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E Young's modulus.
a nominal stress.
£ nominal strain.
op | tensile strength or The ultimate strength or rupture stress.
ER strain at break or the percent ductility or rupture strain.
S, yield stress. ;
£, vield strain.
44 Poisson’s ratio
€y, | lateral sirain
£lang. longitudinal strain.
AV | the increase of volume.
v, ititial volume.
E’ the complex elastic modulus.
£’ | the real part of the elastic medulus.
£ | the Imaginary of the elastic modulus.
Oy {rue stress.
X the extension ratio,
ET true strain.
G rubbery modulus.
Eo the inslantaneous strain.
£ the elastic strain.
Eu unloading strain.
€., i the elastic recoverable strain,
£, the total recoverable strain.
.. | the total irrecoverable stratn.
E, conventional elastic modulus.
E, high elasticity modulus.
U activation energy for steady statc creep.
£, strain rate at steady state creep.
q activation volume for steady state creep.
B viscosily for steady creep.
N viscosity at plastic deformation (irrccoverable strain).
n stress sensitivily parameter.
B(t) | memory function for recoverable deformation,
A relaxation strength.
1 | retardation time for recoverable creep.
Au ] activation encrgy for recoverable creep.
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Q| the degree of swelling,
I’ penctration rate.
M, [ the weight uptake of liquid at equilibrium.
M, | 1he weight uplake of liquid after time 1, ]
D diffusion coefficient.
EPDM | Ethylene propylene dicne monomer rubber. ;
NBR | Nitrile rubber,
-|_HAF [ High abrasion furnace carbon black.
TMTD | Tetramethylthiuram disulfide.
MBTS | 2- Dibenzothiazyle disulfide.
phe | I'ait per hundred parts of rubber by weight.
Sa Sample of of (NBR/EPDM) blend free of HAI/black.
S1e | Sample of of (NBR/EPDM) blend loaded with 10 phr of HAF/black_ |
530 | Sample of of (NBR/EPDM) blend loaded with 30 phr of HAF/black.
Sy [ Sample of of (NBR/EPDM) blend loaded with 40 phr of HAF/black.
Sq | Sample of of (NBR/EPDM) blend loaded with 50 phr of HAF/black,
M. | average molecular mass betseen two crosslinks.
p density of rubber.
R gas constant.
T absolute iemperature.
5 degree of crosslinking (the number of gram moles of crosslinks per
unit gram of rubber).
Q. | degree of equilibrium swelling {measured after 24 hours).
(), ithe degree of swelling after time { .
FEF | Fast Extruding Furnace.
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Summary

Summary

Polymer blending is one of the new approaches for the preparation of
new materials from existing polvmers. One obvious advantage is that it requires
a lower cost relative to the production of new polymers. It is also possible to
produce a range of materials with properties completely different from those of

the blend constituents.

The blending of nitrile rubber (NBR) and cthylene propylene-diene
monemer rubber (EPDM) was performed 1o achieve the best properties from
each component. NBR has high resistance to swelling in oils and solvent but
suffers from poor ozone resistance and heat aging properties. EPDM has good
heat aging and ozone resistance (as its unsaturation sites are in the side chain
and not in the backbone) but it possesses poor solvent resistance. 'Thus, the
product of this blend wiil have excellent oil resistance, ozone resistance, heat
resistance and mechanical strength. It could be used for the production of
known rubber products requiring such properties, e.g, automotive brake hoscs,
automotive radiator hoses, motor mounts, transmission behs, conveyor belts,

sheets and rolls.

The present study is concerned with NBR/EPDM blends Joaded with
different concentrations of carbon bluck; Fligh Abrasion Furnace (ITAF) N 330,

All test smmples were prepared under the same conditions according to
standard methods. The major goal of the study is to cover as far as possible

some mechanical and physico-chemical behavior of the NBR/EPDM blends.

The relation between stress and strain gives a number of parameters such
as rupture stress Oy, rupture strain €g Young's medulus E and the degree of

crosslinking vu.
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Creep and creep recovery relationships for some selected samples were
inspected. [t was found that, as the applied stress increases the instantaneous
strain increases also at all HAF contents. The conventional elastic maduius, E,,
high elasticity modulus, E;, and the viscosity for steady creep, my, under
different applied siresses increase with increase in carbon black concentration.
Finally, useful parameters like activation volume, q, memory function, 3{t), the
retardation time, 1, and relaxation strength A were deduced from the creep and

creep recovery curves and study the effect of carbon black and/or applied stress

on these parameters.

The time dependence of the degrec of swelling in both gasoline and

kerosene was analysed. The values of equilibrium swelling (Q.) and the

characteristic time (T) were calculated. [t was found that, both of Q, and T

depend on the concentration of carbon black and tvpe of solvent. The
penetration rate, P, and consequently the diffusion coefficient, 1D, for some

selected samples were calculated,
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1.1 Introduction

Polymer blends have recently drawn considerable attention, due to the
ease with which polymer properties can be modified to achieve characteristics
that can not be achieved by a single polymer sysiem. The most difficult task is
the development of materials with a full set’of desired properties. This has
been achicved by selecting blend components in such a way that the principal
advantages of the first polymer will compensate for deficiencies of the second
one and vice versa !,

In the following we present a brief overview of the properties and

concepts that will be dealt with throughout the present work.

1.2 Polvmer

Polymer is derived from the Greek poly and mer, meaning many and
parts, respectively. Some scientists prefer to use the word macromolecuie or
large molvcule, instead of polymer ) The difference between polymers .
including plastics, fibers, and elastomers or rubbers |, are determined primarily
by the intermolecular and intramolecular forces between the molecules and
within the individual molecule, respectively, and by the functional groups

preseint.

One of the most significant parameters of polymers is their molecular
mass, M, which ts determined by the number of the repeating units, P, that

3
makes up the macromoleculet*:

M=M_P (1.1)

Where M, 1s the molecular mass of the repeating unit, the parameter [ is

called the degree of polymerization, which may vary over a wide range, from

a few units to 10° and more.
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Polymers with high degree of polymerization {7 > 3000 are called high
polymers®. While those with tower degree of polymerization (£ < 5000y are
known as oligomers. Polymers consisting of identical monomers are called
homopolymers, while those containing several types of monomeric units in
their chains are known as copolymers or mixed polymers. Polymers are
clussified according 10 composition, origin, nature, formation, structure,

...etc, WS

There arc many reasons for using composite materials or blends rather
than the simpler homogenous polymers”?. Some of these reasons are: (1)
increased stiffness, strength, and dimensional stability, (2) increased
toughness or impact strength, (3) increased heat distortion temperalure, {4)
mcreased mechanical damping, {5) modified clectrica!l properties, (6) reduced

permeability to gases and liquids, and (7) reduced cost,

The propertics of composite materials are determincd by the properties
of the component, the shape of the filler phase, the morphology of the system,

and the nature of the interface between the phases.

Thus a great variety of properties can be obtained with COINPOSItes just
by alternation of one ol these items. An important property of the interface
that can greatly affect mechanical behavior is the sirength of the adhesive

band between phases.

1.3 Rubber:

The original material of commerce known as rubber is obtained in the
form of latex from the tree hevea Braziliensis®. The word rubber is derived
from the ability of this material to remove marks from papers, to which
attention was drawn by the chemist Priestly in 1770. in current usage the 1orm

rubber is not restricted to the original natural rubber {NR), regardless of its
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chemical constitution. The more modem term elastomers is sometlmes
employed in relation to synthetic materials having rubber-like properties,
particularly when these are treated as a sub-class of a wider chemical group.
Most synthetic rubbers are produced in two main stages; first, the production

of the monomer(s), then the polymerization to form a rubber, !

Rubberst*# 45 4 high molecular weight polymers, have a lower
temperature limit. to their rubbery state. At the so called glass transition

termperature {Tg)ther-:: is a fairly abrupt change to a glassy state. Materials in

the class of polymers which are plastics, at normal temperature, become

rubbery like as the temperature is raised above their (Tg} . For this reason their

{Tg] marks the upper temperature limit of their service properties, or their heat

resistance.

