. Verdejo et al. [12, 51, 52] reported a noticeable
increase of the decomposition temperature of more than 50 °C, the thermal
conductivity by up to 6% and the normalized modulus of more than 200%.
Vertical fire conditions indicated that the CNT filled silicone foams may be
classified as self-extinguishing, as the limiting oxygen index increased from
20.5£0.5 for the control sample to 30+ 0.5 oxygen content for the 1 wt%
CNT sample [51]. These results were attributed to the formation of a CNT
network throughout the sample (Fig. 8) via non-covalent CH-7 interactions
and to the surface tension of the gas-polymer interface during foaming.
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500nm

Fig.8 (A) SEM images of silica residue after thermogravimetric analysis (TGA) with CNTs
lying on the gas-polymer interface and (B) transmission electron microscope (TEM)
images of the CNT network formed in CNT/silicone foams [51]. (Reproduced R.
Verdejo, F. Barroso-Bujans, M.A. Rodriguez-Perez, J.A. de Saja, M. Arroyo, M.A. Lopez-
Manchado, Carbon nanotubes provide self-extinguishing grade to silicone-based foams.
J. Mater. Chem. 18(33) (2008) 3933—3939, with permission of The Royal Society of
Chemistry.)

Recently, a thermally and electrically conductive graphene foam was
produced through filtration of low viscosity PDMS in a commercially
available graphene foam (Fig. 9) [55]. The authors reported a highly efficient -
current-induced heating and de-icing capabilities, with improvements of
477% de-icing efficiency as compared to previously reported high carbon-
based nanofiller containing systems. Additionally, they reported a good
reproducibility of the electrothermal behavior after 100 cycles of loading-
unloading current.

Piperopoulos et al. [56, 57] have looked at oil recovery performance of
reactive silicone foams filled with CNT of four commonly used oils (kero-
sene, pump oil, naphtha, and crude oil). They reported comparable results of
sorption capacity of their system but a better reusability (up to 10 times).

Several authors have studied the sensing capabilities of these silicone
nanocomposites foams [58-63]. Among them, Dusek et al. [59] reported
the sensing capacities of a reactive foam filled with carbon black for marine
vehicles where there is a need for saline waterproof, and conformal system.
The response of the sensor array was characterized underwater using peri-
odic hydrodynamic pressure stimuli from vertical plunging and surface water
waves and observed a pressure sensitivity on the order of 5 Pa and dynamic
range of 50-500 Pa.
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4 Conclusions

The reviewed literature has clearly established the potential of elastomeric
nanocomposite foams for an ever increasing range of applications and con-
ditions. Significant progress has been made in understanding the property-
morphology correlations, but there are still many fundamental issues to be
explored. The development of new products would be of great benefit to
both industry and, of course, to the public who would have access to
improved products.
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1 Introduction

Few materials have gained such importance as elastomer composites. Elas-
tomer compounds are present in almost all human activities. Indeed, elasto-
mer pieces and parts are used in countless devices, instruments, equipment
and machines in the household, industrial, biomedical, technological and
scientific fields. The importance of these materials rests on their excellent
balance of useful properties, the most important being elasticity and resil-
ience, good electrical insulation and thermal stability, among others. Elasto-
mers have been traditionally filled with a number of fillers, such as silica or
carbon black, chemical reagents such as crosslinking agents, accelerators or
degradation retardants, to obtain the desired properties. The advent of nano-
technology has broadened the understanding of the nature of the elastomer
properties and has enabled the development of new types of elastomer com-
posites. Likewise, new types of fillers have been developed as a consequence
of the advance in new syntheses routes and characterization of different
organic and inorganic nanoparticles. Among them, the carbon-based
nanoparticles, i.e. fullerenes, nanotubes, graphene materials and nano-
diamond have taken the prominent position as functional fillers in elastomer
matrices. The outstanding mechanical, electrical and thermal properties of
these carbon-based nanoparticles are the main reason of the current interests
of the scientific community.

