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SYNOPSIS 

The dynamic mechanical, and physical properties of bromobutyl rubber were investigated 
to determine the effect of particle size and of the structure of carbon black and silica. Filler 
loading was so adjusted that all the experimental compositions had the same hardness 
level. The results indicate that the type and loading of filler have no significant effect on 
the molecular relaxation transition. However, elastomer having a desirable storage modulus 
with low sensitivity to temperature change can be developed using filler with smaller particle 
size. Higher elongation at break, and better tensile strength, energy density at break, and 
fatigue life could be obtained by using finer particle or high structure black than with the 
low structure and higher particle size black. Finer particle size filler loaded systems exhibit 
pronounced strain dependence, higher thixotropic change, and delayed recovery in dynamic 
mechanical properties compared to that exhibited by large particle size filler. 

INTRODUCTION 

The effects of fillers on the mechanical properties 
of elastomers are of great interest primarily because 
fillers can be used very efficiently to enhance the 
physical properties. They also strongly influence the 
viscoelastic properties of elastomer compounds. The 
dynamic properties of elastomers filled with struc- 
tured fillers are influenced by factors such as type 
of filler, volume fraction of filler, processing condi- 
tions, and strain history. The dynamic mechanical 
properties of rubber loaded with carbon black have 
been the subject of many investigations '-14 because 
of their importance to the performance of the prod- 
uct, especially energy dissipation, skid resistance, 
and other properties of vehicle tires. However, most 
of these studies were conducted at room temperature 
and above3-"' or using only one type of carbon 
blac k.87' 

Recently, Trexler et al.15 have reported the effects 
of types of carbon black on the dynamic mechanical 
properties of elastomer over a temperature range of 
-40°C to +40"C. They made a comparison among 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 44, 1635-1648 (1992) 
0 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/091635-14$04.00 

fillers a t  equal volume loading. However, from the 
practical design point of view, comparison among 
the fillers seems to be more appropriate on the basis 
of property assessment. 

Studies on dynamic fatigue life are of paramount 
importance since most of the rubber compounds are 
subjected to some form of fatigue loading. Fatigue 
to failure may be caused by flaws induced in service 
(ozone attack, mechanical cutting, etc.) or by flaws 
which were originally present in the sample. Frac- 
ture by crack formation is an irreversible kinetic 
process in the growth of flaws caused by some local 
inhomogeneity.16 Rivlin and Thomas l7 have shown 
that the cut growth by catastrophic tearing is de- 
scribed by an energy criterion. From the fracture 
mechanics point of view (failure being essentially a 
cut growth process taking place from small flaws 
present in the test piece), and considering the tear- 
ing energy theory of Rivlin and Thomas,17 Gent et 
al." developed a mathematical relationship for gum 
natural rubber. In the tensile fatigue test, the fatigue 
life has been represented as 

where N = fatigue life in kilocycle; W = energy den- 
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sity a t  maximum extension ratio occurring during 
each cycle; G is the cut growth constant, which de- 
pends on polymer, filler type and loading, antide- 
gradants used and other compounding variables and 
also on the vulcanizate structure; and k is a function 
of the extension ratio A. 

In a subsequent investigation, Lake and Lindleylg 
derived the following equation for gum SBR vul- 
canizates, 

Dizon et a1." extended the tearing energy concept 
to filled systems and observed an empirical rela- 
tionship for filled SBR systems as follows: 

N = G/3(2kW)4co ( 3 )  

In general, the equation may be written as 

N = G/(n - 1) (2kW)"*~k  ( 4 )  

Greensmith'l has determined k experimentally 
at various values of X by purely elastic measure- 
ments, and reported that a t  extension ratios of 2 to 
3, k is about 2 and not very sensitive to strain. The 
variable n is known as the strain exponent as it is 
the gradient of the fatigue curve obtained by plotting 
fatigue life, N ,  against strain energy density, W ,  on 
a double logarithmic plot; b is a numerical constant. 

This investigation reports on the effects of dif- 
ferent types of fillers (both black and nonblack) on 
the physical, dynamic, and mechanical properties 
and on the fatigue life characteristics of bromobutyl 
rubber over a wide range of experimental conditions. 
Compositions for different systems have been ad- 

justed (by varying filler concentration) to attain 
equal hardness levels for all the systems. The effects 
of temperature, frequency and strain amplitude have 
been studied on the dynamic mechanical properties. 