Natural rubber (NR) is essentially a hydrocarbon, whose constitution
was established by Faraday (1826} to be consistent with the formula (C5H8)n

monomer, and has the following structure

(—CHy——C=—=CH—CHy—),
H3
Butadiene rubber (BR) is now derived exclusively from petroleum
fractionation of the products of eracking petroleum, which containing largely
h}'dr:acarbons of the butanc and butene family. Butene is separated and
catalytically dehydrogenated in the vapor phase to butadiene which has the

formula
T
I
CH,=C-C=CH,
Styrene-butadiene rubber (SBR) is derived from butadiene. Its

produgtion begun in the United states during World War I1. For many
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mechanical goods SBR superior to NR and is preferentially used because of
its easler processing and good quaiity and product. SBR is a random
copolymer; i.c. a mixture of two monomers, butadiene and styrene, and has

the formula

[ CHy — CH == CH — CHy—)5 (—CHy —Cll —)]_

CeHs
Nitrile rubbers {(NBR) are polymiers of butadiene and acrylonitrile,

having the ratio of the two monomers similar o the ratio of butadiene 1o

styrene in SBR; its formula is

[{—cx—:g-—cz{:c:{_c:ig—}a{ CHy—CH )}

NBR is used for is oil resistunce, low solubility, low swelling, and

good tensile strength and abrasion resistance in gasoline or oils,

Basically, niwile rubbers are manufactured by emulsion co-
polymertzation of butadiene with acrylonitrile in processes similar to those
used for other emulsion poivmers, such as SBR'®. The main raw materials
required are the monomers butadiene and acrvlonitriie. Both monomers may

be synthesized from naphtha obtained from oil

0il ——w naphtha —— = butadiene

¥
propylenc + ammonia and atir ———w acrylonitrii
Nitrile rubbers, suitably compounded, have a service lemperature range
of -50 to +1200 C° but temperatures as high as 1400 are frequently required,
Whenever nitrile rubbers are used, a compromise between ofl resistance and

low-temperature properties is necessary.
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Ethylene Propylene- Diene Monomer Rubber (EPDM) with the

following chemical structure;

—{CH; —CHjjn {CH; —CH)n' CH —CH——
CH;
HEC\ . CH
c/
H
ethvlene propylene diene

Where nandn’=10-20

Ethylene-propylene rubbers and elastomers (also called EPDM and EPM)
continue to be one of the most widely used und fastest growing synthelic
rubbers having both specialty and general-  purpose  applications.
Polymerization and catalyst technologies in use today provide the ability to
design polymers to meet specific and demanding application and processing

needs.

Ethyiene-propylene rubbers use the same chemical building blocks or
monomers as polycthylene (PE} and polypropylene (PP) thermoplastic
polymers. These ethylene (C;) and propylene (Cy) monomers are combined in
a random manner te produce rubbery and stable polymers. A wide family of
ethylene-propylene clastomers can be produced ranging from amorphous,
non-crystalline  to  semi-crystalline  structures depending on  polymer
composition and how the monomers ure combined. These polymers are also
produced in an exceptionally wide range of Mooney viscosities (or molecular

weights),

The ethylene and propylene monomers combine 1o form g chemically

saturated, stable polymer backbone providing excellent heat, oxidation, ozaone
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and weather aging. A third, non-conjugated dicne monomer can be
terpolymerized in a controlled manner to maintain a saturated backbone and
place the reactive unsaturation in a side chain available for vulcanization or
polymer modiftcation chemistry. The terpolymers arc referved to us EPDM (or
ethylene-propylene-diene with “M" referring to the sawrated backbone

structure) 49,

Ethylene-propylene rubbers are valuable for their excellent resistance
to heat, oxidation, ozone and weather aging due to their stable, saturated
polymer backbone structure. Properly pigmented black and non-black
compounds are¢ color stable. As non-polar elastomers, they have good
electrical resistivity, as well as resistance 1o polar solvents, such as watgr,
acids, alkalies, phosphate esters and many ketones and alcohols, Amorphous
or low crystalline grades have excellent low temperature flexibility with glass
transition points of about -60 C*. Heat aging resistance up to 130 C” can be
obtained with properly selected sulfur acceleration systems and heat resistance
at 160 C° can be obtained with peroxide cured compounds. Compression set
resistance is good, particularly at high temperatures, if suifur donor or
peroxide cure systems are used. These polymers respond well o high filler
and plasticiser loading, providing economical compounds. They can develop
high tensile and tear properties, excellent abrasion resistunce, as well as

improved oil swell resistance and flame retardance ',

The blending of nitrile rubber (NBR) and cthylene propylene-dienc
monomer rubber (EPDM) was performed 1o achieve the best properties from
cach component, NBR has high resistance to swelling in oils and solvents but
suffers from poor ozone rcsi‘stance and heat aging propertics ¥ EppDa
has good heat aging and ozone resistance (as its unsaturation sites are in the
side chain and not in the backbone) but it possesses poor solvent resistance

" The blend of such two polvmers atiracts the attentions of many
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researchers to tailor a blend which withstands ozone, heat aging, oil and
solvents swelling with desirable mechanical characteristics. Thus, the product
of this blend will have excellent oil, ozone, heat resistance and mechanical
steength. It could be used for the production of known rubber products
requiring such properties, e.g. automotive brake hoses, automotive radiator

hoses, motor mounts, transmission belts, conveyor belts, sheets and rolls.

1.4 Rubber Additives:

Additives are essentizl functionul ingredients of polymers, and
whenever possible, each should be used in optimum amounts for auwainment of

high quality produets,
1.4.1 Fillers

According to the American Society for Testing and Muaterials standard
ASTM-D-833, filler is a relatively inert material added to a polymer to modify
its strength, permanence, working properties or other qualities, or to lower
COsts.

Fillers may be bluck, like carbon black, or non-black. Calcium

(1) and oxide and barite (barium sulphate) used mainly to reduce

carbonate
cost. Antimeny is a semi-reinforcing filler, Aluminum hydroxide, aluminum
stlicates, china clay, magnesium carbonate and titanium dioxide are used as a

reinforcing filler (o achieve high performance in non-black products.

In certain rubber articles, e.q. conveyor belting, textile rollers and
spinning cots, and trolley wheels for use in hospitals, the build- up of static
electricity is undesirable as an altcrnative to rubber compounded with
conductive blacks, antistatic agems, which are frequently based on quaternary
ammonium salts or ethylenc oxide condensates, have been designed to assist

m producing vulcanizates with low electrical resistance.
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1.4.2 Vulcanizing Agents

many natural and synthetic rubbers are not in  themselves
thermosetting {materials that form three dimensional network). To form three
dimensional network in them they are reacted with special vulcanizing agents,
usually sulfur as shown. 7

w=—CH—CH=CH-CH—CH,—CH=CH-CH,~—CH,—CH=CH-CH,——
e O — CH=CH-CH—CH— CH=CH - CH—CH—Cl{=CH = CR ——mwr +

~=—=CH—CH=CH-CIl~—CH—CH=CH~-CH,— CH— CH=Ci[=CH,—ww

5
1
§
| A
_r_a-—l::II,-—CH:CH—CIL—CIL—Ell—l’l_'H—l:'EI;—C}h— CU=CH~CH,
5

5

I
e CH—CH =CH-CH—CH—CH-CH— CH—CH— CHECH-CH

— ) o " o L e

wisn—=C N =CHZCH-CH,—~ CH, = ('H=CH = Cll— CH—CH =, = CH, o=

P T P E—

Other vulcanizing agents are sulfur- bearing materials. Oxidizing
systems, metallic oxides and polyamine without the chemical cross-linking
reactions involving these agents; no improvement in physical properties of

rubber muxtures can oceur.

1.4.3 itccelerators and Activators

the reaction between rubber and sulfur grows slowlyt™®. The presence
of accelerator increases the ‘rate of cure, (reducing the time and / or the
temperature of vulcanization), and this improves the physical propertics of
vulcanizates. Table (1.1) gives some indications of the improvement in

properties of rubber compounds, by vulcanization.
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Table (1.1): The improvement in properties of rubber compounds, by

vulcanization,

Un-vulcanized material Vulcanized material
Plastic : Elastic
Soft d Hard
Low tensile strength High tensile strength
Thermoplastic Non thermoplastic
Tacky Non tacky
Non resistant to solvents Resistant to solvents
Non resistant to oxidation Resistant to oxidation

Zinc oxide and the fatty acids are vulcanization system activatorst'®,
These activators form a complex compound with the accelerator and thus aid
obtaining the maximum benefits from an acceleration system by increasing
vulcanization rate and improving the final properties of the products,

Accelerators are clussified and illustrated in table (1.2)

Table (1.2): Accelerators for sulfur vuleanization.

compound abbreviation

2 ~Meracapto-benzothiazole MBT
2 —Dibenzothiazyle disulfide MRBTS
N-Cyclohexyl-benzothiazole-2-sulfinamide C3S

N-t-Butylbenzo-thiazole-2-sulfinamide TBBS
2-Morpholinothiobenzothiazole MBS

N-Dicyclohexyl- benzothiazole-2-sulfinamide DCBS
Tetramethylthiuram mono-sulfide TMTM
Tetramethylthiuram disullﬁdc T™™TD
Zincdiethyldithiocarbamate ZDES
Diphenyl-guanidine DPG

Di-O-tolylguaniding DOTG
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1.4.4 Plasticizers

Plasticizer'® [s a high molecular-weight solvent or low-melting solid

which imparts flexibility to an amorphous polymer (improving its mechanical
properties). Some types of plasticizers are paraffinic oil, dioctylphthalate,

dihexylphthalate, dimethylphthaiate and glveerol.

