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Summarx

Basing on that the fluctuations of chains and junctions
in real vulcanizates with carbon black fillers are suppressed
by the presence of three kinds of forces which are network,
entanglement and carbon black-polymer interaction forces. A
new molecular theory of rubber elasticity for vulcanizates
with carbon blacks at large deformation was presented. It
succeeds in relating the elastic state to molecular constitu-
tion by three important quantities (Cw , Cw and Cam ). In
which the severity of constraints by entanglements, crosslink

and junctions of carbon blacks are characterized with four
molecular parameters Bac 3 Bre ¢ Bag and Bxes , The
relationships of stress to strain for four types of deforma-
tion were derived from this theory.
Introduction

Carbon or graphite filled rubber vulcanizates are gene-
rally designed as particulate composites. Carbon blacks are
widely used in SBR and NR vulcanizates and convey significant
improvements in modulus, abrasion resistance, tensile stren-
gth and tear strength (1). They are uniquely efficient in
these respects, but the phenomena are still not fully under-
stood and the reason for this is still the subject of debate.

(2-3) and equations (4-5) have been put

Many theories
forth explaining tlie stress softing and relating modulus of
composites to the volume fractions of fillers. But both of
them are quite a few marked deficiencies: it shows a marked
deviation from experiments at higher volume fractions of

fillers, it can not predict the experimental fact that the
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modification of properties of the matrix by fillers may in-
crease or decrease modulus of composites, and bound or occ-
luded rubber, immobilization of polymer segments at the
interface and secondary agglomeration are not taken into
account. Therefore it is necessary to develop a complete
theory of elasticity for rubber vulcanizates with carbon
black fillers.

Theory of Elasticity

6)

elagticity with constraints of junctions and entanglements

In Dprevious papers a new molecular theory of rubber
was proposed., It is bBased on thesefacts that the real net-
works differ from the phantom networks in that the chains are
constrainted by two forces, one is the network forces between
the chains direct connected to a crosslinked junction, the
other one is the long range local entanglement forces between
the trapped entanglement chains and it can shift along the
chain contor, so that the extension of free fluctuations for
chains and junctions in real networks will be generally
suppressed as compared to the phantom networks; the structure
of the real networks is not uniform, which consists of di-
fferent length of chains.

Due to the presence of that two constraints the f.
crosslinked chains and 4 trapped entanglement chains respec-
tively constitute a constituent chain of crosslinked and
trapped entanglement networks. The two constituent chaing are
considered respectively as the statistically elementary unit
of network assembly, in contradiction to that the classical
theory of rubber elasticity considers the networks as a
collection of Gaussian strants., Therefore we argue that the
crosslinked and trapped entanglement networks are formed by
the combination of two kinds of constituent chains with
different dimensions of Aciand 7Zj . Their probability dis-
tributien functions of end-to-end vector were respectively
(6). Results show that the
two distribution functions differ from the Gaussian function.

calculated by a developed method

Their expressions are given as follow:

TRl =~ S5 ) g sob (g e (1)
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and

Fo TRy = -2 £ g (P2 e sink (313e; 1) ey (2)

Where £ is functionality; A and 7Rej are the average
dimensions of two kinds of constituent chains;

B.= 3/2-—(—#5 ; Bi= 3/’-27‘\2—0 and Q,J-=3/2-a',37—> (&)
We have also proposed a mechanism of large deformation
that the two kinds of constituent chains in crosslinked and
trapped entanglement networks are considered respectively as
an independent elementary unit to take part in the macrosco-
pic deformation and they are transformed affinely with strain
by Aij=0Ag ( X is extension ratio ), in contradiction to
that the classical theory of rubber elasticity considers the
individual chain as an independent elementary unit. So that
it will show a marked nonaffineness effects at large deforma-
tion., But according to our proposed mechanism of large defor-
mation the individual chain in the constituent chains only
performed a small molecular cooperattive deformation through
the topological rearrangement of the position of junction
pairs. Therefore the three effects of the trapped entangle-
ments, the nonaffineness in large deformation of chain vector
and the non-Gaussian on the elasticity were taken into acco-
unt at the same time in the proposed theory.

Basing on these distribution functions and the mechanism
of large deformation the elastic free energy of deformation
for crosslink-entanglement networks was calculated by the
relation, Af=kTInfl | as the sum of two terms, one from the
crosslinked networks ( AHT), the other one from the trapped
entanglement networks ( AFer ). Their approximate expressions
are given by equation of (7). It succeeds in relating the
elastic properties to molecular constitution by three mole-
cular quanitties ( Cuo , Cow and C 200 ), in which the
severity of junction and entanglement constraints are charac-
terized by two parameters ( Fy= «%) ) and ( Exe—((zzf"t)» Y. It
can be seen from the equ. of (7) the free energy of deforma-
tion derived from the proposed theory differs the classical
results by a term (Conoot Cogpe) [ (et O+ 2)°= 9]. The
values of the difference increases with increasing deforma-



58

tion. It represents a pronounced upturn for high extensibili-
ties due to non-Gaussian effects.