Several polymorph structures can be arranged by carbon, which is attrib-
uted to the fact that carbon atoms can present three hybridization states of
their valence orbitals, sp”, sp> and sp. In the literature, numerous structures
of carbon are referred or classified as carbon allotropes. However, this ter-
minology (allotrope) should be used in a thermodynamic sense. Meanwhile,
the type of hybridization of the valence orbitals should be described as car-
bon polymorphs. Only three types of carbon polymorphs are composed
exclusively by atoms that present the same valence orbitals hybridization, i.e.
(i) diamond, composed by sp ~hybridized carbon; (ii) graphite, composed by
sp>~hybridized carbon, and (iii) Carbyne, composed by sp-hybridized car-
bon. In this context, R.B. Heimann and co-workers have suggested a clas-
sification scheme based on valence orbital hybridization (Fig. 1). The
scheme consists in a triangle in which each vertex corresponds to a valence
orbital hybridization. Along each side of the triangle, the transition phases
are arranged, while those polymorphs that have contribution from the three
types of valence orbital hybridization are displayed inside of the triangle.
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Fig. 1 Ternary “Phase” diagram of carbon allotropes. Reprinted from R.B. Heimann,
S.E. Evsvukov, Y. Koga, Carbon allotropes: a suggested classification scheme based on
valence orbital hybridization, Carbon 35(10—11) (1997) 1654—1658, Copyright (1997),
with permission from Elsevier.

The type of hybridization of the valence orbitals not only has an effect on
the crystallography of the polymorph, but also on their bulk properties. For
instance, the hardness and thermal and electrical conductivity of sp> poly-
morphs are different from those of sp® polymorphs; diamond is among
the hardest known materials while graphite is among the softest, to name
an example.

From a general point of view, the electronic band structure of solids has
an impact on the electronic properties of these materials. Namely, the energy
difference between the lowest point of conduction band and the highest
point of valence band, which is known as bandgap, defines if a material is
metalic, semimetalic, semiconductor or insulating [1]. In metals and semi-
metallic materials, the valence and conduction bands overlap, but the over-
lapping area in semimetals is smaller than in metal. Semiconductor materials
have a small band gap so that electrons can be easily promoted from one state
to another by thermal or optical excitation. Meanwhile, insulating materials
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have a much greater band gap restricting the transition of electrons to the
conduction band. In carbon-based nanomaterials, the energy gap differs
depending on the type of valence orbital hybridization.

2 Electronic structure and properties of sp? and sp°>
hybridized carbon based-nanomaterials

Most of the studies on carbon-based materials/elastomer nanocomposites
are aimed at obtaining materials with superior transport properties. Hence,
the most relevant fillers to confer such functionalities to elastomer nanocom-
posites are carbon-based materials; in particular, graphene materials, carbon
nanotubes and CVD diamond nanoparticles. These nanofillers present out-
standing properties where their structure plays a crucial role.

2.1 Graphene

Graphene is a sp”~hybridized carbon structure, which presents several out-
standing properties. Among them are its high charge mobility at room tem-
perature, of the order of 200,000 cm? Vst [2], and its high thermal
conductivity, with values between 2000 and 4000 Wm 'K~' [3-6].
Although these properties have been measured only a few years ago, gra-
phene has been a hot topic of research among theoretical physicist for several
decades. The first research related to graphene was carried outin 1947, when
Phillip Russell Wallace reported a model for graphite [7]. Nevertheless, the
graphene was experimentally isolated in 2004 by physicists Konstantin
Novoselov and Andre Geim [8].

