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The dynamic mechanical properties of natural rubber vulcanizates containing aluminium powder
have been compared with those containing conventional fillers. Storage modulus, loss modulus
and loss factor increased continuously with increase in aluminium powder loading. The effect of
various bonding agents like hexamethylene tetramine-resorcinol system, bis [3-(triethoxy silyl)
propyl] tetrasulphide, cobalt naphthenate and toluene diisocyanate have been investigated. Pres-
ence of bonding agents increased the dynamic modulus and mechanical loss due to improved
adhesion. With increase in temperature mechanical loss decreased. Variation in testing frequency
affects dynamic properties, which decreased as the frequency decreased. Various theoretical mod-
els have been used to fit the experimental viscoelastic data.
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INTRODUCTION

Measurement of dynamic mechanical
properties helps in understanding the
behaviour of elastomers under cyclic load-
ing and temperature. The modulus informa-
tion obtained from dynamic mechanical test-
ing is of importance to manufacturers and
users of polymers in structural applications.
Of greater importance is the information on
damping, since such end-use properties as
vibration dissipation, heat build-up, impact
resistance and noise abatement are related
to mechanical damping. Rubber products
generally undergo dynamic stress during
service. Therefore, their behaviour under
dynamic loading is highly important. The
dynamic mechanical properties of elas-
tomers are strongly dependent on tempera-
ture, frequency, type and concentration of
filler and the extent of deformation. Several
investigators studied the dependence of
dynamic mechanical properties of rubber
vulcanizates on the type and concentration
of fillers (Ulmer et al., 1973; Ferry and

Fitzgerald, 1982) under different test condi-
tions (Mukhopadhyay et al. 1993).
Studebaker and Beatty (1974) studied the
effect of basic compounding on dynamic
mechanical properties of rubber. The major
compounding variables involved in this
study were nature of the rubber, nature and
amount of ingredients in the curing system
and type and quantity of fillers and plasti-
cizers. Viscoelastic studies on sisal fibre re-
inforced natural rubber composites were
reported by Varghese ef al. (1992). Dynamic
mechanical properties of a variety of carbon
black-loaded compounds over a wide range
of frequency and temperature have been
reported (Gandhi and Salovery, 1988;
Nagata et al, 1987). Manna et al. (1998) stud-
ied the effect of strain on the dynamic me-
chanical properties of ENR-carbon black
mixture with special reference to the role of
oxidation of the filler surface in the forma-
tion of rubber-filler bonds. Blaine et al. (1998)
reported on dynamic mechanical analysis
for the characterization of physical proper-
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ties. Effect of silica filler on the dynamic me-
chanical properties of ionic elastomer based
on carboxylated nitrile rubber was reported
by Mandal et al. (1995) who found that the
rubber filler interaction in the cluster region
causes striking changes in the variation of
E’ and tan § with double strain amplitude.

In recent years metal powder filled
rubber composites have received consider-
able attention (Bhattacharya and Chaklader,
1982 & 1983; Parks, 1982; Delmonte, 1961;
Nobile et al., 1988). These composites offer
the advantage of conducting heat and elec-
tricity, which suits various applications in-
volving dissipation of electrostatic charge,
development of friction-anti-friction mate-
rials and protection from electromagnetic
waves. Incorporation of conductive fillers

in rubber has advantage in moulding of -

thick articles like dock fenders, solid tyres,
etc. The increased conductivity reduces the
cure time required for thick rubber articles
and gives uniform cure throughout the ma-
terial (Vinod et al., 2001). In addition to the
incorporation of metal powder, other meth-
ods adopted for increasing the conductiv-
ity of polymers are: i) incorporation of con-
ductive blacks (Norman, 1970), ii) synthe-
sis of ionic conductive polymers (Simon,
1991), iii) addition of conductive polymeric
powders (Meyers, 1986) etc. Poor adhesion
and non-uniform dispersion of the discrete
phase in the matrix cause fluctuation in the
composite properties. This can be overcome
by using coupling /bonding agents (Rajan et
al., 1988; Alex and Mathew, 1989), which
increase the rubber-filler interaction. The use
of resorcinol-hexa-silica system to improve
adhesion between natural rubber and alu-
minium powder in various vulcanization
systems was reported by Vinod et al. (1998).
Buchen (1959) gave a detailed list of vari-
ous agents for bonding rubber to metal.