The schematic mechanism of erosslinking can be shown as follows U »
accelerator  +  activator
¥
Actived accelerator complex (sulfur + aclivators)
Active sulluratmn Elg_,cnt
Rubber intermediate bonds
¥
Initial potysulfide crosslinks
Crosslink dextrucnun H \II : 1 "
with main - chain (¢ -5} hand Crosslink shortening with
modification interchange additional crosslinking
L

Final vuleanizate network
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1.5 Mechanical Properties of Composites.

Polymer blends and composites are widely used in different
technological purposes bevause of their high strength, elastic deformability,
and ability to be strained repeatedly to high levels without destruction or
permanent distortion. The mechanical behavior of rubber{polymers) is affected

18) o
U9 The external factars are

by many extermal and intermal factors
environmental factors including time, temperature, pressure and radiation that
may cause changes in physical or chemical behavior. The intemal variables
are those, which produce changes in the chemical and physical structure of the
polymer. Accordingly, changes of mechanical properties take place. Some of
the important internal factors are chemical structure and composition, degree
of crystallinity, polar nature of substitvents, molecular welght diluents, such

as water, monomer and plasticizer and the degree and extent of

copolymerization.

For many uses, even vulcanized rubbers do not exhibit satisfactory
tensile stiength, modulus, hardness, abrasion resistance and tear resistance.
These properties can be cnlianced to suit several industrial applications by
reinfercing with colloidal filler, such as carbon black, which has a large effect

on the mechanical properties of rubber.

1.5.1 Tensile Strength of Rubber Composites,

The strength of a material is its ability to withstand under a load without
breaking. Strength is usually characterized by the stress, which causes failure.
This stress is called the fraciure stress or tensile strength. The tensile strength
of material is determined as a rule, from its siress-strain curve obiained under
certain working conditions. IIt is the Limiting stress or the ultimate stress at

which the specinmen fructure.
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Tensile tests are the most widely used techniques for studying the
mechanical properties of rubbers. It does not only give an indication of the
strength of a material but also of its toughness. Usually, brittle materials have
low toughness, while ductile materials are very tough because of (heir large

elongation at break.

The mechanical properties of rubber vulcanizates are improved by the
reinforcement with carbon black. The reinforcing carbon black inclusions
increase (he tensile strength of rubber by allowing the applied load to be
shared amongst a group of chains™, thus decreastng a chance of 4 brealt to

prepagate.

-
a

In tensile test, the modulus of elasticity or Young's modulus (133 can be

calculated from the slope of the initial linear portion of the stress-strain curve.

"dr:r

L=
dg

(1.2)

where o is the applied stress and € is the resulting strain.

F.5.2 Stress-Strain Relation

One of the most informative mechanical experiments of any malerials is
the determination of its stress-strain curve "** This is usually done by

continuously measuring the force developed as the sample s elongated at

constant rate of extension. The shape of the curve depends on the phystcal and

phasc states of polymer,

Figure {1.1) serves (o define several useful guantities including modulus

of elasticity, or stiffness, tensile strength O, strain to break eg vield stress

o, and yield strain gy . The upper yield point is associated with the initiation
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of a neck in the gauge length. The following region of low slope is associated
with the process of cold drawing or the propagation of a necked region along

the gauge length.

Stress

Straiy —————

Fig. (1.1): Generalized tensile stress- strain curve for plastics ©+2

Figure (1.2) is a typical stress-strain behavior for simple extension of an
ideal rubber ™ It can be seen that Hook's law 15 observed only for small
strains, i.e., in the first section of the curve. In the second section minor
changes of stress cause large strains (rubber- like deformation). The third
section corresponding to a sharp increase in stress with insignifteant changes

in strain,
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Films and sheets of elastomeric materials may have no discernible
straight line portion of the stress-strain curve. Elastic modulus for these

materials is usuaily defined as the stress divided by the value of the strain at

100 % elongation®™,

Stress —————

Strain ————

[ ]

Fig. (1.2): Typical stress-strain curve for a rubber like polvmer,

As an aid to the understanding of the shape of stress-strain curves, it s
helpful to look at the curves of stmple models. Four simple models are shown

in Figure (13), along with their stress-strain curves for two rates of

clongation. A spring has a constant modylus independent of the speed of

testing, that is 1{ook’s {aw holds, and the initial siope of the stress-strain curve

is & constant proportional to the modulus. A dashpot on the other hand, has no

modulus, but the force resisting motion is propoertional to the speed of testing,
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as shown in (case B) of Figure {1.3). The voigt or Kelvin mode! {(case C) has a

stress-strain curve given by.

o= Kn+ e (1.3)
de

where K is the speed of testing, d'(strain rate) , 1] is the viscosity of the
' ' t

4

dashpot. I is the modulus of the spring.

Siress ———

Stratn

Fig. (1.3): The stress-strain behavior of simple models at two
speeds of testing K, and K;=2K,. K=deg/d P

The Maxwell model (case D) has 2 more complex stress-strain curve,
whitch is given by.

o= Kr,:[} —exp(le/ Kr;)] (1.9)

The initial slope gives the modulus which corresponds to spring stretching.
At higher clongations the-slope of the curves decreases, and their
magnitude depends upon the speed of testing when the dashpot begins to

relax out part of the stress. Eventually, the spring stops streiching and all



16

Chapeer | frirpduction and Literature Survey

the elongation comes from the motion of dashpot. However, very brittle

polymers have curves similar to spring {case A) up to the failure point.

Tensile stress-strain tests give another elustic constant called Poisson’s
P gAY
ratio b

EIat. l “Elﬂf.

H= (1.5)

Ehmg, £ tongz.

Ep 18 the lateral strain in the width direction and £ is the longitudinal
L, long. 5

strain.

Polsson’s ratio is defined for very small clongations as the decrease in
the width of the specimen per unit width divided by the length per unit length
on the application of a tensile Joad. it can be shown that when Poisson's ratio
is 0.5 for elastic material ®¥ | the volume of the specimen remains constant
while being stretched. This condition of constant volume holds for fiquids

and ideal rubbers. In general, there is an inerease in voluine, which is given

by

-

Al

={1-2u)s (1.6)

where AV is the increasc of the initiul volume V, brought about by

stretching the speeimen,

In the case of viscoelastic bodies, the relation between the stress,
which varies according to a sinusoidal law and the strain, may be written In

the form:

c=E¢ (1.7)

where E is the complex elastic modulus® > defined by

E = E+wil (1.8)
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The real part of the elastic complex modulus, ReE =E isknown as the
storage of dynamic modulus of elasticity which is a measure of the energy

gained and lost by the volume element of the body per cyele, and the imaginary

part, ImE =T s called the loss modulus which is a measure of the energy
of elastic vibrations which is converted into heat per unit cycle of vibration

under periodically varying stress.

L3.3 The Kinetic Theory of Rubber Elasticity,

The classical kinetic theory of rubber elasticity was originally developed
by Wall®”, Flory"?, James and Guth ®%. The theory predicts the following

relation in simple extension:

o, =NKT (17 - 27" (1.9)

Where oy is the true stress, the force per unit area measured in the strained
state, N is the number of effective plastic chains per unit volume, K is
Bolisman's constant. T is the absolute temperature and  is the extension ratio
./ Lo, L and Ly being the present and initial length of the sample,
respectively. The elasticity of different natural rubber and EPDM rubber has
been studied in simple extension. The stress, o, has been plotted as a function
(** = 1) as suggested by the kinetic theorv. A series of straight lines which
do not pass through the origin have been obtained and consequently two
parameters ¢ , and G have been introduced, these results allow Zang et al.®®
to hypothesize that the tensile stress is the sum of two terms: a Gaussian
entropic contribution and further contribution reaching rapidly a steady state
value a,. The o, term is found to depend only on the chemical nature of the

rubber, whereas the value of G depends on the degree of the cross-linked and
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seems 1o represent the rubbery modulus of the kinetic theory. They proposed

the relation in the form

o, =0, +G(A =) (1.10)

4
r

1.5.4 Creep and Creep Recovery

The creep process can be studied by subjecting the s[I:necimcn to & constant
stress (¢ ) and observing the resulting time-dependent strain for relatively long
perieds of time .The total occurred deformation is a superposition of high
clastic recoverable deformation (recoverable strain &) and flow irrecoverable
deformation (irrecoverable strain g,,) both of these develop in time. One can
separate the two types of deformations by allowing the strained sample 10
relax futly after the removal of the applied load under specified conditions
ensuring the highést rate of relaxation e.g., at elevated temperature.® This
removes the recoverable strain (&), and hence, the residual deformation is the
result only of the flow mechanism. Linear polymers in the high elastic state
are capable of large irrecoverable strains. Proof of the separation of flow
urecoverable deformation and high elastic one is recovery of the initial
structure of the material (the chains must acquire their initial deformation). If
the structure of the material after relaxation is the same, as in the initial state
while the shape of the sample is different, the residual deformation observed
is irrecoverable, It should be noted that heating can be used to speed up
relaxation only if it causes no chemical transformations (degradation or cross
linking) in the polymer in question. Figure (1.4) represents the sirain-time
relationship for generalized mechanical model for creep combining elasticity,

. . . . 4
viscoelasticitv and flow mechanisms®**®
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E
Vg F
R '
& : :
Hes Eiot,
' '
1 1
i ]

Timeg — =

Fig. (1.4): Creep and creep recovery curve.