Graphene unit cell is composed of two carbon atoms, which can be
viewed as formed by two sub-lattices (See Fig. 2A and B). In these sub-
lattices two of six atoms that are positioned at apexes of hexagons are located,
which constitute the hexagonal long-range graphene network 9, 10]. These
carbon atoms are linked to each other by three ¢ bonds, which has trigonal
disposition. The ¢ bondings are formed by sp” hybrid orbitals, which are
composed by the superposition of s, p, and p, orbitals. The unhybridized
p, orbital remains perpendicular to those sp> hybrid orbitals and overlaps
with other p, orbitals of the neighboring carbon atoms to form n bonds.
These bonds form a & system that leads to the delocalization of electrons,
similar to aromatic systems such as benzene, naphthalene, anthracene or
pyrene.

The band structure of graphene can be described by a simple tight-
binding approximation of ® bands, where sigma bands have a negligible
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(A) (B)
Fig. 2 (A) Honeycomb structure of graphene [3]. (B) Brillouin zone corresponding to
each graphene unit. Reprinted from J. Wang, F. Ma, W. Liang, M. Sun, Electrical
properties and applications of graphene, hexagonal boron nitride (h-BN), and graphene/
h-BN heterostructures. Mater. Today Phys. 2 (2017) 6—34, Copyright (2017), with

permission from Elsevier.
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Fig. 3 Band structure near the Fermi level of graphene. (A) 2D schematic diagram,
(B) 3D schematic diagram, and (C) Dirac cone of K and Ko, which correspond to the
Fermi level of (B). Reprinted from J. Wang, F. Ma, W. Liang, M. Sun, Electrical properties
and applications of graphene, hexagonal boron nitride (h-BN), and graphene/h-BN
heterostructures. Mater. Today Phys. 2 (2017) 6—34, Copyright (2017), with permission
from Elsevier.

influence on the electronic properties of graphene, since they are completely
filled and have a large difference of energy with the Fermi level (Fig. 3).
Thus, the unusual electronic structure is dominated by the long-range
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graphene network. At a corner of the hexagonal first Brillouin zone, the &
conduction band and & valence band are in contact but not overlap. These
points, denoted as K and K’, are referred as Dirac points, since the electronic
Hamiltonian that describes the low energy structure of graphene can be
expressed using the Dirac equation for massless relativistic particles as
H=vrohk, where vg is the Fermi velocity in graphene, o is a spinor-like
wavefunction and k the wavevector of the electron. As a consequence,
the electrons are free to move as particles of zero mass through the two
dimensional electron system. It has been proven that the conductivity of gra-
phene never falls below a minimum value corresponding to the quantum
unit of conductance, even when concentrations of charge carriers tend to
zero [11]. At room temperature, the carrier mobility in graphene can reach
15,000cm®V "5 [12]. It is important to mention that in this two dimen-
sional electron system, the scattering of electrons is hampered; consequently,
the average of free path of electron can reach values near 1 pm [13, 14]. The
outstanding properties of graphene are undoubtedly the main reason for this
material to be the subject of unprecedented interest in many research areas
and, in particular, in elastomer composites.

The main challenge that aroused with the discovering of graphene was
the development of a reliable method for its production at large scale. While
several synthetic methods have been reported in the literature [15-19], the
thermal reduction of graphene oxide has become one of the most feasible
methods for the production of graphene, since it is easy to handle and to scale
up [20]. This method consists in the thermal reduction and expansion of gra-
phene oxide, which is obtained by the oxidation of graphite. The classical
chemical processes to obtain graphene oxide are the Brodie’s, Tour’s and
Hummers’ methods [21-23], where the latter is considered as the most reli-
able method due to its simplicity, speed and unrestricted access to reagents
necessary for the oxidation reaction. Furthermore, different functionaliza-
tions of the graphene surface [24—48] such as N-doped or halogenation have
expanded the array of properties to tailor the materials for specific
applications.

