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Polymer-filler interactions in rubber

reinforcement

D. C. EDWARDS
Polysar Ltd, Sarnia, Ontario, Canada N7T 7M2

The reinforcement of elastomers by finely divided fillers, particularly carbon black and silica, is
fundamental to the rubber industry. Optimal reinforcement appears to involve both physical
and chemical interactions. From a consideration of the effects of particle size as such, it
appears that reinforcement, in the sense of tensile enhancement, will occur with any very
finely divided filler. Physical factors prevent escape of the polymer from the filler surface
(vacuole formation) but allow stress delocalization through interfacial slippage. Occasional
stronger bonds may be introduced advantageously to facilitate dispersion, reduce particle/
particle interactions, and optimize practical properties relating to resilience and durability.
Several lines of evidence suggest that only a minor amount of strong bonding is necessary or
desirable, such that polymer/filler slippage can occur, under stress, over most of the interfacial

area.

1. Introduction

Synthetic elastomers used in the rubber industry are
amorphous high polymers having low glass transition
temperatures, so that the chains are thermally mobile
under the temperature conditions to be encountered in
service. The primary chains have molecular weights
typically in the region of 200000 to 500000 weight
average. Cross-links are introduced during the vul-
canization process, the molecular weight between
cross-links being typically of the order of 5000 to
10000. Vulcanization changes the material from a
formable, viscoelastic substance to a highly elastic
product capable of returning essentially to its original
shape following very large deformations.

As applied to an amorphous (non stress-crystalliz-
ing) clastomer such as styrene-butadiene rubber
(SBR), the vulcanization process yields resilient
products having elastic properties but very little
strength. Strength properties are introduced by the
addition of “reinforcing” fillers, with carbon black
being by far the most commonly used. The
phenomenon of reinforcement is essential to the rubber
industry, and is the subject of a very large body of
literature. The contributions of many highly com-
petent workers have yet to produce a consensus as to
the fundamental nature of reinforcement. Existing
theories of reinforcement number seven or more as
delineated, for example, by Dannenberg [1], and in no
case has a theory been expressed in simple or readily
comprehensible terms. One of the major problems,
from an investigative standpoint, is the difficulty of
dissecting the vulcanized product so as to define con-
ditions at the polymer—filler interface as they exist
under service conditions. This difficulty applies most
strongly to the question of polymer—filler bonding,
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which is perhaps the single most controversial element
of the subject. If, as many have postulated, chemical
interaction occurs between carbon black and hydro-
carbon elastomers during the mixing and/or vul-
canization steps, then the rubber industry has been
practising reactive processing of filled polymers for at
least 80 years. The present paper will discuss some
aspects of the elastomer-filler interface, with reference
partly to physical effects, and partly to the utility and
extent of strong bonding in practical systems.

2. The reinforcement phenomenon
For the purposes of this discussion, the term “reinforce-
ment”” will refer simply to the striking changes in
stress—strain properties (extension to break as conven-
tionally measured at room temperature) brought
about by the presence of reinforcing particles in the
vulcanizate. These changes are: (i) an increase in
modulus, or stress at a given strain; (i) an increase in
elongation at break for vulcanizates having a “practi-
cal” degree of cross-linking (M, in the region of 5000
to 10000); and (iii) as a consequence, an increase of
an order of magnitude in the tensile strength. These
changes are illustrated in Fig. 1, which compares two
SBR vulcanizates that are identical except for the
presence or absence of 50 p.h.r. (parts by weight per
hundred parts of rubber) of N220 carbon black in the
compound recipe. The increase in modulus is, of
course, to be expected, qualitatively at least, because
the carbon black particles are rigid; the puzzle resides
in the ability of the carbon black to permit a
much increased elongation at break and, hence, an
enormous improvement in the ultimate strength of the
composite.

Reinforcement in a practical sense may be con-
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Figure I Gum: SBR 1502, 100; zinc oxide, 3; stearic acid, 1.5;
Santoflex 13, 0.5; Santoflex 77, 0.5; Sundex 8125, 3; DPG, 0.3;
Santocure NS, 1.2; Sulphur, 2. Black: Same formulation with
addition of 50p.h.r. N-220 carbon black. Press cure: 40min at
153°C.

sidered in other terms, such as abrasion resistance or
other measures of durability; and the issue can be
further complicated by emphasis that may be placed,
quite properly, upon relatively moderate improve-
ments or differences in behaviour of which the litera-
ture takes note in practical contexts. These finer
distinctions often tend to obscure the principal
phenomenon, which is the remarkable difference (for
non-stress crystallizing elastomers) between the non-
reinforced, or “gum” vulcanizate, and the reinforced
composite.

3. Reinforcing materials — effect of
particle size

The list of particulate materials that have been shown
to produce reinforcement effects, in the sense
described above, is considerable. It includes carbon
blacks, graphitized carbon blacks [2], precipitated
silicas and silicates [3], anhydrous silicas [4], esterified
silica [5], lignin when co-precipitated with SBR from
solution as sodium lignate [6, 7], or when recovered by
a “laundering” process to provide a product dis-
persible in dry rubber [8, 9], starch derivatives includ-
ing zinc starch xanthate [10, 11], and particulate con-
densation resins of the urea formaldehyde or
melamine formaldehyde types [12, 13].

