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Technical

Comparing methods to improve NR productivity
By Fred Ignatz-Hoover and Byron To

Flexsys America L.P.

First of two parts
Compounding rubber often presents a

set of compromises in properties. A com-
position must be chosen to provide a final
vulcanizate that provides the best bal-
ance in final properties while in turn
minimizing negative effects. In general,
as one property of a vulcanizate is en-
hanced, another property often can be
found which shows an undesirable dete-
rioration. The final set of properties of
the vulcanizate should provide the best
balance to serve the purpose of the com-
pound. Compromises in properties ex-
tend from the uncured compound into the
final vulcanizate. The balance between
processability and reinforcement is an
example of one such compromise. It is dif-
ficult to produce compounds having very
high modulus or low hysteresis, which
are easy to process, or have low viscosity.

Highly reinforcing compounds are
characteristically hard to process. Many

applications (such as treads, base com-
pounds, skim compounds and others) de-
mand the inherent properties imparted
by these compounds such as toughness,
good dynamic mechanical properties,
and good abrasion and tear resistance.
Several factors which promote reinforce-
ment add to difficulties in processing.

� Can increase heat buildup and de-
crease blow-out time in the Goodrich
Flexometer test

� Reduce abrasion resistance
● Higher filler loading
� Produce higher viscosity compounds

� Difficult to extrude
� Scorchy due to heat buildup dur-

ing processing
� Must process slowly due to ten-

dencies toward excessive viscous heat-
ing

� Higher modulus vulcanizates
� Tougher vulcanizates with general-

ly better durability, tear and abrasion
resistance

● Adding oils or soaps
� Lowers compound viscosities – pro-

vides for easier processing compounds
� Easier to extrude
� Less scorchy due to lower heat

buildup
� Can be processed faster due to

lower rate of viscous heating
� Lowers filler volume fraction thus

reduces modulus of the final vulcanizate
� Reduces abrasion resistance
� Increase heat buildup and decrease

blow-out time in the Goodrich Flexome-
ter Test (generally lowering compound
durability in high load applications).

Higher molecular weight
polymer

Stronger networks are derived from
higher molecular weight polymers. Yet
higher molecular weight polymers have
characteristically high viscosity and
pose problems in processing. The melt

Polymer molecular weight, molecular
weight distribution, filler loading and
filler characteristics, and diluents (soaps
or oils) contribute largely to this compro-
mise. Several common behaviors (com-
promises) of compounds and vulcan-
izates are summarized as follows:

● Higher molecular weight polymer
gives

� Higher viscosity compounds 
� Difficult to extrude (die swell)
� Scorchy due to heat buildup dur-

ing processing
� Must process slowly due to tenden-

cies toward excessive viscous heating
� Better dynamic mechanical proper-

ties in vulcanizates
� Tougher, stronger, more durable

compounds – good dynamic and abra-

sion resistant character.
● Altering molecular weight to im-

prove processing
� Use of peptizers

� Major penalty is time and produc-
tivity

● Require separate rubber-peptiz-
er breakdown time before black addition
or a separate mixing sequence

● Require high temperature oxida-
tive mixing conditions 150-160°C

� Can increase heat buildup and de-
crease blow-out time in the Goodrich
Flexometer test

� Reduce abrasion resistance
� Premastication of NR (severe ox-

idative premastication)
� Major penalty is time and produc-

tivity

Executive summary
Productivity in mixing NR compounds is governed by the time required to

mix and disperse carbon black homogeneously and completely into NR. Com-
pounds of NR are, in practice, mixed until a desired viscosity has been achieved.
Yet the viscosity of the final compound will be determined by several major fac-
tors. These include the extent of carbon black dispersion, breakdown in molecu-
lar weight of the NR through shear or oxidative degradation (use of peptizer),
and the level of use of softening diluents such as fatty acid soaps and/or oils
(when included in the compound.) Q-Flex QDI is a multifunctional anti-
degradant which has been shown to improve mixing productivity by capturing
free radicals formed during mixing and by preventing oxidative degradation
chemistry during the mixing process. This paper will compare the productivity-
performance characteristics of Q-Flex QDI to several major methods used in the
processing of NR compounds.

TECHNICAL NOTEBOOK
Edited by Harold Herzlichh

Fig. 1. Viscosity changes per mixing step demon-
strate QDI reduces the viscosity of NR compounds.
(Note that the viscosities reported are MS(1+4) or
small rotor viscosities.)