Theoretical stress to strain curves for five types of
deformation derived from this theory are varified by experi-
ments.(6) It shows that this theory can predict the rubber-
like elasticity quantitatively at large deformation and
explain the role of entanglements and the reduction of junc-
tion fluctuations on the func%ionality and the severity of
constraints for the model PDMS networks,

In this paper the above theoretical method and procedure
was extended to treat the rubber vulcanizates with carbon
blacks and a new molecular theory of rubber elasticity with
constraints of crosslink, trapped entanglements and carbon
black junctions was presented. It is based on these facts
that the structure of vulcanizates with carbon blacks is not
uniform which consists of different length of chains and
different size of carbon black aggregates; the extension of
free fluctuations for chains and junctions in real vulcani-
zates with carbon blacks will be generally suppressed as
compared to the phantom networks; and the large macroscopic
deformation resulting from the external stress can only
produce a small molecular deformation of network chain.

1). Model of Structure: The additions of fillers to the
crosslink-entanglement networks give rise to the increase in
the network chain density, since there are the physical and
chemical ( for + Top ) polymer chains to be juncted at a
filler surface. Therefor we argued that the structure of
rubber vulcanizates with carbon blacks are formed by the
combination of three kinds of networks which are crosslink~
entanglement networks, physical carbon black-polymer chain
networks and chemical carbon black-polymer chain networks.
Due to the constraints of the physical and chemical interac-
tion forces the fcf and fef polymer chains direct connected
to a filler particle surface may be respectively considered
as a constituent chain of physical and chemical carbon black-
polymer chain networks with different dimensions of Al and

Aesj + The crosslink-entanglement networks is formed by the
combination of the other kinds of constituent chains with
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different dimensions of Act and Aej (6).

2). Probability Distribution Function of End-to-End
Vector: The probability distribution functions of end-to-end
vectors ( r' ) of two constituent chains with different
dimensions of At and 7Aeg in carbon black-polymer chain
networks were calculated by a developed method 6 . They show
that the probability distribution functions differ from the
Gaussian function, and they are given by equations (3) and

(4).

a a 2 2 R ,
W(Y'Kéfl‘)z _ j‘;}%e:‘ e‘fcf Boci (Y + 2chL )'6;_%7 Sl."-h-(z-fcfeoii Kc-fi YI)
ocy Nefi
‘ iwclfix dr;_;cyo(ﬂ-;',cz (3)

and 6~ Tesbin; (v 2 Regi)_Teti_, 2opt

W(r'ﬁlefj)= -9 —.;;;Beje J ﬁ:ej v Smh(2fefﬁoea Resi Y)

Al (4)
where B:eff_%[((y'-,-a;j)’)]_'. The probability distribution
functions of end-to-end vector for the other two constituent
chains with different dimensions of A. and 7Rej in crosslink-
entanglement networks are given in the equs. of (1) and (2).

3). Mechanism of Large Deformation: The four kinds of
constituent chains in the rubber vulcanizates with carbon
black fillers are considered a2s an independent elementary
unit to take part in the macroscopic deformation and they
transformed affinely with the strain ( Aj=&X7Ay. ), but
the individual chains in the constituent chain can only
performed a small molecular cooperative deformation through
topological rearrangement of the position of junction pairs.

4). Elastic Free Energy of Deformation: With the above
probability distribution functions and mechanism of large
deformation, the elastic free energy of deformation was
calculated by the following equation.

AF=KkTlndll (%)
where{) is the numbers of configuration.