These materials represent a broad diversity with
respect to the chemical nature of their surfaces, but
have the common feature of extremely small particle
size. One is therefore drawn toward the hypothesis
that any solid material will reinforce rubber provided
it can be obtained in a very finely divided state and can
be dispersed in the polymeric matrix. Such a hypothesis
is by no means new, indeed it must occur to anyone
interested in the subject of reinforcement. Thus
Schmidt [14], in 1951, reported very strong reinforcing
effects in SBR using colloidal stannic oxide, silica,
Prussian Blue, polystyrene and casein, concluding that
“small particle size of the pigment is of prime import-
ance in elastomer reinforcement, whereas the chemical
nature of the pigment appears to be of secondary
importance”.
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Figure 2 Schematic illustration of the effect of particle size on
rubber reinforcement.

Although this hypothesis cannot be proven fully by
experiment, there being no means for testing all
imaginable materials, there is, nevertheless, good evi-
dence that small particle size is a necessary require-
ment, and very likely the predominant requirement,
for the reinforcement effect in rubber. In the carbon
black field, there is a gradation of properties from
the thermal blacks, with particle diameters above
300 nm, which show little reinforcement, through the
“semi-reinforcing” furnace grades, with particle
diameters in the region of 100 to 200 nm, thence to the
“high abrasion” furnace grades (about 40nm) and
finally to the “intermediate super-abrasion” or
“super-abrasion” grades with primary particle
diameters below 35 nm. (The particle sizes are those of
Studebaker [15]. Moderately different values are given
in the literature, depending on the measurement used,
but the distinctions are not such as to affect the
present discussion.)

In categorizing non-black fillers, Wagner [16] dis-
tinguishes “‘diluent” fillers (e.g. soft clays) having
particle sizes in the region of 1000 to 8000 nm, “‘semi-
reinforcing” fillers (hard clays, zinc or titanium oxides,
precipitated calcium carbonates) with diameters from
100 to 1000 nm, and “reinforcing” fillers (precipitated
calcium carbonates, silicas, calcium silicates or silico-
aluminates, or anhydrous silicas) with particle
diameters in the range of 10 to 100 nm.

Referring specifically to calcium carbonates, Del-
fosse ([17-19], see also [20]) described the 1000 to
5000 nm range as “diluent”, 100 to 1000 nm as ‘“‘semi-
reinforcing” and less than 100 nm as “reinforcing”,
The properties in this case refer to natural rubber,
which is not classifiable as an amorphous elastomer;
however, the data indicate very large increases in ten-
sile and tear strengths as the particle size is reduced
below 50 nm.

Thus, for all cases a high degree of reinforcement,
and a very high dependence of reinforcement on par-
ticle size, are observed in the primary particle size
range of 10 to 100nm. The region below 10nm
appears to be largely unexplored. There must be some
state of subdivision below which the properties would
be more akin to a molecular solution than a dispersion
of solid particles. This suggests that'a maximum. must



be present in the relationship between reinforcement
and particle size; if so, its location has yet to be deter-
mined. The question is illustrated schematically in
Fig. 2.

4. Interfacial effects consequent upon

small particle size
It is surprising, given the above observations, that the
literature on rubber reinforcement is devoted so much
to surface chemistry, and so little to the possible physi-
cal effects of particle size (and surface area) as such.
Gent and Tompkins ([21], see also [22]), however,
pointed out that the pressure required to maintain a
gas bubble in a liquid becomes very large as the bubble
size is reduced, and suggested that this effect might be
relevant to the behaviour of rubber in relation to small
solid particles. It is of interest to pursue this line of
thought in greater detail, because it offers the possi-
bility of insights that depend, to a first approximation,
solely upon particle size. For the purposes of this
discussion, the rubber is considered to behave as a
hydrocarbon liquid, and the intermolecular forces (for
the hydrocarbon and carbon black cases) are con-
sidered to be predominantly of the London dispersion
type (see [23]). In the notation, y is the surface tension;
the subscripts 1 and s refer to liquid and solid, respect-
ively, and the superscript d denotes that portion of the
surface tension due to London dispersion forces.
Values of the surface tension of hydrocarbon polymers
are in the region of 30mNm~' [24].

For a gas bubble at equilibrium (Fig. 3a), the ten-
sion normal to a line around the circumference is
balanced by the internal pressure:

PP = 2mry
whence
P = 2yr!

where P is the internal pressure and r is the radius of
the sphere. The dependence of pressure on bubble
diameter is shown in Fig. 4. The pressure is seen to rise
rapidly for bubble diameters below 50nm, and to
enter the order of magnitude characteristic of the
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Figure 3 Spherical inclusions within “liquid” rubber medium. The
sequence (a), (b), {c), (d) refers to the order of discussions in the text.
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Figure 4 Calculated pressure within an air bubble, at equilibrium, in
a liquid medium, assuming a surface tension of 30 mNm™'.

forces required for large deformations in vulcanized
rubber.