Fig. 2. Modulus is not negatively affected by premasti-
cation but is positively affected by QDI.

Fig. 3. PICO abrasion.

Fig. 6. Pico abrasion test of N-299 with RSS#2. Use of
QDI and/or use of QDI in premasticated rubber may
provide an advantage in abrasion resistance.

Fig. 5. Modulus as a function of Mooney viscosity.
Fig. 4. Viscosity of RSS#2 mixes using N-299 carbon
black. QDI gave consistently lower viscosities com-
pared to the control compounds.
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viscosity of a polymer is approximately
proportional to the 3.4th power of the
weight average molecular weight.1

ηη ~ kMw3.4

In polyethylene having broad molecu-
lar weight distributions, Busse and
Longworth2 demonstrated, however,
that the viscosity average molecular
weight posed a better correlation.

Altering the molecular
weight to improve processing

Prematicative shear-induced clea-
vage

The molecular weight of natural rub-
ber can be altered by mechanical means.
Mastication of natural rubber results in
a reduction of molecular weight.3 Me-
chanical degradation was the primary
means of reducing molecular weight un-
til about the 1950s. Natural rubber was
commonly subjected to mechanical
degradation on open mills for extended
periods of time to improve processability.

The mechanical reduction in molecu-
lar weight originates from two mecha-
nisms having inverse temperature coef-
ficients. The inverse temperature
dependence results in a range of mixing
temperature wherein chain cleavage is
minimized (about 110-130°C).4 As tem-
peratures decrease, lower than about
110°C, the rate of chain cleavage as a re-
sult of mechanically induced shear
stress increases. As the mixing tempera-
ture increases above about 130°C, the
rate of chain cleavage also increases.
The mechanism of this process is less
well understood, but has been shown to
be fundamentally a stress enhanced ox-
idative mechanism.

Mixing or milling under an inert at-

mosphere produces less reduction in
viscosity as opposed to mixing in air.4

Mixing at higher partial pressures of
oxygen enhances the molecular weight
reduction especially at higher tempera-
tures. In the absence of oxygen, radical
chain ends formed from the shear-in-
duced cleavage terminate by combina-
tion. In the presence of oxygen, the rad-
ical chain end reacts with molecular
oxygen then subsequently form poly-
meric peroxy-radicals which terminate
by hydrogen abstraction. Obviously,
terminations by such radical capture or
stabilization reactions produce higher
concentrations of shorter chains faster.
Thus, the rate of reduction of molecular
weight is accelerated to the extent that
the mechanism of termination is con-
verted from recombination to dispropor-

tionation or hydrogen abstraction or
radical capture or radical stabilization
mechanisms.

Bueche5 developed the quantitative
theoretical treatment demonstrating
that the high molecular weight chains
have highest probability of cleavage.
Bueche showed that the rate of reduc-
tion of molecular weight is proportional
to the force acting on a bond centrally lo-
cated in the polymer chain.

N ~ No exp(-Pωωt)

Where N is the number of unbroken
chains at time t, No is the original num-
ber of chains under consideration, and P
is the probability of a chain breaking.
Further, employing the Boltzmann dis-

tribution:

P ~ K exp[-(E –Foδδ)]

Where E is the energy needed to break a
bond, Fo is the force acting on the bond
located at the center of the chain under
consideration, and δ is the distance nec-
essary to stretch the bond to break.

The force acting on a centrally located
bond is proportional to the molecular
weight of the chain containing that
bond.6 Simplifying the relation devel-
oped by Bueche, the force, Fo, is propor-
tional to the molecular weight, shear
rate, and viscosity:

Fo ~ηηyM2/Mt.

Where η is the viscosity, y is the shear
rate, M is the molecular weight of the
polymer molecule supporting the force Fo

upon a bond located at its center; Mt is
the average of the weight and Z average
molecular weights of the bulk polymer
subjected to the shear field. Thus, chains
of high molecular weight experience the
highest force and have the highest prob-
ability of cleavage. The probability that a
chain will break at its midpoint increas-
es with increasing viscosity, shear rate
and the square of the molecular weight
of the chain under consideration.