A). Elastic Free Energy of Deformation for Carbon Black-
Polymer Chain Networks: We have calculated the elastic free
energy of deformation ( AFéfY ) as the sum of two terms, one
from the physical carbon black-polymer chain networks, and
the other one from the chemical carbon black-polymer chzin
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networks. It is given by equation of (6)
AFer=% KT{(F cgbest Zosbes ) K +06"+0G = 304 (Feslort Tegles (0T
=3* T4 FogDegla G0t TosPesln [5 T 0™+ )T }
= ( Cocs + Cisoes ) (O 8™ Kz ~3)+(Laooes + Cw%f)[(“xl"' oy ;" 71'"313
+ Coaoes L [0t 06+ 2 )]+ Cootcs Ln COxPy &2) (6)
B). Elastic Free Energy of Deformation for Crosslink-
Entanglement Networks: It is given by equation of (7) (6)
OF,qr=5 KT{ (5.8, 43 Be) (0™ O™ 023 )t (3. Cet FTole ) (i™+ 0, 06" )
-3+, De Ln (00X z) + SeDelalF @+00 0257}
= ( Craoc+ Cigoe (02t 87+ 0> =3) + ( Casoct Caove) LC OO +06%)"-37]
+ Choe La [+ +0] Conie. L (0cXy Oz) (7N
C). Elastic Free Energy of Deformation for Rubber
Vulcanizates with Carbon Black Fillers: According to the
model of structure the elastic free energy of deformation for
rubber vulcanizates with carbon Plack fillers is equal to the
summation of equations of (6) and (7). It is given by the
following equation:
B 1= BFesy + AFier=EKT {(TeBet e Bet TusBost TasBeg 0l O™+ 0"-3)
(3. Cet Telot TesCestFos Cos YO + 0yt ") 37T+ (3eVet FosDes)
L D5 O+ Q2+ 02 )T T (3D +F s Des ) n (Ox Xy X, )}=( CinoeF Crooe + Croocs
+Cpoes) ( O O™ +0z=3)H(Caoact Casopt Casocs + Caooes) T(X+ 00 102" =37
+( Comet Coroes) ln [Ja‘ (O™ o) T4 C Comet Cootes) Ln(UxllyOXz ) (8)
where 3 _, To) 3 2nd 3., are respectively the total number of
elastically active chains in crosslinked, entangled, physical
and chemical carbon black-polymer chain networks; %.B. ,
SeBe » B4Bs 8NA S4By are respectively the number of
elastically active long chains in crosslinked, entangled,
physical and chemical carbon black~polymer chain networks;
$.Cc v SeCe 3 Sesles 2N4 Tele; 2are respectively the number
of elastically active short chains in crosslinked, entangled,
physical and chemical carbon black-polymer chain networks;
3.D. and S04 are respectively the number of elastically
active chains in connexion with changing volume; T and
$osDes are respectively the number of elastically active
chains in the entangled and physical carbon black-polymer
chain networks; o« , X and ¢ are the deformation ratios in
X, ¥, and z directions;
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C,m=é‘ KT3:B. ; Crve=2kT SeBe P C|ooc§=—z‘.kT§cf-Bcf)- Cues=% kTgei-Bej-j
Canc=EKTECe 5 Cz.ooe:é kT3eCe 3 Caoncs =2'I‘ kT SesCes 5 Cames =1 kTSesCes 5
Cuoeﬁ‘i‘ sze‘DEE Cozoef—=‘z|' kTgeJ-:Def 3 Cd°°|c='£ kT.stp‘
and  Cogcs = 3 kKT3esDey
These molecular quantities of Bees. Cces . Dees are all
functions of the parameters of constrainted severity ( @Enc .
Bre . Bres . Bres ) and the functionalties ( % . Fr . Fos o
Their values are not only determined by the structure of
carbon blacks but also by the crosslinked networks.
The Relationships of Stress to Strain
The relationships of stress to strain for four types of
deformation at constant volume ( XMy0z=1) were derived from
the equation of (8) by the relations of ta=<%§§%) . They
are given by the following equations:
1). Uniaxial Extension ( Tx= ¥/A, )

T=20-X"DLC+ Ca/ (&*+2/00) +2 Go*+ 2/ )] (9)
2). BEqui-biaxial Extension
T=2(248% @0t Caf2&*+8™) T 205(20+X™*) ] (10)

3). Unequi-biaxial Extension

Ty =20 =00 ™ L Ot Ca Q™ 060 *) 4205 06+ 0+ 000 ] (11)
4). Pure Shear

T =204 HX-0H L0 Cafta o+ 1)+ 205 (o 2 +1)] (12)

where €= (Crooct Ciooe T Crooes+ Cioves) 5 Ca=(Cozoet Lomes)

Cs= (Cae0e ¥ Cao0e t Ca00cs + Cro0es)
A mnew molecular theory of rubber elasticity for vulcani-

>

zates with carbon black fillers at large deformation was
presented, It succeeds in relating the elastic state to
molecular constitution by three important molecular quanti-
ties, in which the severity by entanglement, crosslink and
junctions of carbon black constraints are characterized with
four parameters ®r, , Txe Bres and By, . The relation—
ships of stress to strain for four types of deformation were
derived from this theory. The experimental verification of
the proposed theory and the relationships of stress to strain
will be reported in the next paper.
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