2.2 Carbon nanotubes

Carbon nanotubes (CNTs) can be classified as intermediate carbon forms,
since the sp> hybridized valence orbitals of their carbon atoms presents a par-
tial sp> character. Carbon nanotubes can be considered as graphene sheets
rolled into seamless cylinders; referred either as single or multi-walled CNT's
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Fig. 4 (A) Unrolled single layer graphene sheet showing the geometry of the SWCNT.
(B—D) Examples of the three types of nanotube sidewall; zig-zag, armchair, and chiral.
Reprinted from F. Zhang, P.-X. Hou, C. Liu, H.-M. Cheng, Epitaxial growth of single-wall
carbon nanotubes, Carbon 102 (2016) 181197, Copyright (2016), with permission from
Elsevier.

depending on the number of sheets. Theoretically, the properties of the
CNTs depend on the rolling direction of graphene sheet, where C is the
vector that describes such direction (Eq. 1).

C=may + mis (1)
where, 1y and n, are the chiral indexes and a; and a, are the graphene lattice
vectors. The chiral vector classifies the CNTs as zigzag it ny =n, or armchair
if n, =0 (Fig. 4). The cases where ny #n, and n, #0 are classified as chiral
carbon nanotubes. The chirality of carbon nanotubes has an effect on their
electronic properties, since carbon nanotubes are metallic or semi-metallic if
ny—n, =3q, where q is an integer, and are semi-conductors in all other cases.
Experimental values of charge mobility observed in carbon nanotubes has
been close to 100,000cm” V™' s~" [49] and values of thermal conductivity
of up to 6600 Wm ™' K~ [50]. The discovering of these carbon polymorphs
is attributed to Iijima [51]. As a result of this discovery, several synthetic
[52—54] and functionalization routes |55, 56] have been reported.

2.3 Diamond

The diamond is a material composed exclusively of sp’~type hybridized car-
bon atoms. Their properties are quite different to those materials where
orbital valence has total or partial sp> hybridization. The conventional cubic
cell of diamond lattice consists of two interpenetrating face-centered cubic
Bravais lattices, displaced along the body diagonal of the cubic cell by one
quarter of the diagonal’s length [7]. The theoretical value of the energy gap
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(4.8eV) agrees with the experimental value of natural diamond (5.42¢V)
and it is considered as a semiconducting material. The development of n
and p-type doped diamonds has been investigated in order to increase their
charge mobility. It has been reported that the Hall charges mobility mea-
sured of holes and electron in diamond are around or >3000cm> V™' s~
[57]. Previous to the discovery of CNTs and graphene, diamond was con-
sidered as the material with the highest thermal conductivity. At room tem-
perature the thermal conductivity of a single-crystal of CVD diamond is
around 2200 Wm ™' K™ [57]. Other important characteristic of diamond
is its reflectance index (2.42), which is the highest known for a non-metallic

material [58].

3 Thermal properties of carbon-based materials

As mentioned above, the thermal conductivities of these carbonaceous
materials are unique due to their electronic properties. The classical way
to define the thermal conductivity is through the Fourier’s law, which relates
the heat flow and the temperature gradient between two points (Eq. 2).

g=—kVT @)

where ¢ is the heat flow, and k is thermal conductivity, which is considered
as a constant for small variations of temperature. In solid materials, the ther-
mal conductivity can be ascribed to two contributions, namely to phonon
and electron mobility. While the thermal conductivity of metallic materials
is mainly attributed to electron mobility, the thermal conductivity of
carbon-based materials is assigned to the acoustic phonons or atom vibration
in the crystal lattice. Although the regime of acoustic phonon can be ballistic
or dispersive, Fourier’s law considers diffusive transport. This diffusive
regime occurs only if the phonon mean-free path (A) is smaller than the size
of the sample (L). Meanwhile, in ballistic regime, phonon mean-free path is
larger than the size of the sample A >L. Another important consideration is
the fact that the thermal conductivity is considered as intrinsic when the
crystal is perfect. In this type of systems the phonon can only be scattered
by other phonons. Additionally, phonon scattering can also be considered
as an extrinsic effect, via phonon-rough-boundary or phonon-defect
scattering.