EXPERIMENTAL 

Materials Used 

Details of the formulation of the mixes are given in 
Table I. 

Bromobutyl X2 (BIIR) was manufactured by 
Polysar, Canada, and had density 0.93 g/cm3, Moo- 
ney viscosity ML,,, at 100°C = 55, and consisted 
of 1.8 wt 5% bromine. Zinc oxide was of chemically 
pure grade, specific gravity, 5.4. Stearic acid was of 
chemically pure grade. Paraffin oil was of pharma- 
ceutical grade, specific gravity, 0.82. Sp-1045 is cure 
active phenolic formaldehyde resin obtained from 
Schenectady, Inc., USA, with specific gravity, 1.05, 
and melting point, 54OC. 

Carbon Blacks 

Conductive furnace black was Ketjan black-EC, 
manufactured by Akzo Chemical, Holland. Surface 
area, 950 m2/g; DBP (dibutyl phthalate) adsorption, 
360 mL per 100 g; pH 8. 

The furnace blacks were supplied by Phillips 
Carbon Black Ltd., Durgapur, India. The designa- 
tion and properties of the carbon blacks were as fol- 
lows: 

SAF: Super abrasion furnace ( N  - 110); sur- 
face area, 142 m2/g; DBP absorption, 112 mL/ 
100 g; pH, 7.8. 

Table I Composition in 100 Parts by Weight of Rubber Samples 

BCON BSAF BHAF BFEF BCPF BSRF BSIL BSIC 

BIIR 
ZnO 
Stearic acid 
Paraffin oil 

Ketjan EC 
SAF 
HAF 
FEF 
GPF 
SRF 
Silica 
SI-69 

SP-1045 

100 
5 
1 

10 
10 
- 
- 
- 
- 
- 
- 
55 
5 

100 
5 
1 

10 
10 

25 
- 

- 
- 
- 
- 

30 
3 
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Table I1 Curing Characteristics of the BIIR Vulcanizates 

Mooney viscosity 
At 120"C, ML,,, 79 50 49 45 49 50 120 80 
Scorch time, min 9 11 13 30 25 23 6 6 

At 160°C minimum viscosity 18 11 11 9 10 11 16 15 
Scorch time, ts2 5 3.5 3.5 4.0 4.0 4.0 2.75 2.75 

Rate of cure 3.10 6.89 6.66 7.14 6.89 6.45 2.48 2.72 

Rheometer data 

Optimum cure time, min 33.5 18.0 18.5 18 18.5 19.5 43 39.5 

HAF: High abrasion furnace ( N  - 330), surface range for mixing was 75-80°C. The order and time 
period of mixing were as follows: area 80 m2/g; pH, 7.6. 

FEF: Fast extrusion furnace ( N - 550) ; surface 
area, 45 m2/g; DBP absorption, 120 mL/100 
g; pH, 7.8. 
GPF: General purpose furnace ( N - 660) ; sur- 
face area, 35 m2/g; DBP absorption, 91 mL/ 
100 g; pH, 7.6. 
SRF: Semi-reinforcing furnace ( N  - 774) ; sur- 
face area, 32 m2/g; DBP absorption, 72 mL/ 
100 g; pH, 7.7. 
Silica: Ultrasil VN,; manufactured by Degussa, 
West Germany; Surface area, 234 m2/g; oil ab- 
sorption, 240 g/100 g; pH, 6.0. 

Sample Preparation Technique 

0-2 min-Mastication. 
2-8 min-Addition of 4 filler plus f oil. 
8-17 min-Addition of f filler and f oil. 
17-20 min-Addition of remaining filler and 
oil. 