The section OABD represents the forward creep during loading,

DCF: represents the backward creep during unloading,

OA:  Isinstantancous strain (g,) which corresponds to elastic deformation
and obeys Hook's law.

AR characterizes the high elastic deformation developing simultaneously
in time.

BD: straight line is associated only with steady flow creep, whose slope
characterizes the change in the flow deformation per unit length in
time.

OA" represents elastic deformation and s recoverable.

AA"T represents high elastic deformation.

A'D". represents flow deformation (irrecoverable).

All the above is valid only if the high elastic strain has really reached its

equilibrium value by the moment tg. Otherwise the relaxing elastic strain may
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be mistaken for flow deformation. To avoid such a mistake it is necessary to
analyze the unloading curve,
DC: corresponds instantaneous recoverable strain, it called unloading
strain £, ,it 1s time independent and equal to OA =g,
CH: is the elastic strain (gq,), it represents pradual time dependent’
decrease in the strain,
FF'' is the total recoverable strain g,

FE": s the total irrecoverable strain €;,,.

Creep test gives extremely important practical information, at the same
time, gives useful data to onc interesied in the theory of the mechanical
properties of materials where it must sustain loads for fong times. So the
creep test must be performed at different parameters such as different
temperatures, stress, etc., to get good information about the effect of these
parameters on the material properties, One can deduce many useful

parameters from Creep Curve as:

I- Conventional elastic modulus, E, )
E=2 (1.11)
£
2- High elasticity modulus, 5, ®Y
B=2L (1.12)
€t
3- Activation cnergy for steady stale crecp, URY
. (U -qcr)}
=Aexp |-——= 113
b= Ao [ 12 (119
4- Activation volume for steady state creep, g™
5- Viscosity 1, for steady creep
N, = (1.14)

(de / dt)

6- Viscosity 1 at plastic deformation (irrecoverable strain) ®¥
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nz =-it.l {l‘ 1 5)
E:ilrr
7- Stress sensitivity m®”
d1Iné
) n 1.16
m [ dlno ] ( )
8- Memory function for recoverable deformation R(D) (403 ;
B(1) = Lx 1 ,
ol r

9- Relaxation strength A®Y

A= S (1.18)

£

t

. . - i
t0- Retardation time for recoverable creep ¢!

= Aesp () (119)
T
11- Activation energy for recoverable creep Au'®
Au
= TpCXp | —— {20
exp ( kT] (1.20)

1.6  Swelling:

The imieraction of different solvents with polymeric materials is known
as swelling. From the swelling process and its kinetics one can esiimate the
degree of crosslinking of a given polvmer.

The degree of swelling of any polymer can be determined cither by
gravimetric or volumetric methods. Int the case of gravimetric method, the

degree of swelling 0% is given by:

mo= e,

Q%=—"x100 (1.21)
n,
where, m, = weight of the dry polymer sample

m =weight of the swollen polymer sample.
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The ability of poiymers to dissolve or swell is determined by many

factors such ag -

1. Chemical nature of 2 polymer and solvent: Swelling of nen-crystalline
polymers depends on the chemical composition of polymeric chain and also
the properties of molecules of solvent, specially its polarity. If the pelarity of
polymeric chain is comparable with that of molecules of solvent, then the
energy of interaction between the different molecules will be the same, thus
the swelling process occurs. Conversely, if there is large difference between
the polarity of both polymer and solvent molecules, there is no swelling

appears.

2. Molecular mass of polymers: The ability of polymers to swell decreases

with increasing the molecular mass of polymers.

3. Flexibility of polymeric chuin: The mechanism of dissolve or swell of a
polymer consists of two processes. Firstly, separation of the long polymeric
chains from each other, secondly, penetration of thesc chains in between the .
molecules of solvent. These two processes depend upon the flexibility of

polymeric chains.

4. Chemical composition of polvmers: The chemical composition differs
from polymer to another due to the preparation conditions. The ability of these

different polymers to swell in o solvent differs also due to presence of

different effective groups such as ONO, , -OH | QCOCH;, etc.

3. Crystalline structure of polymers: The ability of crystalline polymers 1o

swell with a solvent s less than that of on-crvstalline ones.

6. Chemical crosslinks: The degree of swelling of a polvmer in a solvent

decreases with increasing the crosslinking density.
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The diffusion theory in clastomers is based “** on the assumption that
swelling commences by sorption of liquid in the surface of the sample 1o a
certain concentration equal 1o that of the whole sample at equilibrium; then
the swelling proceeds by increasing the depth of the swollen lavers at a

. 4 . . ]
penetration rate, P ***% given by the equation.

_i dﬂﬂ
P= ?ZF JFXIE (1.22)

where § is the thickness of the sample, M., M, arc the weight uptake of liquid

ai equilibrium and afier time t, respectively.

The relation between the average ditffusion coefficient, D, and the penetration

. 4
rate, P, is expressed as ™V,

e

a.P-
4

D= (1.23)

1.7 Literature Survey,

Porter™ had pointed out that the presence of HAF black in the
vulcanized rubber increases the yield of cross-links. Factors which affect the
mechanical and physico-mechanical properties of an isobutylene-isoprene
rubber (T1TR} loaded with carbon black were studied by A. Abo-Hashem ot
al*? The effect of carbon concentration and time of vuleanization on the
elastic modulus, E, and the tensile strength of isobutylene-isoprene rubber
(IIR) loaded with HAF carbon black have been investicated. It has been found
that there is an optimum concentration at which modulus and strength attain

their maximum values,

The physical and mechanical properties of crosslinked { 1IR ) elastomers
blended with (NR,SBR,EPDM) rubber are significanly increased their aging

performance and ozone resistance, but deteriorated some physical propertics
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as tensile strength, tear strength, elongation, compression set, maximum
rheometric torque as observed by Banerjee et al™”. These properties varied

according to the composition of rubber blends.

Bhowmick et al™ measured the bond strength belween nawra! rubber
(NR) and each of ethylene-propylene-diene rubber (EPDM), Styrene-Butadiene
Rubber - (SBR)" and nitrile butadienc rubber (NBR) arising through
vuleanization, and between (NBR) and SBR with reference to variation in the
vulcanizing systems. They found that, the tensile strength of the blends
decreases with increasing the incorporated component having lower tensile

strength. The modulus and elongation at break follow the same trend.

The siress-strain measurements were carried out by Sobhy*" on lernary
rubber vulcanizates. It has been found that natural rubber (NR) and Styrene
Butadiene Rubber (SBRY are more sensitive (o the vulcanizates agents than
the butyl rubber ([IR). The molecular theories of rubber elasticity were used to
discuss the obtained results. The Mooney- Rivlin relationship was used to
describe the behavior of the ternary rubber matrix. The constants ) and C»
have been calculated by use of the strain-amplification factor and the total
crosslink density of the ternary rubber carbon black systems has been

investigated.

Akovali et 2™ checked the limits of applicability of plasma surface
moditication of carbon black to be used in the tire manufacturing industry. For
this purpose, RF range cold plasma has been utilized in Styrene or Butadiene
atmospheres. Tensile strength and percent clongations of vulcanizates are
found to respond differently if modified fillers are vsed as compared with
those preparcd by the unmodified fillers. Glass transition temperature of
vulcanizates is found to correlate well with the results of mechanical

properties,
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Fuhim™ studied the effect of variation of PVC content on the elastic
behavior of SBR-PVC conductive blends by carrying out equilibrium stress-
strain measurements. The mechanical properties have been improved by
addition of PVC weight fraction owing to the good interaction between the
HAF carbon black filler and the SBR- PVC matrix. The Mooney-Rivlin
relation was used to elucidate the behavior of the rubber - polymer blend und
the constants C, and C. have been calculated by the use of the strain-
amplitication factor. He studied the dependence of these constants on the PVC

concentration.

Abu-Abdeen™ studied the degradation of the mechanical properties of
composite of Styrene Butadiene Rubber (SBR) blended with natural rubber
(NR) toaded with 40 phr of high Abrasion furnace (HAF) carbon black and
loaded with different concentration of paraffin wax. From the Stress-Sirain
curves, Young's modulus was found to decrease with increasing the amount of
added paraffin wax. The modified Mooney-Revlin equation was used to

calculate the parameters C,, and Cz. A plot between the true tensile stress as a
' - hl '-I A - - - r

funetion of (A" -2 'J (7..extension ratio) was used to calculale two
parameters o, and G and then both the "average molecular weight between

crosslinks and the number of effective plastic chains per unit volume were

also calculated.