In the present work the dynamic me-
chanical properties of aluminium powder
filled natural rubber composites over a wide
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range of temperature (30 to 150°C) and at
different frequencies have been studied. The
effects of loading of aluminium powder and
various bonding agents on viscoelastic prop-
erties have been investigated. For compari-
son, results from vulcanizates containing
conventional fillers are also included. Finally
the experimental viscoelastic data have been
compared with theoretical predictions.

MATERIALS AND METHODS
Natural rubber used for this study was
Indian Standard Natural Rubber, grade-5

(ISNR-5). Aluminium powder, (Khosla

Metal Powder Co. Pvt. Ltd., India) having
a density of 2.7 g cm? and a particle size
ranging from 125 to 200 nm was used for
this study. The bonding agents, viz.
hexamethylene tetramine, resorcinol, bis [3-
(triethoxy silyl) propyl] tetrasulphide (Si-69),
cobalt naphthenate (CoN) and toluene
diisocyanate (TDI) were of laboratory re-
agent grade. The other ingredients were of
commercial grade. Formulations of the
mixes are given in Table 1. The mixes were
prepared on a two-roll mixing mill, and the
bonding agents were added at the time of
mixing. The samples were cured up to their
optimum cure time at 150 °C, as obtained
from a Monsanto Rheometer, R-100.

Vulcanized rectangular specimens
(50 X 8 mm) having a thickness of 4 mm were
used for the experiment. The dynamic stor-
agemodulus (E’), loss modulus (E”) and loss
factor (tan 8) were measured as a function
of temperature at various frequencies using
a Dynamic Mechanical Analyser (Model
DMTA-MKII, Polymer Laboratories, U.K.).
The properties were determined over a tem-
perature range of 30 to 150° C, wjth a dy-
namic tension strain amplitude of 0.1% and
at a heating rate of 2 °C min™. The tensile
properties were tested on a ‘Zwick’ Univer-
sal Testing Machine (Model 1474) at a cross-
head speed of 500 mm /min at 27 + 2°C, ac-
cording to ASTM D-412-80.




PROPERTIES OF ALUMINIUM POWDER FILLED NR COMPOSITES

Table 1. Formulation of mixes

GUM HAF

100 100
15 15
5 5

1 1

GPF ACB CLY

100 100 100
15 15 15
5 5 5

1 1 1

Ingredient

Natural rubber
Stearic acid

Zinc oxide

TDQ

Aluminum powder
HAF black

GPF black
Acetylene black
China clay
Precipitated silica
Hexa

Resorcinol

Si-69

Cobalt naphthenate
TDI

CBS

Sulphur

40
- 40 -
- 40 -
- 40

06 06 06 06
25 25 25 25
TDQ - 2,2,4-Trimethyl 1,2-dihydroquinoline
Si-69 - Bis[3-(triethoxysilyl) propyl] tetrasulphide
CBS - N-cyclohexyl benzothiazyl sulphenamide
GPF - General purpose furnace black

RESULTS AND DISCUSSION

Dynamic storage modulus, loss modu-
lus and loss factor were measured as a func-
tion of temperature at three frequencies viz.
10,2.0and 0.1 Hz. All these parameters have
the same pattern of change with tempera-
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Fig. 1 Variation of E' with temperature of natural
rubber composites with various fillers at a
frequency of L0 Hz
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Hexa - Hexamethylene tetramine
HAF - High abrasion furnace black
TDI - Toluene diisocyanate