Black master batches so prepared were kept for 24 h 
after which mixing of other ingredients was carried 
out as follows: 

0-3 min-Addition of curatives (mill temper- 

0 3-4 min-Refining through tight nip gap and 
ature 60°C). 

dump. The nip gap was 1.5 mm. 
The compounds were mixed in a laboratory size (325 
mm X 150 mm) mixing mill at a friction ratio of After mixing the elastomer compositions were 
1 : 1.19 according to ASTM D3182, by careful control molded in an electrically heated hydraulic press to 
of temperature, nip gap, time of mixing and uniform the optimum cure (90% of the maximum cure) using 
cutting operation. In order to achieve the same molding conditions previously determined from 
hardness in all compounds, the range of filler loading torque data obtained by a Monsanto rheometer ( R- 
was varied as shown in Table I. The temperature 100). Specimens for the Goodrich flexometer test 

Table I11 Physical Properties of the BIIR Vulcanizates 

Tensile Modulus Elongation Heat Strain Energy 
Strength at  300% at  Break, Build-Up, Dynamic Density Wb 

Hardness MPa MPa % "C Set, % J/cc V, 

BCON 
BSAF 
BHAF 
BFEF 
BGPF 
BSRF 
BSIL 
BSIC 

65 
64 
65 
64 
64 
65 
65 
65 

14.5 
15.9 
12.7 
11.0 
10.6 
10.8 
15.4 
15.5 

7.5 
9.1 

12.2 
9.4 
9.9 

10.8 
5.4 
7.9 

530 
450 
350 
360 
330 
330 
560 
470 

35 
26 
25 
26 
26 
25 
22 
24 

5.2 
5.7 
5.8 
5.9 
6.1 
7.3 
5.6 
5.3 

36.12 
29.82 
18.66 
18.0 
16.98 
15.0 
35.28 
32.46 

0.3210 
0.3045 
0.3157 
0.2939 
0.2964 
0.2865 
0.3059 
0.3197 
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were vulcanized for 10 min in excess of the optimum 
cure time. 

Test Procedures 

Physical Test Methods 

Processing and curing characteristics of the com- 
pounded stocks were determined using a Mooney 
viscometer (ASTM D 1646-81) and an oscillatory 
disc rheometer (R-100) (ASTM D 2084-81). Mod- 

ulus, tensile strength, and elongation at break were 
determined according to ASTM D 412-80 at  25°C 
using a dumbbell specimen punched out using type 
D die. Tear strength was determined according to 
ASTM D 624-81 (type C ) .  Both tensile and tear 
tests were carried out using a Zwick tensile UTM- 
1445, at a cross-head speed of 500 mm per minute. 
Hardness was measured according to ASTM D 2240- 
81. A Goodrich flexometer conforming to ASTM 
designation D 623-78 (method A) was used to mea- 
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Effect of temperature on storage modulus for different filler loaded vulcanizates. Figure 1 
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sure heat buildup and dynamic set after a specific 
dynamic flexing time. 

Dynamic mechanical analysis was carried out us- 
ing a viscoelastometer Rheovibron DDV-111-EP. 
The experiment was carried out in the tension mode 
over a temperature range of -150°C to +25OoC with 
a programmed heating rate of l"C/min, whenever 
results were scanned isochronally over a wide range 
of temperature. The general procedure was to cool 
the sample to -150"C, hold the sample at this tem- 
perature for 10 min and then record the measure- 
ments during warm-up. The experiment was per- 
formed isothermally over a wide frequency range. 
The dynamic strain amplitude was varied between 
0.7 X lob3 DSA (0.07% dynamic strain) to 50 X lop3 
DSA (5% dynamic strain). Double strain amplitude 
(DSA) refers to the ratio of peak to peak defor- 
mation, i.e. the total excursion path of the sample 
to the length of the sample (2 AL,/L). Frequency 
range was 3.5 to 110 Hz. For a particular sample, 
the test was carried out first a t  the lowest available 
strain and later the strain was increased stepwise 
to the maximum. 

To determine the thixotropic nature of the am- 
plitude effect, the sample was vibrated initially a t  a 
strain amplitude of 0.5% DSA then subjected to a 
vibration at an amplitude of 5% DSA. The dynamic 
properties were measured as quickly as possible after 
the start of vibration and at intervals afterwards. 
The first value of the modulus at the higher strain 
was considerably lower than that obtained at  the 
low amplitude. After 10 min vibration at higher am- 
plitude the amplitude was reduced to the initial low 
value, and was measured again as quickly as possible 

and at  intervals thereafter. The percentage recovery 
in dynamic properties (compared to the initial 
value) with respect to time is reported. 