When, instead of air, the enclosed space is filled by
a solid particle (Fig. 3b), the situation changes entirely.
The liquid is now attracted to the solid surface as well
as to itself. The resultant surface tension, considering
the liquid in isolation, is approximated [23] by

n o= G

If the dispersion component of the surface energy of
the solid is greater than that of the liquid, as is nor-
mally the case, then the surface tension of the liquid,
considered in isolation, is negative. Taking 3 for
graphite as 110mNm ™', for example [23], the surface
tension of the polymer at the interface comes to
—27mNm~". Thus, the polymer wets and adheres to
the surface, being held by moderate intermolecular
attractive forces, but is not pressured against it as was
the case with the gas bubble.

The final and most interesting part of the thought
process arises when we now attempt to separate the
polymer from the filler surface (Fig. 3¢). As soon as
separation occurs, the conditions of Fig. 4 are once
again pertinent. However, there is now no mechanism
(high internal gas pressure) to sustain an equilibrium,;
the state of separation is prohibited by the magnitude
of the surface tension forces tending to collapse the
bubble. (These forces are actually supplemented, in
the present case, by atmospheric presure, although
this factor is very small compared to the surface
tension factor.)

From these considerations it seems evident that
separation of the polymer from the surface of particles
having a small radius of curvature is prohibited.
Under deformation, the polymer molecules may be
free to move with respect to the filler surface, if held
only by weak intermolecular attractions (Fig. 3d);
but escape from the surface in the sense of vacuole
formation is ruled out by surface energy considerations.

An example illustrating the effect is shown in Fig. 5
[25]. This compares vacuole formation (measured by
density changes observed upon stretching specimens
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Figure 5 Vacuole formation in black-filled butyl rubber. Polysar
Butyl 301, 100; carbon black, 50; zinc oxide, 5; stearic acid, 3;
MBTS, 0.5; TMTD, 1.0; sulphur, 2.0. Press cure: 50 min at 145°C.

immersed in ethanol) for two grades of carbon black
compounded at 50 p.h.r. in vulcanized butyl rubber. A
substantial volume increase occurs with N-880 black
(particle diameter about 300nm) while little or no
effect is observed with a reinforcing black (N-330,
44nm) under the same conditions.

5. Reinforcement as a stress
delocalization mechanism
The sliding of elastomer molecular segments across
the filler interface is a mechanism for the conversion of
elastically stored energy into heat (hysteresis) and for
the partial relief of excessive stresses in localized areas.
Movement of the particles, rotationally and other-
wise, can also be envisioned as a stress delocalization
mechanism. Such processes are similar to those
proposed by others, notably Dannenberg [26].
Grosch et al. [27] showed that, for amorphous
elastomers, the work required to extend and break a
vulcanizate specimen increases with the hysteresis
according to an empirical relationship of the form

UB = KHC

in which Uy is the energy to break, and H the
hysteresis (determined by the difference between the
areas under the stress-strain curves upon extension
and retraction, in specimens elongated nearly to the
breaking point). This type of relationship was shown
to be universal for amorphous elastomers, C being
nearly 2/3 in all cases tested, and K also showing
similar, although not identical, values for the various
elastomer types. The relationship holds for reinforced
and unreinforced specimens, extended to break at
various temperatures, or swollen to various degrees
with a solvent. In the case of carbon-filled compounds,
“stress softening” (a term derived from earlier work
by Mullins [28], and referring to a pronounced lower-
ing in the stress when a filled vulcanizate is extended
a second time to strains lower than that of the first
extension) was considered to be ‘“‘a major source of
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Figure 6 Simplified schematic diagram showing two successive
stress—strain curves in a reinforced amorphous elastomer, the first
extension being nearly to break, and the second extension to break.

hysteresis in these rubbers”. A simplified schematic
diagram is shown in Fig. 6.

For the case of HAF black compounded at 30 p.h.r.
in SBR, Bueche [29] showed that the “stress-softening”
effect following high extensions is permanent (at room
temperature) in the sense that it does not recover after
solvent-swelling and then drying the vulcanizate;
internal breakage or permanent rearrangement of
some kind must have occurred. (It appears that high
extensions are required to demonstrate this effect in
unequivocal terms. Harwood et al. [30], working at
moderate strains, found little distinction between the
behaviour of filled and unfilled SBR vulcanizates.)

From the above observations, it seems reasonable
to suppose that movement of the elastomer molecules
with respect to the filler interface occurs when the
local stresses are sufficiently high, and that the
required local stresses are less than those required to
rupture polymer chains. The absence of significant
chain breakage was demonstrated by Dannenberg and
Brennan [31], who measured equilibrium solvent
swelling after pre-extension of carbon black-reinforced
SBR vulcanizates. The slippage is a mechanism for
energy dissipation (hysteresis) and for delocalization
and redistribution of stresses on a microscopic or
submicroscopic scale. Internal flaws in the form of
vacuoles are prohibited by interfacial energy factors in
the case of very small particles and cannot, therefore,
act as sites associated with catastrophic failure.