ture at all the frequencies studied. Figure 1
shows the effect of temperature on the stor-
age modulus of the composites containing
different fillers at a frequency of 1.0 Hz over
a temperature range of 30to 150°C. Increase
in storage modulus by the addition of car-
bon black was also reported by Gandhi and
Salovery (1988). It is clear that storage
modulus of natural rubber composites with
various fillers followed the order, china clay
< aluminium powder < acetylene black <
GPF < precipitated silica < HAF. Similar
trends are reflected in the loss modulus and
tan 6 values of the natural rubber compos-
ites containing various fillers and the tan 8
plot is shown in Figure 2 Storage modulus
(E) isameasure of the elastic energy stored
or recovered in a cycle of deformation. The
loss modulus (E") measures the energy dis-
sipated or lost as heat. Loss tangent (tan 8)
is a dimensionless parameter, which is a
measure of the ratio of energy lost to energy
stored in a cyclic deformation. Storage
modulus, loss modulus and tan 8 are in-
creased in the same order as that of the re-
inforcing capacity of these fillers in natural
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Fig.2. Variationoftan 5with temperature ofnatural rubber
with various fillers at a frequency of 10Hz

rubber. Rubber-filler interaction is a major
factor, which determines the dynamic me-
chanical properties of a compound. The
rubber-filler interaction increases as the re-
inforcing capacity increases. Silica filled
compounds show modulus and tan 5 val-
ues close to HAF filled ones. Wang (1998)
made a comparison of carbon black and
silica on dynamic mechanical properties of
hydrocarbon rubbers. Acetylene black is
usually used as a conductive black, but it is
not much reinforcing. Storage modulus, loss
modulus and tan 8 for the aluminium pow-
der filled composites were found to be in
between those of acetylene black and clay
filled ones.

It is generally observed that concentra-
tion of filler can influence the temperature
dependence of the composite. Figure 3
shows the effect of temperature on storage
modulus of aluminium powder filled natu-
ral rubber vulcanizates at 0.1 Hz. The gum
vulcanizate has the lowest storage modu-
lus. As the loading of aluminium powder
increased storage modulus increased. Pres-
ence of aluminium powder in natural rub-
ber composites resulted ahigher loss modu-
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Fig. 3. Variation of E' with temperature of natural
rubber composites with aluminium powder at
a frequency of 0.1 Hz

lus and as the loading of aluminium pow-
der increased loss modulus also increased.
Inall cases, as the temperature increased loss
modulus decreased gradually. The damp-
ing properties of the vulcanizates can be
understood from the plot of tan 5 versus
temperature (Fig. 4). It is interesting to note

Fig. 4. Variation of Tan 5with temperature of natural
rubber composites with aluminium powder at
a frequency of 10 Hz
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that the tan 5values are minimum with gum
natural rubber vulcanizate and increased
with aluminium powder loading. An in-
crease in the tan 5 values is observed with
increased loading of aluminium powder
(Fig. 5). Depending on the strength of natu-

Fig. 5. Variation of tan 8 with loading of aluminium
powder in natural rubber at different
temperature

ral rubber-aluminium powder interaction,
physical adsorption and/or chemisorption
of rubber molecules may take place on the
surface of aluminium powder. This interac-
tion leads to an effective immobilization of
the rubber segments. Kaufman et al. (1971)
demonstrated the presence of three distinct
regions within the polymer characterized by
different degrees of molecular mobility: a
region of maobile rubber, an outer shell sur-
rounding the filler which is less mobile, and
ahard inner shell where the motion of rub-
ber segments is extremely restricted. This
resembles a rubber shell model of a definite
thickness around the filler. This would re-
sult in a rubber shell on the filler surface in
which the polymer viscosity is increased
resulting in increased modulus. Generally,
it can be assumed that the modulus of the

inner shell is very high and decreases gradu-
ally with increasing distance from the filler
surface (Fig. 6). In the case of natural rub-
ber-aluminium powder composites, as the
aluminium powder loading increases the
mobile region decreases and the sites for
natural rubber-aluminium powder interac-
tion increase, resulting in a higher storage
modulus and tan 5 in vulcanizates contain-
ing higher loading of aluminium powder.