Carbon-based nanomaterials can present different magnitudes of thermal
conductivity, from 0.01 to 3000 WmK ', which is due to the polymor-
phism of carbon. Graphitic materials, such as pyrolytic graphite, present
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an in-plain thermal conductivity of around 2000 WmK~'; however, this
value can decrease by the grain size. Similar to this, the CVD diamond par-
ticles present a thermal conductivity that depends on the grain size. Unlike
these materials, the thermal transport in carbon nanotubes and graphene are
strongly influenced by the intrinsic properties of the sp lattice, which favors
their extremely high values.

4 Elastomer nanocomposites filled with carbon-based
nanomaterials

Rubbers, or elastomers, are a special class of polymers with specific proper-
ties. They are formed by long chains, with high molecular weight and cross-
linked at many points giving rise to the formation of a three-dimensional
network structure. Elastomers are relatively cheap materials that exhibit
rubber-like elasticity. The main characteristic of elastomer compounds is
their elastic behavior; they are easily deformable up to 1000% by the appli-
cation of a relatively low stress, and able to recover its original form once the
stress is removed [59]. Due to their flexibility, mechanical strength, and good
solvent and oil resistance, elastomers have found multiple applications,
among them for insulation of electrical cables and wires or fabrication of per-
sonal protective equipment. Besides, elastomers present a wide service tem-
perature and, consequently, they are suitable to be used in a wide
temperature range from sub ambient to relatively high temperatures.

5 Methods for the preparation of carbon-based
nanoparticles elastomer nanocomposites

The preparation process is key to attain a homogeneous dispersion of the
carbon-based nanofillers in the elastomer matrix and, hence, an optimal
set of transport properties. The most extended processing methods are
the melt mixing or mastication and milling. However, other methods have
also been proposed such as polymer solution and latex mixing [60-63].
These methods are applicable depending on the type of elastomer, Fig. 5
shows the most frequently used methods for the preparation of elastomer
composites filled with nano-carbon based materials.

5.1 Melt mixing method

Thermoplastic elastomers are materials that combine many of the attributes
and features of both vulcanized thermoset rubber and thermoplastic materials.
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Fig. 5 General scheme of different methods for the preparation of elastomer
composites.
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Hence, they present an elastomeric behavior while being processed as a ther-
moplastic polymer. Most thermoplastic elastomers are co-polymers having
rigid and flexible moieties in their back-bone. The synthesis of these elasto-
mers, either by chain-growth or step-growth polymerization, results in a
wide spectra of thermoplastic elastomers. Polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (SEBS) is a thermoplastic elastomer, synthe-
tized by chain-growth polymerization. The two polystyrene blocks placed at
the extreme of the polymer chain confers partial rigidity to the back-bone
chains and crystallinity to the bulk, while the central block of ethylene-
ran-butylene confers flexibility to back-bone chain and amorphous domains
to the bulk [64]. Meanwhile, thermoplastic elastomers obtained by step-
growth polymerization, such as polyurethanes, are composed of short alter-
nating polydisperse blocks of soft and hard segments [65]. The hard segments
correspond to aromatic groups, while the oxygenated functions, such as ether,
enhance the “free rotation” of the back-bone. The good processability of
these thermoplastic elastomers (SEBS and polyurethane thermoplastic elasto-
mer) has promoted their use with carbon-based nanomaterials [66—69]. How-
ever, other thermoplastic elastomers such as polyvinyl acetate or SBS, has also
been used [70-73].
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5.2 Mastication and milling method

The mastication 1s a mechanical shearing process that significantly reduces
the viscosity of elastomers. This mastication process softens the rubber
and is needed to mix the vulcanizing reagents, such as accelerators and sulfur.
The vulcanization ingredients will tune the crosslink density of elastomers
through a careful balance between sulfur and the accelerators. This has an
important effect on the resulting mechanical performance of carbon-based
elastomer nanocomposites.