Hysteresis cannot be viewed as a direct contribution
to high tensile strength in the context of reinforced
rubber. A sample that has been pre-strained nearly to
breaking is now effectively a new substance that is not
very highly hysteretic; yet it retains its high breaking
strength when strained a second time. The initial hys-
teresis is then a measure of internal energy-absorbing
adjustments that have led to a more uniformly dis-
tributed capacity for load-bearing in the direction of
the initial strain.



Recent work by Udagawa [32] has provided evi-
dence that SBR chain segments become irreversibly
oriented in the direction of strain following high
extension of carbon black-reinforced vulcanizates.
The effect does not occur in the absence of the rein-
forcing filler. From the point of view of the present
discussion, the oriented chains may well comprise
those on, or very near, the filler surface; adsorption
must restrict thermal motions in this region. To the
extent that the adsorbed chains have lost the ability to
move thermally in the direction perpendicular to the
filler surface, their contribution to retractive force is
reduced, and their capacity to be extended without
rupture, in the direction of strain, is accordingly
increased. Such a process has much in common with
the alignment of chains in stress-crystallizing elas-
tomers, such as natural rubber, which exhibit high
strengths in the absence of reinforcing fillers.

These suggestions serve to place the author within
one general school of thought regarding the fun-
damentals of rubber reinforcement. The interested
reader is cautioned against viewing them in isolation,
or taking them as an “explanation” of reinforcement;
this is neither justified nor intended, and the issue is
not, in any case, central to the present text. For a
current perspective on the complexity of this subject,
with particular reference to carbon black, reference
may be made to a recent review by Medalia [33].

6. Chemical bonding at rubber-filler
interfaces

The question of primary valence bonding between
polymer and filler, particularly for the case of carbon
black, is the subject of an enormous body of literature,
and remains a controversial matter. The subject, in
general, has been well covered in text books [34, 35]
and need not be reviewed here. While it is true, as
indicated above, that reinforcement can and does
occur in systems where strong interactions are highly
unlikely, there is much evidence that a degree of
strong interaction is important in optimizing the
properties of practical rubber compositions. To take
the most familiar example, the removal of reaction
sites from carbon black (by graphitization) causes a
large reduction in the modulus and abrasion resis-
tance properties imparted by the parent (ungraphi-
tized) carbon. Strong bonding may be of importance
in at least two distinct ways. Firstly, it may be used as
a means of pulling apart filler agglomerates during the
mixing process, thereby providing improved disper-
sion of the ultimate particles in the rubber, and
opposing any tendency toward subsequent particle
re-agglomeration. Secondly, it may contribute to the
adjustment of important physical characteristics, such
as modulus, extensibility and resilience, in the
vulcanizate.

Excessive polymer-filler bonding would appear in
principle to be highly undesirable. If applied prior to
vulcanization, it could result in a continuous network
of rubber and filler that would be difficult or impos-
sible to process. If developed excessively during vul-
canization, the effect in the extreme would be to
immobilize the polymer completely at the filler surface

and cause a drastic reduction in extensibility. There
are several reasons to believe that the optimum degree
of strong bonding is quite low in relation to the sur-
face area available to the rubber molecules. In the
discussion to follow, an attempt will be made to place,
from existing experience, a limit on the degree of
strong bonding that is desirable in practical systems.

6.1. Model networks containing
functionalized silica

In working with model networks based on terminally
brominated liquid polybutadiene [5], an opportunity
was recognized to quantify the degree of primary
valence bonding of the network chains to an otherwise
inert filler surface. This was done by controlled
additions of an aminosilane to pyrogenic silica, meth-
ylation of the amine to provide tertiary amines sites,
and then exhaustive esterification of the remaining
surface to render it physically and chemically inert
toward the hydrocarbon polymer. The sites on the
filler surface were then chemically equivalent to the
tertiary amine groups in the tetrafunctional agent
employed for network formation and could, there-
fore, take part equally in the network formation
process. The elements of this model system are shown
schematically in Fig. 7.

To draw conclusions from model systems of this
kind, one must take great care to ensure that the
observed behaviour of the model is fully consistent
with expectations. The stoichiometric requirements of
curative for maximum observed network density
should conform with independent measurements of

the polymer equivalent weight, and the curing con-

ditions should be such that the observed network
density of the vulcanizate agrees with independent
measurements of the number average molecular
weight of the original chains. The work in question
satisfied these requirements.

In the absence of reactive filler, a maximum in
network density occurs when the curative level is at
stoichiometric equivalence with the polymer. When
reactivity is introduced on the filler surface, the
amount of curative required for maximum network
density is reduced. The extent of this reduction is then
a quantitative measure of the degree to which reaction
has occurred at the filler surface. The starting material
used in the preparation of the fillers was a pyrogenic

Polymer
Br-C-C =0~~~ C=C-CBr
M, ~ 5000
Cross -linker Me Me

Me Me
Me>N-R—N-H—N'R—N< Me

Filler
R-N< RAAS (controlled)

O (CH,) 5 CHy(exhaustive)

Figure 7 Model system based on polybutadiene with terminal allylic
bromide sites, cross-linked with tetrafunctional tertiary amine
curative and tertiary amine-functional silica reinforcing agent.
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Figure 8 Modulus and tensile strength as functions of filler~polymer
bonding in the model system of Fig. 7. Arrow indicates region of
“practical” vulcanizate properties.

silica, Cab-O-Sil M5 (Cabot Corp.), having a surface
area of 200m?® g~'. Compounds contained 30 p.h.r. of
the modified products. The curative level was varied in
each case so as to establish the point corresponding to
maximum network density as determined by swelling.
Data pertinent to the present discussion are shown in
Table 1.