The shear-induced degradation of a
polymer is a viscosity controlled event.
The high molecular weight chains carry
the majority of the shear forces in a mix-
er. Conversely, low molecular weight
chains do not experience enough shear
force to induce scission. Watson et al.7

demonstrated (by the intrinsic viscosity
characterization of masticated natural
rubber) that the limiting molecular

weight for the shear-induced degrada-
tion is on the order of 0.7-1.0x105.
Frenkel8 independently speculated that
shear-induced cleavage occurs near the
midpoint of the polymer chain.

The shear induce cleavage at the mid-
point of a polymer chain, as agreed to by
Watson et al,7 persists in both the cold
and hot mastication processes. Yet un-
expectedly, as demonstrated by mastica-
tion under an inert atmosphere, the ini-
tiation of high-temperature shear-
induced chain scission requires oxida-
tive activation (i.e. the presence of oxy-
gen or other radical acceptors or promot-
ers). However, and most importantly,
while the initial high-temperature ox-
idatively induced scission reactions have
a strong mechanical activation compo-
nent, subsequent chain-propagating ox-
idative scission reactions are random by
nature.9 It is these random scissions
which produce short chains resulting in
diluent effects and dangling chain ends
which detract from the mechanical prop-
erties of networks.

Since pure-shear-induced scission oc-
curs at or near the midpoint of high mol-
ecular weight chains, the population of
low molecular weight molecules is not
significantly altered solely by mastica-
tion (i.e. oxidative mechanisms being
absent). Consequently, pure mechanical
degradation of molecular weight pro-
duces nominal effects on such dynamic
mechanical properties as G” and Tan δ
of the final vulcanizates. On the other
hand, oxidatively induced random scis-
sion results in an increase in the popula-
tion of low molecular weight chains and
thus contributes to a degradation of dy-
namic mechanical properties (i.e. in-
creases in both G” and Tan δ).

In the absence of oxygen or other radi-
cal capture or terminating agents, radi-
cal chain ends formed from the shear-in-
duced cleavage of isoprene-basedFig. 7. Mild mixing conditions do not discriminate be-

tween disulfidic peptizers (P-44 and R-11) and the
control compound. While QDI containing compounds
show significant viscosity reduction.

Fig. 8. Under oxidative mixing conditions, peptizers
begin to demonstrate the chemical effectiveness at
promoting oxidatively induced radical degradation.
QDI containing compounds show large viscosity re-
ductions in the early stages of mixing.

Fig. 9. Under mild mixing conditions, only QDI shows
a slight enhancement in modulus while the control
compounds show similar Mooney and modulus val-
ues.

Fig. 12. QDI containing compounds provide improve-
ments in abrasion resistance. Oxidative mixing condi-
tions tend toward reduced abrasion resistance.

Fig. 11. A general trend toward higher heat buildup as
a function of lower Mooney viscosity is observed. The
effect of QDI is reduced heat buildup by about 5-7 per-
cent.

Fig. 10. Under oxidative mixing conditions, the vis-
cosity is reduced most with QDI with a slight increase
in modulus. The peptized compounds show interme-
diate behavior compared to QDI containing com-
pounds.

Technical

See Methods, page 14
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polymers terminate by combination. In
the presence of oxygen, the radical chain
ends react with molecular oxygen form-
ing polymeric peroxy-radicals, which ter-
minate by hydrogen abstraction forming
polymeric hydroperoxides. Oxidatively
catalyzed shear-induced cleavage be-
comes “autoxidative” at high tempera-
tures, leading to the rapid reductions in
viscosity observed in high temperature
mixing. Thus, newly formed polymeric
hydroperoxides decompose generating
alkoxy- and hydroxyl-radicals. These rad-
icals react with molecular oxygen to form
additional polymeric hydroperoxides
which in turn decompose to continue the
cycle, i.e. the definition of autoxidation.

Altering molecular weight to im-
prove processing with peptizers

Chemical peptizers, in theory, serve as
radical acceptors at low temperatures and
promote or increase the efficiency of oxida-
tive scission at high temperatures.10

Chemically induced free radicals form
random radicals along the polymer back-
bone leading to random cleavage as in the
oxidative case. Sulfur compounds, mer-
captans or disulfides, and metal chelates
are the predominate chemicals used today
as peptizers. To a lesser extent, unsaturat-
ed fatty acids react with polymeric radi-

cals and thus function as peptizers. Sulfur
compounds also capture radicals and
serve as chain transfer agents. Note that
they perform the same task (radical chain
transfer) when employed in emulsion
polymerization chemistry. Thus, sulfur
compounds prevent termination by recom-
bination and thus extend the kinetic chain
length of the free radical. Metal chelates
are pro-oxidants promoting oxidation re-
actions by catalyzing the decomposition of
peroxides and/or activating oxygen, thus
accelerating the oxidative process.