Fillers also are added in this stage and, where the filler morphology may
be degraded by the high shear process. The percolation thresholds of fillers in
composite based on amorphous polymers tend to be higher than those
exhibited by composite based on crystalline and semi-crystalline polymers.
Fillers in amorphous polymers are homogeneously dispersed in the entire
volume, while in semicrystalline polymers they would only be present in
the amorphous phase. An additional effect of the nanofillers in vulcanized
elastomers is the significant enhancement of the mechanical and electrical

properties, due to the interactions that take place between the filler—matrix
and filler—filler [74-77].

5.3 Solvent mixing method

Solvent mixing is rarely used to prepare elastomeric nanocomposites since it
requires large volumes of apolar solvents and is a lengthy process. The solu-
tion mixing method requires the selection of the appropriate solvent for each
elastomer. Nevertheless, it should be taken in account that only linear or
branched polymer could be dissolved, whereas cross-linked elastomer will
only swell when in contact with compatible liquid. The proper solvent
can be chosen using the solubility parameters, which are based on a thermo-
dynamic principle that was initially described by Hildebrand [78]. This prin-
ciple consists in the premise of “like dissolves like”, which is supported by
empiric considerations of mixing enthalpy (AH"). Small values of mixing
enthalpy indicate that the solvation of polymer in a determined solvent will
take place. As shown in Eq. (3), the enthalpy of mixing is represented as a
function of the total volume of the mixture (1), the molar fractions (¢,)
and the solubility parameters (9;) of the components.

AHM = V(8 = 6,) b, 3)

It has been reported that composites based on SBS and MWCNT pre-
pared by solution mixing method presented an electrical percolation
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threshold at 0.25 wt% and with only 1.0 wt% of MWCNT the conductivity
reached 107" Sem ™" [79]. Meanwhile, Araby et al. [80] have reported a
solution mixing protocol to disperse both graphene and vulcanization agents
in SBS polymer matrix, which enable a higher degree of filler dispersion.
The electrical percolation threshold was between 5 and 6.5vol% of filler.

5.4 Latex mixing method

Natural rubber is obtained from its natural source, Hevea brasiliensis’ tree in
form of a latex. Latex is an acceptation borrowed from New Latin of 19th
century and it refers to fluids or liquids. In effect, natural rubber corresponds
to an aqueous colloidal suspension. Cis-1,4-Polyisoprene is the solid that
conforms the suspended particles in latex. The particles are stabilized as col-
loid by the presence of phospholipids on their surface and proteins. As
known, cis-1,4-polyisoprene is a polymer that has alkene moieties in its
backbone chains. The natural rubber latex with or without the vulcanizing
reagents is commercially available. The addition of sulfur, or peroxide, to the
latex is known as a pre-vulcanized state, which is then dried and heated to
form post-vulcanized rubber. The preparation of carbon nanocomposites
using latex mixing method requires the stabilization of hydrophobic
carbon-based nanoparticles in an aqueous colloidal suspension, which has
been pursued through the use of surfactants. Surfactants refer to a surface
active agent to reduce the surface tension [81]. The character of surfactants
is amphiphilic, which means that the surfactant molecules have hydrophilic
and hydrophobic moieties in their structure [82]. In this regard, stable sus-
pension of carbon-based materials can be obtained by the non-covalent
modification using surfactants [60]. Non-covalent modified carbon-based
nanomaterials undergo ionic repulsion in aqueous medium if the surfactant
is ionic. Non-ionic surfactants promote the stabilization of carbon-based
nanomaterials by the occurrence of steric repulsion among the non-covalent
modified particles. The addition of aqueous suspension of stabilized carbon-
based nanomaterials results in nanocomposites films with homogeneous
dispersion of the filler. The low viscosity of natural rubber latex and other
polymer lattices, such as SBR or NBR latex, allows the fabrication of these
types of composites using laboratory routine equipment [60, 62, 83]. The
latex mixing methods also allows other variation such as self-assembly and
heterocoagulations, methodologies designed in order to promote the homo-
geneous dispersion of filler in the rubber matrix [61, 84].
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6 Transport properties of carbon-based elastomer
nanocomposites