The inactive, esterified silica, due presumably to its
very fine particle size and ease of dispersion in the
hydrocarbon polymer, provides respectable strength
properties, similar to what one obtains in conventional
polybutadiene vulcanizates with a reinforcing carbon
black. Surface bonding to the extent of 0.45 sites/nm?
more than doubles the 300% modulus and reduces the
elongation at break to 300%. The reduction in cura-
tive level, in this instance, was about 10%, hence this
proportion of the reactive chain ends became attached
to the filler surface rather than to a tetrafunctional
curative molecule. The relative contribution of
polymerfiller bonds to effective network density, as
compared to the contribution of polymer-polymer
bonds, is obviously very high in systems of this kind.

A further increase, to 0.82 sites/nm®, produces a
reduction in tensile strength and a low elongation at
break. A desirable balance of properties, to the extent
that they can be judged from stress—strain data, would
correspond to about 0.2 sites/nm? for this system. This
is further illustrated in Fig. 8, which shows the broader
trends in modulus and tensile values. The region of
“practical” vulcanizate properties 1s indicated by the
vertical arrow; its location represents about 10% of
the filler reactivity range that was covered in this
study. In considering this evidence, one should recog-
nize that the network density within the bulk of the
rubber decreases as the degree of filler bonding
increases; the implications regarding more conven-
tional systems are most meaningful at the low end of

TABLE 1 Model system

Butyl Rubber

CHj CT3
™~ CHyC e CH,=C= CH-CH
CH3 ~1.6mol %
EPM Rubber CHj3
e CHp- CH o~ CH, -CH~~m
30-40mol %

Figure 9 Elastomers of limited chemical reactivity.

the interaction scale, where the bulk network density
is not much affected.

6.2. Butyl rubber and EPDM

The interaction between carbon black and butyl rubber
was studied extensively by Gessler [36] and others over
a period of many years. Large changes in “bound
rubber”, modulus properties, and resilience at low
rates of deformation were demonstrated, depending
upon modifications to the carbon surface, or the use of
“promoters” and “heat treatment” procedures
intended to induce bonding between the polymer and
filler during the mixing process. Butyl is an interesting
case with respect to the present discussion, because the
degree of possible interaction is limited by the con-
centration of reactive sites present in the polymer
(Fig. 9). The backbone is polyisobutylene, which con-
tains only primary and secondary hydrogen atoms
and is chemically very inert. It degrades under free
radical attack and is, therefore, incapable of cross-
linking by free radical mechanisms. Isoprene groups
are present to permit vulcanization, and have been
proposed by Gessler [36] to be capable of reacting with
carboxylic groups on the carbon surface, by an ionic
mechanism, to form ester linkages or alkylates.

The concentration of isoprene units in the most
commonly used grades of butyl rubber is about
1.6 mol %, representing 0.028 mo! isoprene units per
100 g polymer. About one-third of these take partin a
sulphur curing reaction [37]. Because this proportion
applies approximately also to bromobutyl [38],
and to various curing systems in butyl rubber [39],
it appears likely that the remaining sites are prevented
from uniting, either because of restrictions of move-
ment imposed upon them by the network, or because
of low “yields” in the vulcanization reactions. Recent
halobutyl curing studies [40, 41] have shown higher
efficiencies, although still only in the region of 50%.
If it is assumed for the butyl rubber case that the

Terminally reactive polybutadiene
Modified fumed silica

Tert-amine curative

Cure: 48h at 60°C

100
30
As required for maximum cure

Reactive sites/nm? Tensile Elongation Modulus

filler surface strength at break at 300%
(MPa) (%) (MPa)

0 15.7 550 7.1

0.21 15.7 340 133

0.45 15.2 300 15.2

0.82 11.5 210 -
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network density is similar in gum and black-reinforced
vulcanizates, then the isoprene units available for
black interaction amount to about 0.018 mol per 100 g
polymer. Taking the case of N-330 black, with a surface
area of 81 m?g~!, this gives a value of 2.7 potential
bonding sites per nm? of carbon black surface.

This figure would seem to represent an absolute
upper limit for the case in question, because it assumes
that all isoprene groups not used in vulcanization can
contact the carbon surface and, once having done so,
can react to form linkages at 100% yield. This is
a most improbable circumstance, considering that few
types of reactions are known that can be used efficiently
to modify polyisoprene. The surface of carbon black
carries carbonyl groups, lactones, phenolic and car-
bonyl sites [42]. Efficient reactions between such struc-
tures and isoprenic moities are unknown. The value of
2.7 is, therefore, high in all probability by at least an
order of magnitude; yet there is no question that
stress-strain properties characteristic of high rein-
forcement are realized in butyl rubber vulcanizates.
Similar considerations apply to other polymers carry-
ing a limited number of active sites, particularly
EPDM (Fig. 9). This class of elastomers appears to
have received relatively little attention from the stand-
point of reinforcement fundamentals. It is clear, how-
ever, from early literature [43] that gum vulcanizates
are weak, and that reinforcement effects very similar
to those found in SBR are readily obtained by the
addition of conventional loadings of carbon black. No
special treatments appear to be necessary for this
purpose. EPM rubber, containing no third-monomer
unsaturation, and vulcanizable only by free radical
processes, is also reinforced efficiently by carbon
black.