Fig. 6. Schematic representation of rubber shell model

Figure 7 shows the effect of various
bonding agents on storage modulus of natu-
ral rubber containing 10 phr of aluminium

Fig. 7. Variation of E' with temperature of natural
rubber aluminium powder composites with
bonding agents at a frequency of 0.1 Hz
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powder. By the addition of bonding agents,
the storage modulus is increased, in the or-
der resorcinol-hexa system (HR) > bis [3-
(triethoxy silyl) propyl] tetrasulphide (Si-69)
> toluene diisocyanate (TDI) > cobalt
naphthenate (CoN). The increase in stor-
age modulus by the addition of bonding
agent is due to the improved adhesion be-
tween aluminium powder and the rubber
matrix. The damping behaviour of natural
rubber vulcanizates containing aluminium
powder with various bonding agents is
shown in Figure 8 The addition of bond-

Fig. 8. Variation of tan 5 with temperature of NR-
aluminium powder composites with bonding
agents at a frequency of 10 Hz

ing agent increased the tan 8 values. The
presence of coupling/bonding agent in the
filled vulcanizates caused significant reduc-
tion in the polymer mobility due to the
strong rubber-filler interaction. This im-
proved adhesion between filler and rubber
in the presence of bonding agent restricts
the easy slippage of the polymer molecules
along the filler surface.

Tensile properties of the composites are
shown in Table 2 At 40 phr loading, HAF
and silica filled compounds have higher ten-
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Table 2. Tensile properties of the composites

Sample  Modulus, Tensilestrength Elongation at
300% (MPa) (MPa) break (%)
GUM 2.8 20.1 800
10 AL 4.0 20.7 790
20 AL 55 214 751
30 AL 6.4 220 660
40 AL 6.5 222 550
HAF 18.0 27.9 375
GPF 17.0 255 356
ACB 15.6 24.0 378
CLY 6.3 20.0 490
SIL 8.3 26.0 409
HR 5.7 254 715
Si-69 45 26.2 642
CoN 43 22.3 750
TDI 43 231 733

sile strength compared to the aluminium
powder filled one, whereas the clay filled
composite has the lowest tensile strength.
The loading of aluminium powder slightly
increased the tensile strength value. The
bonding agents increased the tensile
strength of natural rubber-aluminium pow-
der composites in the order, Si-69 >HR sys-
tem >TDI >CoN. Modulus of the compos-
ites also followed the same trend. Elonga-
tion at break decreased with increased load-
ing of aluminium powder due to the poly-
mer dilution effect, and the bonding agent
further decreased the maximum elongation.

In the case of resorcinol-hexa system,
the resorcinol combines with the methylene
donor to give a resin 'in situ’ during vulca-
nization, which binds the rubber and the
metal powder. This is due to the increased
polarity of the rubber, which arises from the
powerful hydrogen bonding characteristics
of the resorcinol resin. Silane coupling
agents are quite effective in reactive poly-
mer systems since they contain polar silanol
groups capable of adhering to the surface
of glass, metal, etc. and a hydrocarbon part
which can interact with the rubber matrix.
The addition of isocyanate to rubbers ini-
tiates a chemical reaction, which might ac-
count for the bonding in the matrix. It is
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suggested that the isocyanate radical itself
united with the hydrated oxide layers on the
surface of the metal. Cobalt naphthenate can
also be used to promote metal adhesion,
which creates increased polarity in the ma-
trix. The relatively low improvement result-
ing from the addition of cobalt naphthenate
is due to the catalytic oxidative power of
this substance, which leads to polymer deg-
radation.

In all the cases as the temperature in-
creases, the tan 6 values of composites de-
creased (Fig. 5). This is due to the increased
storage modulus caused by the continued
crosslinking of the rubber composites as the
temperature increased. The increased inter-
face adhesion in presence of bonding agents
again increased the storage modulus. With
increase in temperature the free volume in-
creases and the polymer chain mobility is
increased. When the temperature reaches a
certain level, the free volume of the poly-
mer increases more rapidly than the volume
expansion of the molecules, facilitating seg-
mental motion. The viscosity of the poly-
mer decreases and the molecular adjust-
ments take place easily, so that modulus is
decreased and the energy dissipation among
polymer molecules will increase with tem-
perature. Also at high temperature Brown-
lan motion increases and the viscosity de-
creases in the polymeric solid permitting
easy segmental movement.