Choi-sung-scea™ observed an improvement of the propertics of silica-
fitled Styrene Butadicne Rubber (SBR) compounds by using acrvlonitrile-
Butadtene Rubber (NBR). Viscosities and bound rubber contents of the
compounds became lower by adding NBR to the compound. Cure
characteristics of the compounds were improved by adding NBR. Physical
properties such as modulus of eclasticity, tensile strength, heat buildup,

abrasion and crack resistance were alse improved by adding NBR. Both wet
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traction and rolling resistance of the vulcanizates containing WBR were better
than those of the vulcanizates without NBR. The NEBR effects in the silica-

filed SBR compounds were compared with the carbon black filled compound.

Kumar- kamal et al."® found the improvement of mechanical pmpemes
and aging behavior of styrene-butadiene rubber (SBR) vuicanized by addltmn
vinyl tri ethoxy silane (VTEOS) in range 0 to 2.73phr 1o SBR vulcanizates.
The VTEOQS increases, the fatigue - to failure (FTE) cycles of the vulcanizates
and shows improvement of the other mechanical properties namely tensile,
lear, compression, resilience and hardness at around 0.5 to | phr of VTEOS.

Finally VTEOS plays the roles of coupling argent and softener.

Essawy et al® used monunorilionite as reinforcing  and
compatibilizing filler for NBR/SBR rubber blend. Both the reinforcing and
compatibilizing performance of the filler were investigated using rheometric
measuremeits, physico-mechanical properties, scanning electron Microscopy
(SEM) and differcniial scanning calorimetry (DSC). There was a remarkable
decrease in the optimum cure time (tcqo) and the scorch time (5.}, which was
associated with an increase in the cure rate jndex (CR1), with fiiler loading up
o 20 phr in the different blend ratios. The stress at yield was 2.5-3 times
higher in the case of the filled blends, also the strain at both vield and rupture
increased with the use of the filler for the different blend compositions, while
the resistance to swelling in toluene became higher. SEM photographs show
that the filler is located at the interface between the different polymers which
induces compatibilization in the immiscible blends. DSC scans of the filled

blends showed shifts in the glass transition temperatures Ty which can be

attributed to the increased strength at the interface,

Creep relaxation in carbon black loaded NBR-Neoprene composite was

studied by Fahim et al, ®™. A four-element model has been tested to account
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for the creep relaxation in a technological material composed of 2 common
ribber and different ingredients. Interesting results have been obtained. A
kink was noticed in temperature dependence of several parameters at about
353 K. All the obtained data are discussed within the frame ol the above

mentioned model. }

Southern and Thomas®™ Studied the effect of constraints on the
equilibrium swelling of rubber vulcanizates. The results showed that when a
rubber vuleanizate is immersed in a solvent, the liquid diffuses into the bulk of

rubber and the penetration rate depends on the type of solvent.

A mathematical model based on the Flory-Hupgins interaction
parameters was developed™ 10 predict the behuvior of vulcanizate-sofvent
systems at low and moderate degrees of swelling taking into account solvent
adsorption on filler surfaces. Experimental calculations of the equilibrium
sorption capacities of chalk kaolin, and aerosil in buiadiene tubber, EPDM
rubber, silicone rubber, and nitrile rubber vuleanizates showed that the
contribution of filler 10 the sorption capacity of vulcanizates decreased with
decreasing rubber polarity. The contribution of acrosil 1o solvent sorption by

vitlcanizates was signiticantly higher than that of chalk or kaolin

Wolf ct al*? studied the absorption and swelling of poly (ethy!-ether-
ketone) PEEK in toluene in the temperature range (307 - 368 K). They
observed that the rate of penciration of toluene into PEEK depend on
temperature and crvstallinity, and that simall change in crystallinity may lead

lo {arge variation of the penctration rate.

Alex et al* investigated the swelling of self-vulcanizable ternary
rubbers (epoxidized natural rubber, carboxylated nitrile and polychloroprene
rubber) blend ratio and fillers in solvent properties. Theyv used Ellis and

Welding method to calculate the volume fraction of rubber in the swollen
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vulcanizate and concluded that the crosslink density and physical properties

depend on blend ratio and the used filler.

The properties and swelling characteristics of crosslinked poly (vinv]
alcohol) / chtiosan biend membrane were studied by Kim ¢t a1', The results
indicated that crosslinking reduces the swelling capacity of the membrane due
to the discounted ability of hydrogen bonding between water molecules and

hiydroxyl and amino groups in PVA and chitosan blend.

The maximum degree of swelling of polymers in hquid is the same as
that in vapour but the rate of swelling depends on the solvent. When a
crosslinked polymer is brought into contact with a solvent. the network
absorbs a certain amount of liquid which depends strongly on the molecular

weight of this liquid and the degree of cross-links ©*7 |

®% studied the penctration of kerosene into carbon black

Nusr et al
loaded SBR vulcanizates. They observed that the penetration rate, P depends
on the type and concentration of carbon black. It was also found that the
penetration rate decreases with FEF (Fast Extruding Furnace) carbon black

concentration duc to the formation of carbon aggregations in SBR matrix.

1.8 Aim of This Work

The aim of this work is to carry out systematic stidy on NRR/EDPDM
blends loaded with carbon black. The effect of carbon black on the
mechanical and physico-chemical properties is considered. Stress- strain and
creep measurements are carrted out to follow up the variation of mechanical
properties. Swetling in different solvents, gasoline and kerosene, are used to
study the diffusion and penctration of the solvent. Finally, a correlation

between the studied properties is tried.
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2.1. Materials Used:

The materials used are:

2.1.1. Rubber:
¢ . Ethylene propylene diene monomer rubber (EPDM). Mooney viscosity
(ML 14) at 1258 C°, 57; specific gravity 0.85: ethylene content 68 per cent.

with the following chemical structure:

—({CH; —CHy)n {CH; —CH)n’ CH —CH

ChHa
H-C

N

- Nitrile rubber (NBR): acrylonitrile content 33 per cent, Mooney
viscosity at 1008 C°, 43; specific gravity 1.17; ash content 0.5 %. The

chemical structure of (NBR) is:

[(—C=a € —]

CH—=CH-——(C:, =) (—CAz .

CN

2.1.2.Fiilers

High abrasion furnuce carbon black, N-330 (HAF): Black granulated
powder has a particle size of 40nm and specific gravity 1.78-1.82.
2.1.3.Activator |

- Zine oxide: fine powder; purity 99 % | specific gravity 5.6.

- Stearic acid: melting point 67-69 C°; specific gravity 0,838
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2.1.4. Accelerntors

- Tetramethylthiuram disulfide (TMTD).
- 2- Dibenzothiazyle disulfide (MBTS).
2.1.5.Vuleanizing agent

Sulphur; Pale vellow powder of sulpbur element; purity 992.9 %;

melting point 1128 C°; specific gravity 2.04-2.06.

All rubber ingredients are supplied by Transport and Engineering

Company (TRENCO), Alexandria, Egypt .

2.2. Preparation of the Samples:

The rubber blends were prepared on a two rolls mill of 300 mm length,
170 mm diameter with speed of slow roll 18 r.p.m. and gear ratio 1.4, The
prepared compounded rubber was left for at least 24 hour before
vulcanization. The vulcanization process was conducted at 16241 C° under a
pressure of 40 kefem® for 20 min. The test materials have the compositions

shown in Table (2.1).

They were prepared by using the facilities of the Transport and

Engineering (Rubber Manufaciuring) Company, Alexandria, Egypt.
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Table (2.1): Composition of the test samples,

Samples

So Sig S0 S Ssp

Ingredients
* (phr)

~BR/EPDM | 550 | sois0 | sorso | sosso | sorso
Stearic acid 1 l ! I |
Zine oxide 5 5 5 5 5
Processing oil 10 1} i0 10 10
HAFblack 0 10 30 40 50
MBTS b5 E.5 1.5 ) 1.5
TMTH 1 | ] | ]
Sulphir 2.5 2.5 25 2.5 2.5

* (phr): Part per hundred parts of rubber by weight.

2.3,

Measurements

2.3.1 Mechanical Measurcments:

The Sample Shupe

Dumbbell shaped samples were cut from the vulcanized sheets by a

fine edge steel die of constant width (5mm). The thickness of the test sample

was determined by using a dial gauge,

The Apparatus

The apparatus used in stress-strain measurements is shown in Figure

(2.1). The samples were stretched with different load. The corresponding
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elongation was recorded continuously with constant stress rate throughout

the extension until rupture of the samples took place.

bt

L

4
[
u
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9 I
8 16
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]li E
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Fig. (2.1): Schematic diagram for stress-strain and tensile creep apparatus.