6.3. Interaction of functionalized polymers
with precipitated silicas and silicates

The reinforcement of rubber with precipitated silicas
produces vulcanizates with high tensile strength and
excellent resistance to tear and flex cracking. Resili-
ence and abrasion resistance, however, are poor
compared to carbon black reinforcement, and the
vulcanizates have a characteristic stiffness or “boardi-
ness”. The vulcanizates exhibit low 300% modulus
values and high tensile set following break. The
characteristic stiffness arises from the high degree
of affinity between the silica particles; they tend to
aggregate within the rubber matrix to form a three-
dimensional reticulate structure. The essentially con-
tinuous nature of this structure has been demonstrated
very clearly through the study of water absorption
behaviour in cis-polybutadiene [44].

The stiffness imparted by silica can be observed
readily in unvulcanized mixtures, containing only
rubber and silica, by measuring the initial slope
(Young’s modulus) of suitably prepared sheet speci-
mens [45]. In nitrile rubber, the stiffness is not present
in mixtures prepared on a cold mill and handled
subsequently at room temperature. It develops very
quickly, however, upon heating to temperatures typi-
cal of the vulcanization process, such that the stiffness
is already present before the polymer network has a

Silica surface: HOSi=
il (I?
1 C—OCHZ—CE—/CHZ—A*’ C—OCHZ—?H—CHZ—OSSE
o OH E
(~0.3mol %)
1l ﬁ
2 £C-OCH,~CHOH A, C—OCH,~CH,-0S8i=

cat.

(~0.3mol %) +HO

Figure 10 Schematic representation of functionalized polymers for
silica reinforcement.

chance to form. In SBR [46] reticulation occurs notice-
ably at room temperature over a few days, and is very
rapid at curing temperatures.

In order to assist in the particulate dispersion of the
silica particles, and in order to maintain the par-
ticulate dispersion during cure, it is desirable to form
bridges between filler and polymer during the mixing
process. Work in these laboratories was directed
toward establishing economical methods for accom-
plishing this by using polymers that carry a small
concentration of functional groups capable of inter-
acting chemically with the silica surface. Two types of
reactions were studied for this purpose. These are
illustrated in Fig. 10.

6.3.1. Polymers with epoxy groups

The reaction of epoxy groups with silica has been
mentioned in the literature [47], but has received very
little quantitative attention. Work with small mol-
ecules is complicated by the fact that polymerization
of the epoxy compound is initiated at the silica surface
[48]. The probable reaction, referring to a high polymer
carrying a few epoxy groups, is

=SiOH + CH,-CH-R - =SiOCH,-CH-R
OH

To effect the desired interaction, a combination of
heat and shear is necessary. For exploratory work, it
is convenient to use micro compounding and testing
procedures [49]. For routine purposes, a milling pro-
cedure of 3 min with the rolls at 150° C was used in the
present work, although shorter treatments may be
adequate for efficient systems.

Data illustrating the effects of epoxy concentration
are listed in Table II. All of the polymers are nitrile
rubbers having about 34% bound acrylonitrile by
weight. The control compound, without epoxy func-
tionality, is a commercial product, KRYNAC 34.50.
The data show that hot milling as such does not alter
the properties typical of silica reinforcement. Young’s
modulus is high, reflecting the stiffness of the com-
pound, 300% modulus is low and tensile set is high.
These properties can be influenced somewhat by vary-
ing the state of cure, but the general shape of
the stress-strain curves obtained with silica remains
fundamentally different from that characteristic of
carbon black [45].

At the level of 0.035 mol epoxy groups/kg polymer,
using the hot milling procedure, the 300% modulus is
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increased to a level characteristic of highly reinforcing
carbon black, but the Young’s modulus is not much
reduced. At a level of 0.07 mol, the Young’s modulus
is reduced profoundly, the 300% modulus is very high,
and tensile set is greatly reduced. As a single index
showing the changes in the shapes of the stress-strain
curves, the ratios of 300% modulus values to Young’s
modulus values are included in the table.

The silica in question had a surface area of
143m’g~". At a loading of 50 p.h.r. in the polymer,
and assuming that all epoxy groups react at the silica
surface, the resulting concentration of bonding sites is
0.6/nm? of surface. Because the “yield” of the bonding
reaction is unlikely to approach 100%, the actual
concentration of bonding sites must be somewhat
lower, and possibly much lower, than this value. With
respect to 300% modulus as such, it is notable that an
epoxy concentration of 0.035mol/kg polymer (0.3/nm?
of surface) is sufficient to bring silica into the range
normally characteristic of highly reinforcing carbon
blacks when hot milling is applied.