Determination of Volume Fraction of Rubber 

The volume fraction of rubber V, was determined 
by using the equilibrium swelling method. Samples 
of approximately 10 mm diameter, 2.5 mm thickness, 
and 0.3 g weight, were punched out from the central 
portion of the vulcanizates and allowed to swell in 
cyclohexane at 35°C in the thermostatically con- 
trolled water bath. Swollen sample were taken out 
after equilibrium swelling, blotted with filter paper, 
and weighed quickly in a stoppered weighing bottle. 
Samples were then dried in a vacuum oven for 
24 h, at 70°C and finally weighed after being allowing 
to cool in a desiccator. Triplicate readings were taken 
for each sample. The V, values were calculated using 
the method reported by Ellis and Welding.22 

The equation used for calculating the V, value is 
given by: 

where D = deswollen weight of the test specimen; 
T = initial weight of the test specimen; Fo = weight 
fraction of the insoluble component in the sample; 
A. = weight of absorbed solvent, corrected for swell- 
ing increment; pr = density of rubber; p;' = density 
of the solvent. 

:c 130 

5 0  I I I I I I 

0 0.05 0.10 0.15 0.20 0.25 0.30 

VOLUME FRACTION OF F I L L E R ,  9, 

Figure 2 
0 Experimental result; 0 Calculated from Smallwood's equation. 

Effect of volume fraction C$ of filler on storage modulus E' in the glassy state: 
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Figure 3 Relative storage modulus-temperature rela- 
tionship for different filler loaded vulcanizates: 0 BCON; 
0 BsAF;  A B H A F ;  A BFEF ; BSRF; X BSIL ; 0 BSIC. BGPF; 

RESULTS AND DISCUSSION 

Curing Characteristics and Physical Properties 

Curing characteristics and physical properties of the 
vulcanizates are given in Tables I1 and I11 respec- 
tively. Values of V,. have also been reported in Table 
111. The silica filled (BsIL) system gives rubber stock 
with a very high Mooney viscosity. Among carbon 
black systems BCON exhibits the highest viscosity. 
Finer particle blacks give scorchy stocks. The rates 
of cure of silica filled and conductive black filled 
systems (BsIL, BsIc, and BcON) are found to be low. 
However, the rate of cure for other black loaded sys- 
tems is comparable. 

From Table 111, it is evident that the compositions 
BCON, BSAF, BSIL, and BsIc show comparable 
strength properties. For other systems, the strength 
is found to be of the order of BsAF > BFEF > BSRF 
> BGpF. Better tensile strength, higher elongation, 
and higher energy density at break could be obtained 
by using finer particle or higher structure black at 
low loading than that with the low structure black 
at higher loading. Silica filled and silica-black com- 
bined systems exhibit properties equivalent to those 
of fine particle blacks. Among the vulcanizates, BcoN 
exhibits the highest heat buildup and BSIL the lowest. 
Other vulcanizates have comparable values. Highly 
filled systems BGpF and BSRF show higher dynamic 
set. A marginally high V, value is exhibited by highly 
active fillers, compared to weakly active fillers. 

Effect of Temperature on Storage Modulus, E' 

Figure 1 shows the storage modulus, E' for different 
vulcanizates over a temperature range of -150°C to 
+250"C. The characteristic sigmoidal variation of 
the storage modulus E' with temperature is apparent 
from the plot for all the compositions. It consists of 
three distinct regions. They are ( A )  glassy region, 
( B )  transition region, and (C)  rubbery region. In 
the glassy region, irrespective of the type of filler, 
particle size and structure, increased filler loading 
enhances the storage modulus value ( E ' )  . In Figure 
2, E' was measured at very low temperature 
(-130"C), where the polymer is essentially in the 
glassy state; the values are plotted against the vol- 
ume fraction (a) of filler loading. Experimentally 
obtained E' values follow a linear relation with a. 
Theoretically calculated values based on the Small- 
wood equation,23 

E' = EL( 1 + 2 S a )  

where Eb and E' are the moduli values for gum and 
filled systems, are also shown on the same plot. The 
agreement of the experimentally obtained value with 
the theoretically calculated value is excellent. 
Therefore, in the glassy region the increase in E' 
with filler loading is independent of the type, particle 
size, and structure of the filler and is only dependent 
on the volume fraction of filler loading. The aug- 
mentation in E' with filler loading can be attributed 
to the hydrodynamic effect of the filler particle 
embedded in the polymer continuum. Polymer filler 
interactions or filler aggregate-aggregate interac- 
tions, which have pronounced effect on E' value in 
the rubbery region of a polymer, have no significant 
influence in the glassy region. In the initial part of 
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1000 F 