F-Screw to fix upper grip.
3-Upper grip

>-Test specimen,
7-Peinter.

9-Screw to fix lower grip.
11-Pan.

2-Stable frame
4-Lower grip
6-Aluminium rod.

8-Stable shelf

10-Travelling microscope.
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By using the dimensions of samples the stress and strain were

calculated. From these data, the true stress (oy) and true strain{e;) were

caleulated as follows™

2 = L/L, ; (2.1}
a = F/A4, . (2.2)
Ex = in (1) (2.3)
Gp = T A (2.4)

where L, L: are the lengths of undeformed and deformed samples,
respectively, & is the extension ratio, F is the force, o is nominal stress, A,
area of unstrained sample, Op true stress and £ true strain.

From stress - strain diagrams, we can deduce many useful parameters

such as ¥V

i- Young's modutus (E)
ii-  The ultimate strength or the rupture stress {ap)

iil-  The percent ductility or the rupture strain (&)

2.3.2. Swelling Measurements

The test samples in the form of discs of radius 0.5 ¢m and thickness of
about 0.1cm were weighed by using a scnsitive balance (o’ gm} and then
inserted in stoppered-glass bottles containing the solvent, gasoline or
kerosene. The samples were removed from the solvent at time intervals (15,
30,50, ... min.). The ¢xcess solvent on the surface of the test samples was
removed by blotting with filter paper then the samples were weighed again to

calculate the degree of swelling using equation (1.21).
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3.1. Static Mechanical Properties

(i) Stress-strain behuvior ;
The true stress-true strain  characteristics of (NBR/EPDM/HA F)
composites were measured and the results obtained are listed in table (3.1)

Table (3.1): The true stress-truc strain characteristics of (NBR/EPDAVTIAR

coniposites.

O(phr) 13 {phr)
{JT.‘JL} ET o D.T & ET o JT
F3) {%) A Paj (M Pa) %) Y M P} A Pu)
¥ 0 0 0 ] 0 0 0
40 33,65 0.10 0.14 20 18.23 0.10 0.12
50 47.00 0.20 0.31 40 33.65 0.20 0.27
BO £8.78 0.29 0.53 48 39.20 0.29 0.44
120 78.85 0.39 0,86 61 47.00 (.39 0,63
160 95.55 0.49 1.27 80 58.78 0.49 (.88
270 130.83 0.78 280 120 78.85 0.98 2.16
430 166.77 0.98 5,19 200 109.86 | 1.47 4.41
280 13350 | 196 7.45
M0 141,10 | 2.18 8.84
| 340 148.16 | 235 10.35
360 152,61 2.55 11.72
380 156.86 | 274 13,17
A00 160.84 | 254 14,70
30(phr) 40 (phr)

'ZL Er o Tr £ Er o O
[‘l‘}%} ) %) (MPa) fA ) (%} 7, (M Pa) )
0 0 0 9 12 11.33 0.10 0.11
12 11.33 0.10 ¢.11 20 18.23 0.20 0.24
24 21.51 0.20 0.24 24 2151 | 0.29 0.36
a2 27.76 0.29 0.39 28 24.69 0.39 .50
40 33.65 0.29 0,55 36 30,75 0.49 0.67
44 36,46 0.49 G.71 44 3646 | 098 1.41
80 58,78 0.98 1.76 80 47.00 1.47 2.35
120 78.85 1.47 1,23 £8 51.88 1.96 3.29
180 95.55 1.96 5.10 B0 58.78 2.45 4.41
200 109,86 2.45 7.35 100 69.31 2.94 5 58
240 122.38 2 94 10.00 120 78.85 3,43 7.55
280 133.50 143 | 13.03 140 §7.55 3.92 9.41
320 143,51 3.63 15.23 160 95,55 4.41 11.47
360 152.61 3.82 17.58 184 104.38 4.50 1192

204 111.18 5,39 15.39
224 117 56 6.37 20.64
| 12 1133 | 0.10 0.11
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Table (3.1): continue

S0{phr)
£ F2R o Oy
(aLsL) 0 . (M Pa)
%) (MPa)
0 0 | o 0
8 7.70 | 010 0.11
| 16 14,84 0.20 0.23
40 33,65 0.29 0.41
60 47.00 | 0.39 0.63
68 51.88 | 0.49 0.82
80 5878 | 0.98 1.76
120 T8RS | 1.47 3.23
180 102.98 1.76 4.94
280 133.50 1.96 7.45
340 148.16 2.25 9.32
420 164,87 2.45 12.74
460 172,28 | 2.74 16.37

Fig.(3.1) shows the stress- strain characteristics of (NBR/EPDM/HAF)
composites. This figure shows the conventional behavior of themmosetting
malerials where each curve consists of two distinct regions; the linear {elastic)
region and the plastic region. It is clear that in general, the stiffiess, governed
by the slope of the initial linear part increases with increasing carbon black
concentrations, since it acts as a reinforcing filler. Accordingly, the elongation

at break decreases.
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Fig.(3.1): Stress-strain curves for {NBR/EPIDM) blends loaded with

different concentrations of FIAF black.
The stress-strain parameters; young's modulus (E), rupture strain (gy) and
rupture stress (Og} of the samples are appreciably affected by increasing carbon
black concentrations. Table (3.2) represents the variation of (), (g3} and (og) of

the samples with HAF black contents.

Fig.(3.2) shows the relation between Young's moduius (E) and carbon
black concentration for the tested samples. It is clear that in general, Young’s
modulus increases with increasing carbon black concentrations and shows a
maximum around (40 phr) of HAF/black , followed by a decrease with further

increase of HAF/black concentration.
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Tabie (3.2): young’s modulus (E), rupture strain (gg) and rupture stress (Gg)  of
the samples.

Carbon black content (phr) E () Pa) Cp (MPu) Ea (%
0 0.84 5.19 166.77
10 1.27 14,7 160.94
ki 1.59 17.58 152.6
4 .44 20.6 117.55
50 1.45 15.36 172.2
._i

Youty's Modutus, E{WPa
Pk

0 10 20 30 40 1] 60
Cathron Black Content {pln} '

Fig.(3.2): Dependence of young's modulus, E on carbon black
concentration for (NBR/EPDM) blends.

The dependence of (ep) and {oR) on the concentrations of carbon black
ylelds a minimum &g arcund 40 phr of HAF/black [sce Fig. (3.3)]. The value of
rupture strain (€g) increases with a further increase of HAF/black concentration.
‘The initial decrease in eg is .prr:-bany duc to entanglement of macromolecular
chains by the introduction of some physical crosslinking between them and

carbon black particles, The subsequent formation of compact structure®™™ at
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higher concentrations would be responsible for the decrease in {gg). 1t 1s aiso

noticed that the concentration dependence of rupture siress, G, shows a

maximum around (40 phr) of FIAF/black, followed by a decrease with further

increase of HAF/Mblack concentration. This may imply that some sort of
/

compact structure formation is behind this behavior. Such compact structure,

would become more loose by adding excess carbon black o,

25 189
i —s— Rupture Stress
4. —a— Ruptuce Stain
.__'-"—‘-——\.-n___‘_‘\‘ N 160
20 ¢
— 4 119
= e
S ¥
% 1120 =
o =
§ Z
Py @
100 =
10 E
E z
= 4 80
)
| 1 oo
0 - : . : : 10
1] 10 20 10 ih L0 G0

Catbon Black Coutant (plul

Fig.(3.3): Dependence of (gr) and (gg)on carbon black concentration for
(NBR/EPDM) blends.

(ii) Determination of the degree of crosslinking:

The classical theory of elasticity®”, is described by the exXpression:
o, =crﬂ+G(f - (1.10)

where g, 1§ the steady state component of o which depends en the chemical

nature of the rubber, and G is the rubbery modulus which depends on the degree
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of crosslinking, The dependence of true stress ar on (A2 - 17} for the tested

samples are listed in table (3.3) and represented in figure (3 4).

Table (3.3): The true stress- (A*- &™) characteristics of (NBR/EPDM/HAF)

composiles,
O{phr) 10 (phr) 30 {phr)
g 07 .
.- T T g- r £2 a4 i
A =2 [ ptewy | BP=2AY | ey | (A=A parag
0 0 0 a 0 0
1.24 0.137 0.60 0117 0.36 0.108
1.93 0.313 324 0.274 0.73 0.243
2.68 0.529 151 0.435 0.98 0.388
4.38 0.862 1.83 0.627 125 0.548
5.37 1,274 7.68 0.882 138 0.705
13.42 2.300 4.38 2.156 2,68 1.764
27.80 5134 .66 4.410 4.39 3.234
1417 7 448 6.28 5.096
16.56 8.830 8.67 7.350
19.13 10.348 11.27 5.996
— 20.94 11.720 1418 13.030
22.83 13171 17.40 15.229
24.80 14.700 20,94 17 581
40(phr) 50 {(phr) —I
2 “ Pr 7 -l Or
(’1 - A ) (WP} (’1 —4 ) {MPa)
0 0 ) 0
0.35 0.109 0.24 0105
0.61 0,235 0.48 0.227
0.73 0.364 3.25 0.411
0.86 0.501 1.94 0.627
111 0.666 2.23 0.823
1.38 1.411 2.68 1764
1.94 2,352 4.39 3.233
2.2% 3.292 7.48 4.939
2.68 4410 14.18 7448
350 5.880 19.13 9.917
4.39 7.546 26.85 12.740
534 5,408 31.18 15.366
6,38 11.466
7.1 13.916
8.51 16.385
10.19 20.638
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Fig.(3.4): Dependence of stress on (32 - 371 for (NBR/EPDM) blends
loaded with different concentrations of carbon black.

