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Fig. 1 Volume fractions of TBdR, LBdR and mobile
rubber phases against ¢ of unoxidized ( [J ) and
oxidized carbon black ( O ) ( Reproduced with
permission from Ref. [9]; Copyright 1991 Wiley)
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Loosely bound rubber

18% ~ 20% elastomer: thickness: 3.0 to 6.6 nm

Extractable rubber
80% ~ 90% elastomer

Connecting
filament
length: 22 ~ 25 nm

Tightly bound rubber

2% ~ 3% elastomer; thickness: 0.4 to 1.3 nm|

A
Filler particle
Equiv. spherical diameter: 100 nm

Fig. 2 Morphology of uncured filled rubber compound ( Reproduced with permission

from Ref. [22]; Copyright 2000 Wiley)
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Fig. 3

(a) Schematic of polymer chains at the interface between the EPDM rubber chains and clustered filler

particles; (b) normalized probability distribution of ' H residual second moment M, for carbon-black filled EPDM

(Reproduced with permission from Ref. [52]; Copyright 2011 Wiley)
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---------------------- i) LTINS
Unfilled polymer response IT Unfilled network limit
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Fig. 4 (a) Hlustration of reinforcement effects in particle-filled elastomers and (b) comparison of G" at y — 0 (circles)

and y — o (triangles) for silica filled SSBR at 60 °C ( Reproduced with permission from Ref. [83]; Copyright 2012 ACS)
In the (b) plot, contributions of “filler network” ( horizontal hatch), due to “glassy layer” and “ occluded rubber”
(vertical hatch)) and hydrodynamic effects of the pure filler particles ( cross hatch) are indicated. The thin solid line
(unfilled network limit) is plateau modulus of SSBR, and the thick solid and dashed curves correspond to the predictions of

the Einstein-Smallwood and the Guth-Gold model equations.
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Linear viscoelasticity at 120 C for CB (¢ up to 0.20) filled polyisobutylene terpolymer

(Reproduced with permission from Ref. [ 116]; Copyright 2011 Elsevier)

The solid lines are drawn according to the two-phase model.
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Fig. 6 Normalized complex moduli of “filler phase” against ¢/

¢, for clay filled EPDM, nitrile rubber and maleated ethylene-

propylene rubber, CB filled EPDM and polyisobutylene, silica
filled EPDM ( Reproduced with permission from Ref. [116];
Copyright 2011 Elsevier)
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STRUCTURE AND VISCOELASTICITY OF RUBBER MATERIALS

Yi-hu Song, Miao Du, Hong-mei Yang, Qiang Zheng
(MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering,

Zhejiang University, Hangzhou 310027 )

Abstract Highly filled elastomers are “structured” three-dimensionally viscoelastic materials formed through
interfacial interactions between the rubbery matrix and the fine reinforcing particles such as carbon black and
silica. There exist great disputes or contradictory research results about mechanisms of the formation ( physical
or chemical absorption) of bound rubber ( BdR) ,molecular relaxation of the matrix, reinforcement ( Einstein-
Smallwood and Guth-Gold equations and their modified forms for “isolated particles” ,dynamic cluster-cluster
aggregation model for “particle clusters” ,and rigidity percolation and jamming models for “particle network”)
and nonlinear viscoelasticity ( hypotheses in relation to destroying and rebuilding of particle-particle
interaction , particle-rubber interaction , particle network and particle-rubber interpenetrating network ) of highly
filled rubbers in a long time. Nevertheless, the structure and dynamics heterogeneities, strain ( strain rate )
amplification effect introduced by presence of particles, and the interfacial interactions featured by the presence
of a molecular dynamics gradient in the close vicinity around the particles become clear and well-accepted
throughout the scientific researches more than one century. On the basis of summarizing some primary results
involving influences of BdR on the macroscopic viscoelasticity of rubber materials, the authors propose two
important research directions for rubber science in relation to their investigating the viscoelasticity of highly
filled rubbers. The first one is to include the structure and dynamics heterogeneities in theories of reinforcement
and nonlinear viscoelasticity and the second is to create relationships between microscopic effects ( molecular
relaxation on different time scales and particle dispersion on different spatial scales) and macroscopic
properties for rubber materials via BAR or the particle-rubber gel in filled compounds.

Keywords Rubber, Filling, Bound rubber ( BdAR ), Molecular relaxation, Reinforcement, Nonlinear

viscoelasticity