1 

TEMPERATURE j ' C  

Figure 4 Effect of temperature on loss m 

the transition region (B,) , the storage modulus val- 
ues of all the vulcanizates are comparable. This is 
followed by a crossover region at the temperature 
range of -7OOC to -6O"C, above which a trend in 
E' opposite to that in the glassy state has been ob- 
served. In the rubbery region, the high-structure and 
finer-particle filler a t  low loading gives higher E' 
value than that with low-structure, larger-particle 
black at high loading. 

lodulus for different filler loaded vulcanizates. 

Variation of the storage modulus with tempera- 
ture for elastomeric composites is a very important 
design criterion. Lee24,25 has pointed out that an 
elastomer composition with dynamic mechanical 
properties less sensitive to temperature change is 
required in order for automotive suspension systems 
to maintain ride comfort even at low temperature. 
In order to evaluate the temperature sensitivity of 
the modulus of elastomers, the term relative storage 
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Table IV Relaxation Transition Characteristics of Cured BIIR-Resin Compositions 

Loss Tan 6 Loss Modulus, E" 

B Peak a Peak 8 Peak a Peak 

Temp "C Temp. "C Temp. "C Value Temp. O C  Value 
(minus) Value (minus) Value (minus) MPa X lo-' (minus) MPa X lo-' 

BCON 
BSAF 
BHAF 
BFEF 
BGPF 
BSRF 
BSIC 
BSIL 

79 
78.8 
79.2 
79 
79 
79 
79 
80 

0.042 
0.044 
0.051 
0.051 
0.047 
0.039 
0.049 
0.045 

28.3 
29.2 
29.4 
28 
28.4 
29 
29 
29.4 

0.610 
0.665 
0.696 
0.763 
0.776 
0.833 
0.644 
0.693 

79 
78.8 
79.2 
78.9 
79 
79 
79 
80 

2.78 
3.02 
3.49 
3.41 
2.99 
3.04 
3.15 
3.12 

58.2 
58.1 
58 
58.5 
57.3 
58.0 
58 
59 

8.53 
8.96 
9.24 
9.27 
9.64 

10.10 
9.96 
9.01 

modulus, defined as the storage modulus at any 
temperature, El( T ) ,  divided by the storage modulus 
at  room temperature, E' (25"C), is a useful param- 
eter.24s25 The relative storage modulus for all the 
composites has been calculated and is illustrated in 
Figure 3. So far as low temperature sensitivity is 
concerned, finer-particle black filled elastomer ex- 
hibits less sensitivity to temperature change. The 
low temperature sensitivity of the silica filled system 
( BsIL) is comparable to that of finer particle black 
systems ( BCON, BSAF). Silica-carbon black filled 
composition, ( BsIc) gives the best low temperature 
sensitivity among all the systems. However, higher 
temperature sensitivity is comparable for all the 
compositions. 

Effect of Temperature on Loss Modulus, F" 

Figure 4 represents the temperature dependence of 
E" for the various compositions. For all the com- 
positions, two distinct transition relaxation peaks 
are observed. They are designated as a! and p relax- 
ations respectively. Details about the magnitude and 
location of these peaks are given in Table IV. The 
low temperature transition ( p transition) in the vi- 
cinity of -80°C may be attributed to the motion of 
the methyl groups directly attached to the backbone 
of BIIR.26 The type of filler has no significant effect 
on the p peak location and intensity. The a! peak is 
located in the transition region between the glassy 
state and the rubbery state. The type and loading 
of filler do not affect the T"E&,, temperature; how- 
ever, the intensity of a! peak increases with increased 
loading of filler (irrespective of particle size and 
structure). The crossover point has been observed 
in the region of -50°C to -40°C. In the rubbery 

region, E" also follows the same trend (E" decreases 
with low structure filler) as observed in the case of 
storage modulus, E'. 