While random cleavage does serve to
reduce molecular weight, it is highly in-
efficient. Cleavage of short chains as op-
posed to long chains hardly alters the Z-
average, viscosity average or weight
average molecular weight. Cleavage of
short chains is counterproductive in the
sense that random cleavage of short
chains produces high concentrations of
low molecular weight polymer while not
affecting the high molecular weight frac-
tion of polymer. Recall that the polymer
melt viscosity is proportional to the ‘3.4th’
power of Mw or Mv. Thus, cleavage of high
molecular weight chains is far more effi-
cient at reducing viscosity. As discussed
above, short chains serve as diluents and
serve to degrade the dynamic mechani-

cal properties of the network. When
bound into the network by a crosslink,
they are statistically more likely to be
bound by a single junction point rather
than multiple junction points, thereby
increasing the concentration of dangling
chain ends. Dangling chain ends act as
diluents degrading the mechanical prop-
erties of the vulcanizate.12

Peptizers promote oxidative or random
reduction of molecular weight in natural
rubber. Thus, as the molecular weight is
reduced the viscosity is reduced. But this
is at the expense of modulus or accompa-
nied by an increase in hysteresis (espe-
cially as lower molecular weight chains
are cleaved). The random decrease in
molecular weight provided by peptizers
contributes to a higher concentration of
short chains in the green state providing
better processability. But, as a conse-
quence of producing more low molecular
weight polymer, more “dangling chain
ends” are produced in the network. These
dangling chain ends are degrading to net-
work properties. Peptizers are generally
chemicals which promote oxidation reac-
tions. The oxidative cleavage of polymer
chains is by nature a random process.
Angier et al.11 show that the oxidative
scission in rubber cast films is a com-
pletely random event occurring any-
where along the polymer chain.

Random cleavages along the NR back-
bone of any molecular weight produce
higher concentrations of “short” polymer
chains. These short polymer chains will
have lower statistical probability of bond-
ing into the network via multiple network
junction points. In many cases, a short
chain may not be bound into the network
or may become bound into the network
only by a single junction point. When a
single junction point is formed, the result
is to increase the concentration of dan-
gling chain ends in a network. These dan-
gling chain ends behave as non-network
supporting chains. Chaing and Mark12

concluded that dangling chains only serve
as a diluent, swelling the network, i.e.
they are not able to support applied
stresses to the network. This conclusion
was further supported by deuterium
NMR studies of motional heterogeneities
in styrene-d8-styrene block copolymers.13

Greater motional freedom of dangling
chains contributed to narrowing of the
line width in the 2H-NMR spectra. Thus,
the observed greater motional freedom of
the dangling chain ends characterizes
them as “free moving diluent” rather than
entangled-true-network chains.

Changing volume fraction
of polymer and filler with
diluents

In a survey of fatty acid soaps and pep-

tizers which provide better processabili-
ty,14 peptizers produced a very large im-
provement in process viscosity but a nega-
tive effect on heat buildup and blow-out
time in the Goodrich Flexometer test (on
the order of 50-percent reduction in blow-
out time). Fatty acid soaps produced less
dramatic improvement on viscosity with a
likewise negative effect observed in the
Goodrich test. Reductions in time to blow-
out were comparable in magnitude to
those observed by the action of peptizers.

Processing agents improve the
processability of tough compounds but
do so at the expense mixing time (i.e.
productivity, as in the case of peptizers)
and/or of the final properties of the vul-
canizate. Where critical reinforcement is
essential, compounders do not employ
softening agents to promote processabil-
ity. These critical compounds often have
no process oil and contain very low fatty
acid, soap or surfactant content and
rarely employ the use of a peptizer.