Effects of frequency on dynamic me-
chanical properties are shown in Figure 9.
A decrease in storage modulus, loss modu-
lus and tan 5are observed as the frequency
is decreased. This phenomenon may be ex-
plained by the pseudorigidity effect of the
frequency. In this effect, relaxation time
(which may be considered the inverse of fre-
quency) responsible for chain mobility re-
duces drastically with increasing frequency,
which results in temporary "freezing" of the
amorphous region.

Relative moduli defined as E' /E ',

Temperature (*C)

IHr 1Hr -Q-0.1 Hr

Fig. 9. Frequency dependence of E', E" and tan 6 for

natural rubber composites containing 30 phr
alumiumum powder.

where E' is the elastic modulus of the filled
vulcanizate and E” is that of the gum
vulcanizate, can be plotted as a function of
the volume fraction of the filler. The experi-
mental value can be compared with the
modified Kerner equation (Ziegel and
Romanov, 1973). Kerner considered that a
filler particle is surrounded by a shell of
matrix material, which merges into a me-
dium that has the elastic properties of the
composite. Particles adhere to the matrix but
do not interact with one another. The com-
plexity of the Kerner equation has been sim-
plified by restricting its applicability to the
rubbery state of the filled compounds and
assuming that the dynamic modulus of the
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filler greatly exceeds that of the polymer
matrix. Now, assuming Poisson's ratio for
the rubber as 0.5, at a given volume fraction
of filler, 9 the modified Kerner equation can
be written as.

E. H+L5A)

1
E 1-Ad) 0

where, Ais the filler-rubber interaction
parameter. The value of 'A’ can be obtained
from the comparison of the loss moduli E*
of unfilled and filled specimens at the refer-
ence temperature. Figure 10 shows the plot
of E",/E", versus the volume fraction of
the filler at 35°C. A linear decrease in the

concentration at 35°C, 10 Hz

E" /E",, with volume fraction of filler was
observed according to the following equa-
tion,

E"/E" =I-A$ ()

where, A is the same interaction pa-
rameter term used in the first equation. The
value of Ais obtained from the slope of the
line and is found to be 7.4. Using this value
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it is possible to calculate E'~ /E" theoreti-
cally. The hydrodynamic interaction model
is described by the equation,

= () + ©

E” E” and has the same meaning as
in the previous equation. For Vander Walls
type of interaction between rubber and the
dispersed filler particles, a=2.5 and P=14.1.

Figure 11 shows the experimental and
theoretical curves of the E\y/ E\yalues’ of
NR-aluminium powder composites as a
function of volume fraction of aluminium
powder. It is seen that the experimental val-
ues are close to the model described by
equation (3). It is well known that a depends

-0- Experimental Kerner's model - Guth-Gold model

Fig. 11. Relative modulus E'f/E'm as a function of
aluminium powder concentration at 35'C, 10 Hz

Hence, the value of P can be taken to study
the interaction of filler with matrix. In the
present case, a, the degree of dispersion is
constant (2.5) for a particular loading of alu-
minium powder since we have given the
same time for mixing. The variation in p
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with various bonding agents in 10 phr load-
ing of aluminium powder is shown in Table
3.1t is seen that B values are remarkably in-
creased by the use of bonding agents due to
the increased interaction of aluminium pow-
der with natural rubber in the presence of
bonding systems. Property variation in filler-
reinforced materials generated at the inter-
face is a consequence of an increment in filler
radius in such a way that greater interfacial
thickness (AR) will stand for stronger inter-
facial action (Short, 1981).

AR is expressed as

AR =R V(B-1) (4)

where, R is the filler radius and B can
be determined using the equation,
(E'/E)-1
| = B¢ )
(E'/E))+2

Other parameters have the same mean-
ings as in Equation 1. It is clear that ‘AR’ is
proportional to the value of ‘B’. A compari-
son of ‘B’ values will give an idea about the
rubber-filler interaction. The calculated ‘B’
values for NR-aluminium powder (10 phr)
composites with various bonding agents are
given in Table 3. The ‘B’ values increased
with the use of bonding agents which fol-
low the order, HR-system >Si-69 > TDI
>CoN. This again supported the increased
interaction of aluminium powder with natu-
ral rubber by the use of bonding agents.

CONCLUSION
Dynamic mechanical properties of
natural rubber vulcanizates containing alu-
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