6.1 Electrical conductivity

The first detailed studies on electrically conducting carbon-based particles/
elastomer composites are referred to the use of carbon black as filler [85-88].
In these types of composites, a relevant role on the electrical conductivity is
attributed to the morphology of composites and the dispersion of the par-
ticles in the polymer matrix. The proximity among particles allows the
mobility of electrons by tunneling between adjacent carbon particles and this
tunneling effect is improved by thermal fluctuations. Similar considerations
have been argued for carbon nanotubes and graphene materials based elas-
tomer composites [89, 90].

A statistical physics model has been used to understand the factors
involved in the improved electrical conductivity of polymer composites.
This theory known as percolation explains the transition from a local con-
nectivity state to one in which the connections extend indefinitely [91].
A percolation model represents the random connectivity of adjacent sites
of hard-core circles in an infinity periodic lattice [92]. This theory is useful
for polymer composites, since it considers two different components or
phases. Consequently, the electrical conductivity observed in composites
based on electrically conducting fillers and insulating polymer matrices is
attributed to the formation of a three-dimensional interconnected network
of the conductive phase. The critical filler content where the composite
becomes electrically conductive is denominated percolation threshold
(@) 193]. The electrical conductivity in continuum percolation theory is
given by Eq. (4) [94].

o< (¢p—pc) fordp > e “4)

where ¢, ¢ and t are the volume fraction of the filler, the percolation
threshold and a critical exponent, respectively. Other expression that is used
to predict the direct current conductivity (6,,) and dielectric constant (g) are
Egs. (5), (6), respectively [95, 96].
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where, —s and —s are both known as critical exponents, which are assumed
to be universal. The volume fraction of the filler in a polymer composite can
be determined by the Eq. (7).

P
__ P 7
b= )
pf Pum

where p and prare the weight fraction and the density of the filler, and p,), is
the density of the polymer matrix.

Other important consideration to the percolation in composites was pro-
posed by Balberg et al. [97, 98], who introduced the concept of excluded
volume. Excluded volume corresponds to the volume surrounding and
including a given object, where other object of similar shape cannot pene-
trate this volume. Consequently, the excluded volume in the percolation
threshold is a dimensional invariant for continuum systems of objects, where
the only randomness is in their location in space. The percolation volume
will be associated to a critical number density of objects as seen in Eq. (8).

(Vo) =NAV) = B, (8)

where, (V,,) is the total excluded volume, (V) is the average excluded vol-
ume of an object of volume 1/, N_is the critical number density of objects at
percolation and B, is a dimensional invariant. Consequently, the percolation
threshold can be expressed as seen in Eq. (9) [99].

(Vex) Vo>
(V)

As a result of these theoretical considerations, the shape of the filler plays
an important role on the value of the percolation threshold. For instance, the
percolation threshold of cylinder-shaped fillers has been calculated and varies
between 0.276% and 5.8% [99], while that of disk-shaped nanofillers varies
between 0.487% and 0.765% [100]. Previous to those theoretical consider-
ations, Flandin etal. [101] demonstrated the dominant role of the filler size in

$p=1-cxp (— )

the percolation threshold of polyethylene-co-octene, a thermoplastic elasto-
mer. In this work, the percolation threshold decreased from 39.5 to 12vol%
using carbon black nanoparticles with diameter of 300 and 21 nm, respec-
tively. Likewise, Das and co-workers, reported a percolation threshold
between 2 and 3wt% of CNTs in styrene butadiene and butadiene rubber
[102]. In the case of graphene materials, the dispersion of reduced graphene
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oxide in pre-vulcanized natural rubber has shown an electrical percolation
threshold between 2.4 phr of filler [60]. Fig. 6 represents the types of filler
phases in the elastomer matrix as its contents is increased and its effect on the
electrical properties of composites. At low filler c