6.3.2. Polymers with hydroxyl groups
The esterification of silica with alcohols is well known:

=SiOH + HOR % =SiOR + H,0

Exhaustive esterification has usually been done
under conditions that would be far too extreme for
practical application to rubber. For example, Chahal
and St Pierre [50] used temperatures up to 300°C in
the esterification of pyrogenic silica. Ballard es al. [51]
used 2h treatments in the temperature region 225 to
300°C to complete the esterification of silica with
n-butanol. However, it has been observed [52] that this
reaction can be catalysed by amines to the extent that
it will occur appreciably even at room temperature.

The application of this reaction to the reinforce-
ment of styrene-butadiene rubber has been reported
[46]. Some previously unpublished results using pre-
cipitated silica are listed in Table I1I. The first two
compounds in this table are based on a commercial
SBR (KRYLENE 1502), while the others are experi-

TABLE II NBR-epoxy terpolymers

mental polymers. The differences in peroxide levels
used for curing arise from differences in the stabilizers
present in the polymers. As in the previous cases, it is
the overall shape of the stress-strain curve, rather
than the state of cure, that is important in interpreting
the data.

The data show, in the case of SBR, that hot milling
of the control polymer has some effect in reducing the
Young’s modulus value. A further large reduction
occurs when the polymer is functionalized with
0.04 mol hydroxyl groups/kg. The use of the amine
catalyst produces further improvements, such that the
overall relationship between low strain and high strain
moduli is now within the range characteristic of car-
bon black reinforcement. Increasing the functionality
produces a further substantial reduction in the
Young’s modulus value relative to 300% modulus.

In view of the effects observed at the 0.04 mol/kg
level, and considering once again that a complete
reaction of the available sites is very unlikely, this
evidence also places the bonding requirement in the
region below 0.3/nm’.

It should be noted, parenthetically, that the bonds
formed between the silica and the functionalized elas-
tomers are prone to hydrolysis under very mild con-
ditions; this impairs the practical use of such an
approach to the enhancement of silica reinforcement
in rubber.

6.4, Silane coupling reactions

The foregoing sections have discussed relevant experi-
ence gained in these laboratories. In the mineral filler
field, there is a very large literature on the use of silane
coupling agents, notably mercaptosilanes for the case
of unsaturated elastomers such as SBR, to bring about
coupling between polymer and filler during processing
and/or vulcanization (Fig. 11). Silane-treated mineral
fillers have been available commercially for many
years. Pre-treatment of the filler is considered to
provide the highest efficiency in the use of the coupling
agent; it also obviates storage and handling problems
(odour, moisture sensitivity) that are present when a

Compound no.

1 3 4 5
Epoxy groups (] 0.035 0.035 0.07 0.07
(mol/kg polymer)
Compound hot milled* Yes No Yes No Yes
Tensile strength (MPa) 312 29.2 32,5 27.5 334
Elongation (%) 680 660 560 630 450
Young’s modulus (MPa) 159 15.0 12.0 14.8 5.8
300% modulus (MPa) 5.7 7.8 14.9 8.8 20.6
Tensile set (%) 25 23 15 15 7
Ratio 300% mod./Young’s mod. 0.36 0.52 1.25 0.59 3.58
Recipe: Polymer 100

Silicat 50

Dicumyl peroxide

(40%)* 1.5
Press cure: 30min at 160°C

*3min at 150° C before curative addition.

T HiSil 233. Precipitated silica, particle size 22 nm. PPG Industries Ltd.
£ DiCup 40C. Dicumyl peroxide on calcium carbonate carrier, 40% active. Hercules Inc.
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|
=i~ 0~ 8i~CH,=CH,~ CH,SH

(~0.5mol % based on
rubber monomers)

RSH+~_C= C/\/\—A—’-\/\(ID—CI\_/\/\/‘
H SR
Figure 11 Schematic representation of functionalized silica for reac-
tion with unsaturated elastomers.

mercaptosilane is used simply as a compounding
ingredient.

For the case of precipitated silica (HiSit 233) major
improvements in the physical properties of SBR, to
levels comparable with those provided by reinforcing
carbon blacks, are obtained by compounding with
about 1.5p.h.r. (077molkg~") of mercaptopropyl-
trimethoxy silane [53, 54]. This represents about 0.65
sites/nm?” silica surface, and the same reservations with
respect to the “yield” of the reaction are pertinent.

6.5. Terminally functionalized solution SBR

With respect to carbon black reinforcement, recent
studies by Nagata et al. [55] have revealed very
interesting effects arising from the termination of
n-butyl lithium polymerized SBR using 4,4"-bis-
(diethylamino)benzophenone. The resulting chain end
carries two tertiary amine sties and one hydroxyl site
(Fig. 12). These may be considered capable of interact-
ing with the oxygenated surface of the carbon black by
acid-base and hydrogen bonding mechanisms, respect-
ively. The carbon black in question was an HAF
(N330) type with a surface area of 75.9m? g~', used at
a loading of 50 p.h.r., and the molecular weight of the
SBR polymer was 150 000. This represents 0.106 reac-
tive terminal sites/nm? carbon black surface. The sites,
in this instance, are large, having an area (estimated
from adsorbtion isotherms using a model compound)
of about 4nm?. In conventionally mixed compounds,
the effect of this polymer modification was to cause
a large reduction in carbon-to-carbon hysteresis

TABLE III SBR-hydroxy terpolymers

CH5 CH
N

( )-=

O —
|

o
T

molwt ~150 000 (')
|
N
VAR
CH; CH;
Probable carbon black interactions:
- Acid/base
- Hydrogen bonding

Figure 12 Terminally functional SBR for carbon black interaction.