Effect of Temperature on Loss Tangent, tan 6 

Figure 5 shows the loss tangent spectra of the vul- 
canizates. As in E" spectra, also two distinct tran- 
sition relaxations are also reflected in tan 6 spectra. 
The p transition occurs at about -80°C as observed 
in E" spectra. However, a peak (T&,  ) in the 
spectrum is observed at about -29°C. This lies about 
28°C above the a peak temperature observed in E" 
( T ~ v ,  max 1 spectra. The T,",, 6, peak location is 
not significantly affected by the filler concentration 
and types of fillers. The details about tan 6 peak 
magnitudes and locations are given in Table IV. The 
tan 6 peak magnitude is found to decrease with the 
use of more active fillers, ( B C O N  < BsAF < BHAF 

< BFEF < BGPF < BsRF) although the volume loading 
is reduced. It is also evident from the figure that at 
higher temperature (far above T,*,, 6 ,  max ) high- 
structure filler loaded compositions show a broad 
maximum. Filled polymer constitutes a system with 
complex structure resulting in a different relaxation 
phenomenon which is absent in the gum vulcani- 
 ate.'^ The restricted mobility of the molecular seg- 
ments resulting from strong surface adsorbtion 
forces will change the physical properties of the 
rubber near the particle surfaces, producing an en- 
capsulating shell of higher rigidity (shell rubber) 
and having a higher T& 6, max temperature than the 
matrix rubber phase. This has been demonstrated 
by Smit,27 and by Dutta and TripathyZ8 through dy- 
namic mechanical analysis, and by Fujiwara et al." 
and Kaufman et al.30 through NMR studies. More 
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Figure 5 Effect of temperature on loss tangent €or different filler loaded vulcanizates. 

active filler surface should facilitate the formation 
of adsorbed shell formation and thus lower the tan 
6 peak intensity. BIIR filled with active fillers ex- 
hibits multiple relaxation phenomena in the highly 
elastic region (above T,",, max ) which may be as- 
cribed to the segmental mobility in the interphasic 
layers of the adsorbed rubber hard shell surrounding 
the filler aggregate. 

Effect of Dynamic Strain Amplitude 

6 increases with increasing amplitude. This is a fa- 
miliar effect and can be explained on the basis of 
polymer-filler interaction, 1,31932 desorption and 
reabsorption of hard rubber shell surrounding the 
filler aggregate, 27,28 or breaking and reforming of ef- 
fective crosslinks in the rubber-forming transition 
zone between the bound rubber and the bulk rub- 
ber.14 It is clearly observed from the figures that at 
equal hardness levels, different filler loaded vulcan- 
izates exhibit different elastic moduli, loss tangents 
(hysteresis), and strain dependent characteristics 

Figures 6 and 7 illustrate the storage modulus, E' 
and loss tangent, tan 6, for different vulcanizates, 
as a function of dynamic strain amplitude at  25°C 
and 11 Hz. The storage modulus decreases and tan 

(nonlinearity). The nonlinearity is less pronounced 
with higher particle size filler even at  higher loading 
(e.g., BsRF and B G P ~ ) .  However, a very pronounced 
effect is observed with low particle filler even at low 
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Figure 6 Storage modulus as function of dynamic strain. Key as Figure 3. 

loading (BCON, BSAF, BHAF, etc.). The difference in 
dynamic properties among the vulcanizates de- 
creases with increasing strain amplitude. For ex- 
ample at 0.07% DSA, BCON has E'value 120% higher 
than that of SRF black filled system ( BSRF) . How- 

ever, at 5% dynamic strain the BCON system has E' 
value only 40% higher than that of BSRF. On the 
other hand, at 0.07% DSA (BSRF) has 150% higher 
tan 6 value than that of B C O N ,  while at 5% DSA 
their tan 6 values are comparable. 

FREQUENCY 11 HZ 

0 4 

" 
-4 

10 
-3 

10 
- 2  
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Figure 7 Loss tangent as function of dynamic strain. Key as Figure 3. 
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Figure 8 Effect of frequency on storage modulus. Key as Figure 3. 

The silica filled system (BsIL) shows relatively 
higher elastic modulus and lower tan 6 compared to 
that of carbon black filled system (of similar surface 
area). Therefore, through proper choice of the type 
of filler, it is possible to adjust the loss tangent (and 
hysteresis) independent of the elastic modulus or 
related properties. 

Effect of Frequency on Dynamic Properties 

Figure 8 reflects the effect of frequency of vibration 
-,,- 3 . -  1 1 . I > r m - n r  1 C l r o n  

frequency dependence (slope of the straight line) is 
comparable for all the vulcanizates, except BCoN. 
This composition has a higher sensitivity towards 
frequency. 