The slope of the initial lincar part of any of these curves gives the rubbery
modulus, G. It was found that G depends on the carbon black content . The
average molecular mass between two crosslinks, AL, was calculated using the

relation’*:

M. =2 G.1)

where, p is the density of rubber, R is the gas constant and T is the absolute

temperature. The degrec of crosslinking v (the number of gram moles of
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crosslinks per unit gram of rubber) was calculated by using equation in the

relation®™: v =/ 2M) (3.2)

Table {3.4) represents the variation of v with HAF black contents.

o | ey
0 197
1 11.61
i) 12.51
40 24.02
S0 11.33

Figure (3.3} represents the variation of the crosslink density with increasing
carbon black content. It is noticed that the v increases with Increasing carbon
black content. [t is worth-noting that the role of carbon black 1o create
crosslinks is more cffective for sample Sy, which contains 40 phr of carbon

black as clear from its higher level of crosslink density (see table (3.3).

25 | . |

30—

0

-4
h

u "1ES mole
=

wh

o
———

0 . 20 40 g0
Carbon Black Content [phr}

Fig.(3.5): Vaniation of the crossfink density with carbon black content.
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3.2. Creep and Creep Recovery

Creep characteristics can be successively described in terms of the
element model which is described by L.E Nielsen® and the elastic ,
viscoelastic, and flow mechanisms in Créep recoOvery, Curve can be

¢

represented by the four elements model as shown in Figure (3.6).

Fig. (3.6): The four elements model for creep.,

The total clongation of the model which is equivalent to that of the test

spectmen may be considered as the sum of three conponents; i1.e.

c, © -t o
€= =+ L (l-exp—)+ =¢ (3.3)
£ £ r s

Where:
E, — modulus — intermolecular force.
E, — bond rotational energy,
T - retardation time — flexibility.

7] - viscosity — molecular weight.
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The first term gives the initial elongation , the second one and the third
give the later elongation from the spring of modulus E; and the dashpot of
viscosity 1, in parallel ; moreover, it comes from the dashpot with viscosity

N3 in series .g, is the applied siress, and the retardation time is given by :

1,
= m—r— 3‘4
i &, (34)

When the stress is suddenly removed at an clevated time (t1), the
reduction in elongation is equal 10 what we call the instantancous strain o,

fE:, while the subsequent creep recoverable is given by :

—(t—¢ -
£= £, exp ——(—r#} +%r, {3.3)
3

where t; is the instant when ,the stress is removed and ¢, is given by ;

£, =

tn I.‘-'-'l

I

(1-exp ) (3.6)
T

The following section aims at studying the factors that affect the creep
mechanisms ,such as applied axial stress, carbort black concentration and
vulcanization process. Observations were recorded during forward creep
besides the mechanisms associated with backward crecp, such as recoverable

strain, memory function and finally the retardation time.

(i) Forward Creep:

Figures (3.7-3.10) represent a set of forward and backward creep curves
at different vatues of applied stress (at room temperature 30°C) for different
carbon black concentrations. The applied tensile stress ranging from (0.98 1o

3.92 MPa).

s
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30 phr

-=— 093 MPa
-—2— 198 MPa
—+— 294 MFPa

320

300 [

£ (%o}

250

—

200

0 20 100 150 200 250 300

Tire, t fmin.)

Fig, (3.7): Forward and backward crecp curves for sample S, at

different values of applied stresses.
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Fig. {3.8): Forward and backward creep curves for sample Sy at

different values of applied stresses.
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Fig. (3.9): Forward and backward creep curves for sample S at

different vajues of applied stresses.
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Fig. (3.10): Forward and backward creep curves for samples Sz, Sy

and Ssp at applied stress (6=1.96 MPa).

It is observed thal, the increase of HAF black content largely affects the

total resulting strain and some parameters , such as instantaneous strain

Ee=0 /E| (61 , and the sirain rate
Eu

The applied stress has also an important reflection on the set of curves ;
it raises the instantancous strain and the strain rate . After 120 minutes at
which steady state is attained, the appited stress is removed and the

subsequent strain is recorded with time under different conditions .
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There was always a sudden drop in strain followed by cxponential
decrease tending eventually to the viscoelastic deformation (irrecoverable

C [ .
strain i.¢. (o3 i " . Here, one discusses each parameter separately.

The increase in 'the creep strain by increasing the applied stress was
attributed 10 the stress enhancement of the translational motion and increase
the mobility of the flexible and rigid molecular chain segments. This
enhancement has been achieved by the movement and arrangement of carbon

black aggregates in the direction of creep strain.

Table (3.5) represents the variation of the conventional elastic modulus,
Ey, high clasticity modulus, E;, the viscosity, 1, for steady creep and the

activation volume, q with HAF black contents under different applied stress.

Table (3.5): The dependence of Ey, E; , 0 and q on HAF contents

under difterent applied stresses,

——

i_c arbon

black I| a {MPa)

From table {3.5), I is clear that F,, E; and 1; increase with increasing
carbon black concentration at constant applied stresses. Besides, show a

maximum at carbon black 40 phr (sample S, ). This emphasized the reason
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mentioned before, where a compact structure is believed to be formed at this

concentration.

Figure (3.11) shows the stress dependence of strain rate £, » from which

one can calculate the activation volume q (see tabie (3.5)).
7

34

o Mphr
A6 adlphe
+5Gphe

38 L

Ltz

4zt

A4 r

48 F

1.8
] | 2 3 4 3

o MPa)

Fig. (3.11): The relation between the stress and strain rale, £,

From table (3.5), it is clear that, the addition of the fitlers lowers the
activation volume g, into which the macromolecular chain may be translated
or slipped through it during the creep process. This is attributed to the
formation of chemical and physical cross links with mcreasing HAF
contents, which restricts the motion of macromolecules, i.e. formation of
aggregates of carbon black between the flexible chains segments which
causes obstacles to their sliding. So, the activation volune decreases with

increasing HAF contents.
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(i) Backward Creep:

The backward creep .ie., creep after removal of the applied stress at a
time 1y in the steady state region, is also useful in deducing several important
parameters by studying their dependence on carbon black concentration and
applied stress as well as vulcanization process.

Tabie (3.6) represents the variation of the retardation time for
recoverable creep 1, memory function for recoverabie deformation B(0),
relaxation strength A and the viscosity n; at plastic  deformation
(irrecoverable strain) with MAF black contents under different applied
siresses.

Table (3.6):The dependence of 1, B(1). A and 13 on HAF concentration

under different applied stresses.

i .
,I:-Iactl-c t |U (MPa) 1 1{min.} B(t)»185 A N (MPasec) |
m conten _

098 | 1745 [ 919 | oas | i7z10 |
1.96 32.89 23.38 0.159 13067 ]
284 | . . .

196 | 1587 | 6.78 | oess
294 |

The retardation time 1 increases wvith increasing  carbon  black
concentration till 40 phr (sample Sy ) and then begin to decrease once again
with HAF contents under alt different applied stresses, this is atiributed to the
tompact structure attained at 40 phr as mentioned before which is
responsible for the hindering of the sliding of macromolecules over each

other .
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Another parameter which gives an indication of the elasticity and the
whole previous history of the deformation gradients is the memory function
B(t). It is manifested during the time dependent recoverable strain and is given
by ¥ Since, the creep rate depends on the value of the applied siress, and
carbon black concentration, the memory function should/ depend on them,
beside the time of the creep process. From table (3.6), it is noticed that, B(1)
decreases with HAF contents at all applied stress owing to the increase of cross

linking density .

Table (3.6) shows the variation of relaxation strength A with the HAF
black content and different applied stress. [t has been noticed that, A, increases
with increasing carbon black concentration under all applied stresses and shows

a peak for sample S4 which contains 40 phr of HAF biack.