Diluents reduce the viscosity of rub-
ber and rubber compounds by an
amount proportional to a power law re-
lation of polymer volume fraction.15

H = ϕϕ3.4F(yϕϕ1.4)

The use of diluents, oils and/or soaps si-
multaneously lowers volume fraction of
filler and the volume fraction of polymer.
The softening of rubber due to the “diluent
effect” can lead to lower hardness, lower
modulus, high elongation, “blooming,”
poor abrasion resistance and mold fouling.
The addition of oil counteracts the addi-
tion of carbon black. One part of oil gener-
ally neutralizes the property changes ob-
served with the addition of one part of
carbon black.16 These changes are funda-
mentally a result of the change in the vol-
ume fraction of filler and the addition of a
low molecular weight material which may
readily exude from a compound.

Oils are added to lower cost and im-
prove processability through lower viscos-
ity. Viscosity is lowered due to the reduc-
tion of volume fraction of filler and
polymer. Arguably, soaps and oils func-
tion as lubricants to reduce the frictional
forces resulting from particle-particle,
particle-polymer and polymer-polymer in-
teractions resulting from the application
of shear stresses. Fatty acids and fatty
acid soaps act by the same mechanism as
do oils (except in the cases of polyunsatu-
rated oils which also are free radically re-
active). The effectiveness of oils vs. soaps
is proportional to their ability to alter the
final free volume and volume fractions of
polymer and filler in the final compound.

Filler effects
Fillers provide a large contribution to

the compromise of processability and re-

inforcement. Increasing the volume frac-
tion of filler in a compound produces
both higher viscosity compounds and
higher modulus vulcanizates. In addi-
tion, the size, shape and distribution of
the filler contribute to these difficulties.
Fine particles, which are more reinforc-
ing, produce more viscous compounds.

The effect of volume fraction of filler
on compound viscosity was developed by
Einstein,17 Jeffreys,18 and Guth.19 In the
simplest case of noninteracting spheres
the viscosity increases as:

ηη = ηηo(1 + Aϕϕ + Bϕϕ2 + …)

Where A = 2.5 and B is reportedly 10-14.
The size and shape of the filler particle

size also has an effect. Smaller particle
size blacks produce higher viscosities. In
general, the viscosity of various carbon
black filled compounds varies as:20

ηη(SAF) > ηη(ISAF) > ηη(HAF) >
ηη(FEF) > ηη(Guth-Gold-Simha)

The particle size effect is readily ratio-
nalized by an intimate interaction of
polymer and carbon black. During mix-
ing, polymer is readily adsorbed onto the
surface of carbon black. The adsorbed
layer (of thickness ∆) is immobile. This
layer of polymer, strongly adsorbed to
the filler surface, does not contribute to
the flow of the polymer matrix. The filler
particles behave as though occupying a
volume of 4/3Π(R+∆)3 rather than the ex-
pected volume of 4/3Π(R)3. Consequently,
the filler volume fraction of the com-
pound is increased (and the polymer vol-
ume fraction decreased) proportionately
to the volume occupied by the adsorbed
polymer layer.

The adsorption of rubber onto irregu-
larly shaped particles also contributes to
an effective change in volume fraction of
filler. The occluded rubber effect is a
concept developed by Medalia21 and
Kraus.22 Polymer adsorbed into the voids
of the carbon black is occluded from the
polymer matrix. It therefore behaves as
though it is part of the particle; it does
not take part in viscous flow. The result
is an apparent increase in the effective
volume fraction of the filler and thus
higher viscosities.

Thus, for the same weight fraction of
filler in a compound smaller particle size
filler will have a greater surface area.
The larger surface area effectively will
remove more polymer chains from the
matrix inciting the filler to behave as
though it occupies a larger volume frac-
tion. Similarly, poorly dispersed carbon
black will contain a greater proportion of
occluded rubber than well dispersed car-
bon black. Consequently, the viscosity of
a compound will decrease as the extent
of carbon black dispersion increases.

The second part of this technical note-
book will appear in the March 22 issue.

Fig. 13. Adding oil results in a drop in viscosity and
can be directly related to a drop in filler volume frac-
tion. QDI, however, does not affect the volume frac-
tion of filler but does result in viscosity reductions.

Fig. 14. Modulus drops as oil levels increase (filler
volume fraction decreases).

Fig. 15. Heat buildup increases with lower viscosity
compounds. At comparable viscosity reductions, QDI
containing compound shows improved heat buildup
characteristics.
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Continued from page 13
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