(measured by low amplitude dynamic behaviour,
following Payne [56]), and large increases in rebound
resilience and in modulus at high extensions. This
work constitutes very clear evidence that one inter-
active site per high polymer chain can be sufficient to’
provide a large improvement in the particulate disper-
sion of a reinforcing carbon black in SBR, together
with marked increases in resilience and high-strain
modulus. The interaction in this case would not
appear to involve covalent bonding, but rather
salt formation accompanied, perhaps, by hydrogen
bonding. Such bonds are presumably labile under
stress.

7. Discussion

Among the foregoing lines of evidence with respect to
covalent bonding, the most reliable quantitatively is
that provided by the model network system, because
in this case there is a direct measurement of the degree
to which surface bonding actually occurs. This
measurement involves only one assumption, namely
that the maximum state of cross-linking occurs at the
point of stoichiometric equivalence between the reac-
tive sites on the polymer and the sum of those on the
filler and curative agent. The result in this case sug-
gests that useful technical properties occur when the
degree of chemical bonding is about 0.2/nm? for the
case in question. In the other systems discussed, the
evidence is less direct. However, the second most

Compound no.

1 3 4 5
Hydroxyl groups 0 0 0.04 0.04 0.09
(mol/kg polymer)
Compound hot milled* No Yes Yes Yes Yes
Polymer 100 100 100 100 100
HiSil 233 50 50 50 50 50
C HysNH, T - - 15 L5
DiCup 40C 2 2 0.67 0.67 2.5
Press cure: 30 min at 160°C
Tensile strength (MPa) 18.4 21.6 18.7 23.5 23.1
Elongation (%) 450 450 530 500 480
Young’s modulus (MPa) 20.1 14.2 89 6.3 3.8
300% modulus (MPa) 10.4 12.3 7.8 12.5 12.8
Tensile set (%) 14 10 9 5 5
Ratio 300% mod./Young’s mod. 0.52 0.87 0.88 1.98 3.67

*3min at 150° C, before curative addition.
* Armeen T, Armour Industrial Chemicals Lid.

4183



direct line of evidence, based on functionalized NBR
or SBR polymers, places upper limits in the region of
about 0.6/nm?, assuming complete reaction of avail-
able sites; and because complete reaction is exceedingly
unlikely for these cases, the value of about 0.2/nm? is
consistent with this experience as well. A similar order
of magnitude applies to experience with silane coupl-
ing agents. It is notable also that Rivin et al. [57} in a
study of strong bonding in relation to sulphur vul-
canization systems, arrived at an estimate of 0.07
strong bonds/nm’ carbon black surface, based on
small molecule chemisorption studies.

If we consider a methylene group as a typical unit of
an elastomeric chain, and assign to it an area of
0.05 nm’ approximately, the number of units per nm’
is then 20. Taking the number of chemical attach-
ments as 0.2/nm?, the proportion unbonded is 19.8
out of 20, or 99%. Granted that segments in the
immediate vicinity of the bonding sites will be restricted
in their motion, this result nevertheless indicates that
most of the polymer at the filler surface will be held
only by interfacial forces of the London dispersion
type. This will permit motion relative to the surface
when the rubber article is subjected to the large strains
encountered in practical use.

The case of SBR carrying the large terminal groups
with hydroxyl and f-amine sites is distinctive.
Although there is only one such group per chain, the
estimated size of the groups is such that the carbon
black surface coverage amounts to about 40% of the
available area, assuming that all interactive sites can
reach the surface. If, however, the interactive forces
are much weaker than would be the case with covalent
carbon—-carbon bonding (as seems likely) then move-
ment at the interface may be expected to occur under
conditions of high strain in this system as well.

8. Conclusions

1. From the evidence available, it appears that rein-
forcement effects will be imparted to rubber by any
particulate solid of very small particle size and
moderate or high surface energy.

2. In the particle size region below about 50nm,
separation of the rubber from the filler surface
(vacuole formation) is prevented by surface tension
effects dependent only on the radius of curvature of
the filler particies. However, movement of the rubber
relative to the filler surface is restricted, in the absence
of chemical bonding, only by relatively weak
interfacial forces.

3. A degree of strong bonding is desirable in practi-
cal vulcanizates to assist in dispersing the filler par-
ticles and to impart an optimum balance of resilience,
abrasion resistance, and durability.

4. The degree of strong (covalent) bonding desir-
able in practical vulcanizates appears to be of the
order of 0.2 bonding sites/nm? filler surface. Most of
the polymer in contact with the filler surface is capable
of moving with respect to the surface when high stresses
are applied.
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