After long time (1) from application of stress {o) the dashpol {n;) becomes
responsible for the creep rate and recoverable elastic strain, so the VISCOSIlY at

piastic deformation 13 can be calculated from the relation (1.15}

From table (3.6), it has been noticed that, n;, increases with increasing
HAF black contents and again, the formation of compact siructure is behind the
maximum value of Ry for sample Sy, In general, it is noticed that, the value of
My is small compared with 1, (viscosity for steady creep), although the behavior

of both quantities with carbon black concentration is nearly the same.

3.3. Swelling Behavior

With respect to the used solvents, gasoline and kerosene, it is necessary
to indicate that, there are twa ways 10 deseribe their behavior by their chemical
composition or by their propertics. Both viewpoinis can be instructive. The

most common way to characterize the properties of the solvent molecule is its
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size which depends on its molecular weight, The molecular welght depends
upon its carbon atom number. Gasoline is a complex mixture of hundreds of
hydrocarbons vary by class — paraffins, olefins and naphthens enhanced with
aromatic benzene (up to 5% by volume), trimethylbenzene (up to 7% by
volume) — and within each class, by size, gasoline complex/mixture contains
also rich — oxygenated compounds such as ethanole CH,CH:OH (up to 10% by
vohume) and/or mehyi tertiary butyl ether (MTBE) (up to 18% by volume) as

!
well as some other sulphur compounds

. The average molecular weight of
gasoline ranges from 92 to 95 corresponding to number of carbon atoms
between 3 and 12. Gasoline can contain materials boiling from 40 C° 10 200 C°.
On the other hand, kerosene is a mixture of hydrocarbons consisting also of
branched and straight chain, paraftins with some naphthenes and aromatics, in
the Cyy — Cyg carbon atoms range. Thus, the molecular size of gasoline molecule
1s relatively smaller than that of kerosene. Kerosene can contain material

botling from 150 C® 1o 300 C°. The swelling characteristics in both of gasoline

and kerosene were discussed in the following sections.

(i} Degree of Swelling:
The dependence of the degree of equilibriuns swelling, ()., (measured
afier 24 hours) in both of gascline and kerosene on HAF black content is

represented in figure (3.12).
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Fig. (3.12): Dependence of the degree of equilibrium swelling, Q,, in

boih of gasoline and kerosene on HAF black content.

It is clear that Q. decreases with increasing the carbon black
concentration. The tendency of [HAF black to form aggregates impedes the
solvent penctration into the matrix. Besides, the incorporation of 40phr of HAF
black gives lower values of Q,, i.e. minimum free volume inside the matrix
(better dispersion of the filler within the matrix). However the incorporation of
carbon black more than 40 phr increases Q, i.c. increases the free volume
inside the matrix. As explained before this phenomenon is due to the
agglomeration of the carbon black particles to form a domain that acts like a
foreign body within the matrix which is responsible for the deterioration of the

physical properties of the vulcanizate,
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Moreover, the values of Q, in gasoline are higher than those in
kerosene. The relatively smaller molecular size of gasoline and/or the
presence of rich-oxygenated compounds, capable of forming secondary
bonds with the polymeric chain, enhance gasoline penetration into the matriy

and in tumms the degree of swelling more than kerosene.

(it) Relaxation Tinme t;

The time dependence of the degree of swelling in both of gasoline and
kerosenc for the (NBR/EPDM) blends loaded with different concentrations

of HAF biack are shown in figures (3.13 and 3.14).

———

140+ Swelling In Gasoline
=0l

== [0 thi

—a—ig p{:r

—— 10 pla /
120 —a= i ::lu & e "’7
100+ . < e~ S -

3
S
2
Iy

% 8ot A
=
3
°
@ G0
>
L ]
i

40

20

n 1 1

C 20 40 60 BG
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Fig, (3.13): The time dependence of degree of swelling {n gasoline
for (NBR/EPDM) blends loaded with different
concentrations of HAF black.



35
Chapter [f] Regufs and Discussians

140 ©welling in Kerosena
—e—0 plir
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—i— 30 plit
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Fig. (3.14): The time dependence of degree of swelling in kerosene
for (NBR/EPDM) blends loaded with different
concentrations of HAF black.

The general behavior may be approximated by an exponential growth

function for all samples showing positive swelling mechanism of the form.
O =0.[1 -expt-13] (3.7)

where, Q. is the degree of swelling as a function of time and T is a
characteristic time which depends on both the polymer matrix and the

crosslink density as is obscrved from Table (3.7).
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Table (3.7) The values of Relaxation Time 1 {min).

Carbon Black 1 {min.) T {min.}

Content (phr} | Gasoline Kerosene
0 26.24 32.25
10 40.16 352
30 70.42 62.11
40 89 28 83.33
50 67.56 41.66

From table (3.7), [t is noticed that T, for the tested samples those

swelled in both gasoline and kerosene, increases with mcreising the carbon
black concentration except for Ss. This might be the result of the phvsical
crosslinking action induced by carbon black aggresates which in turns,

increases the required time for the swelling process.

Bestdes, sample Sy; has the higher value of T, which as mentioned

before, may be due to the compact structure of the matrix at this HIAF

concentration.

(it} Penctration und Diffusion of Selvent:

The variation of the increase in weight due to swelling 1 both of
gasoline and kerosene with the square root of time, in minutes for

(NBR/EPDM) biends loaded with different concentrations of HAF black are
shown in figures (3.15 and 3.16). The first increase in M with time is due to
the liquid adsorption inside the sample till to reach steady state value, while
the second rise in M, at higher times is due to the broken of the crosslinked
chains as a result of high internal pressure of the liquid on the cross-links.
The slopes of the straight lines obtained at the early stage of the process (M,
J"t”l} were caleulated. Using equations [(1.22) & (1.23}], the penciration rate

(P) and the diffusion coefficient (D) were calculated, see Table (3.8).
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Fig. (3.15): Weight swelling in gasoline, M, versus square root of time
tor (NBR/EPDM) blends loaded with differem
concentrations of HAF black.
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Fig. (3.16): Weight swelling in kerosene, M, versus square root of time
for (NBR/EPDM) blends loaded with different
concentrations of HIAF black.

Table (3.8) The values of P and D for (NBR/EPDM) blends loaded with

different concentrations of HAF black swelled in gasoline &

kerpsene.

Px10°* Px10’ 10° 5

Carbon Black i ) ¥ y % ”;lu. Hgllu.
Content (phr) | © nf ') et fmun™) | (cm/min) | (em®/min.)
Gasoline Kerosene Gasoline Kerosene

0 1.91% 1.21 1.79 1.15

10 1.31 1.11 1.34 0.98

30 1.02 1.00 (.82 0.79

40 0.82 0.64 0.52 0.33

50 1.03 0.96 (.83 072
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From table (3.8), It is noticed that P and D for both of gasoline and
kerosene, decrease with increasing the carbon black concentration. This
might be the result of the physical crosslinking action, as mentioned before,
Induced by carbon black aggregates. These ageregates which exist at
‘different plate lamellae and act as screens, reduce the penetration rate of the

t " molecules into the bulk of the rubber mix. Again, the minimum

solven
value of both I and D for the sample Sy can be attributed to the compact

structure as mentioned before,
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Conclusion

A variety of experimental techniques is employed to draw a consistent
picture  of the physicochemical and physicomechanical properties  of
NBR/EPDM blends loaded with different concentrations of carbon black.
Stress- strain, creep and swelling behavior of such materials were investigated
with‘sp{:cjul reference to the effect of adding carbon black. The main outcome

of this study may be summarized as:

Incorporation ol HAI/black increases the stiffness, young's modulus {E),
rupture stress,(og) and the degree of crosslinking, v, of NBR/EPDM blend.
Each of these parameters shows 2 maximum around 40 phr of HAF/Mblack
(sample 845 3, followed by a decrease with further increase of FIAF/black

concentration. While, the rupture strain (gg) behaves an opposite behavior,

From the forward creep, we concluded that the increase in carbon black
concentration results in an increase in the conventional elastic modulus, E,.
high elasticity modulus, E,, and the viscosity for steady creep, m, up te 40 phr
of HAF/black, beyond which they decrease. The addition of the carbon biack
lowers the activation volume q. into which the macromolecuiar chain may be

transiated or slipped through it during the crecp process.

Oin increasing filler loading, both the retardation time. 7, and the
relaxation strength, A, increase and auain maximum values for sample S,,.
Meanwhile, the memory function, P(t), decreases with increasing  filler

concentration and shows a minimum for sample Syp.

The degree of swelling Qe the penetration rate ' and consequently

diffusion cocfficient for the tested samples those swelled in both of gasoline

and kerosene, were found (o decrease with the HAF- content Besides,
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Conclusion

2 minimum vatues for these parameters appear at 40 phr of HAF/black. In
conirast, the characteristic time (1), was found to increase with increasing the

carbon black concentration and sample S, has the higher value of 1. which

confirm our mechanical measurements,

!

A compact structure .was believed to be attained at 40 phr of HAF/black
samaple $y) which is responsible of the maxima and minimu in all the above
p 0 P

measurements,
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