Figure 9 illustrates the frequency dependence of 
tan 6 for different compositions under similar con- 
ditions. For all the compositions, tan 6 values follow 
a nonlinear relationship with frequency. Except 
BsIL, all other compositions show comparable tan 6 
values up to 35 Hz. Silica filled system ( BslL) shows 
lower value of tan 6. For very active filler loaded 
systems ( BCON, BsaF), tan 6 decreases as frequency 

I. ',r 7 7  , <.,, 7 7  3 .  , on fi Tor curreren6 vuicanizates a6 370 U ~ A  ana ZD-L. 

With increasing frequency, E' increases and follows 
a linear relationship for all the systems. The rate of 

increases Irom 60 HZ 60 iiu HZ, wnicn may oe ac- 
counted for by the excessive internal heat generation 
at higher frequency. 

STRAIN 5 %  DSA 

TEMP. 25OC 

0 I I I I I 

0 20 40 60 80 100 1 
FREQUENCY, H z  

! O  

Figure 9 Effect of frequency on loss tangent. Key as Figure 3. 
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Figure 10 
at 5% DSA. Key as Figure 3. 

Thixotropic recovery of the dynamic properties at low amplitude after cycling 

Thixotropic Recovery of the Dynamic Properties 

Figure 10 demonstrates the thixotropic recovery of 
the complex modulus, E * and tan 6, a t  low amplitude 
(0.5% DSA) , after cycling of the sample at 5% DSA 
for 10 min. Percentage recovery of the dynamic pa- 
rameters with respect to time is shown on the plot. 
Finer particle size black loaded system ( B c ~ N ,  BSAF, 
BHAF, etc.) shows higher thixotropic change in 
properties and delayed recovery. 

Dynamic Fatigue Life 

The dynamic fatigue life measurement has also been 
carried out using unnicked dumbbell specimens. 
Studies have been conducted over an extension ratio 

from 1.8 to 2.4 at room temperature. Figure 11 shows 
the logarithmic plot of the fatigue life N of the com- 
positions against strain energy density W. The val- 
ues of the strain exponent, n have been calculated 
from the slopes of the curves and are given in Table 
V. The slopes of the curves for all the carbon black 
loaded vulcanizates except BcoN lie between 3.2 and 
3.8. The system BCON and silica filled system BSIL 
gives n values 1.5 and 6.05, respectively. 

The n values for the B ~ A F ,  BHAF, BFEF, BGPF, and 
BsRF filled systems are comparable. However, in ab- 
solute terms, the superiority in dynamic fatigue life 
of finer-particle, and high-structure black filled sys- 
tems is evident a t  all strain energy input conditions 
(Fig. 11 ) . At low strain levels, the silica filled system 
shows fatigue life equal to that of high-structure low- 



FILLERS AND RUBBER 

0.1 1 10 

STRAIN ENERGY DENSITY, J / c c  

Figure 11 Fatigue life as a function of strain energy. Key as Figure 3. 
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particle carbon black filled systems. However, at a 
higher strain level, it has poor fatigue life. In silica- 
black combined system ( BsIc) ) flex characteristics 
are more comparable to that of the purely silica filled 

Table V 
Vulcanizates 

Strain Exponent n for Different 

Strain Exponent 
Composition (minus) 

BCON 
BSAF 
BHAF 
BFEF 
BCPF 
BSRF 
BSIC 
BSIL 

1.5 
3.80 
3.80 
3.6 
3.20 
3.20 
5.23 
6.05 

system (BsIL) than to its black counterpart ( BHAF). 
A profound discrepancy in the conductive black filled 
system ( BCON) with other black loaded systems is 
observed. It has a strain exponent 1.5. However, at 
low strain the fatigue life in absolute magnitude is 
very poor, compared to other systems. 

It is important to note that equations 1-3, which 
were developed from studies of artificially notched 
vulcanizates, predicts that fatigue life depends on 
the cut size co, the material constant G, and the 
stored energy density W. In actual practice, however, 
several other factors such as the nature of the flaw 
and its interaction with the matrix may impart sig- 
nificant effects on fatigue-to-failure characteristics. 

SUMMARY AND CONCLUSIONS 

The type and loading of filler has little effect on the 
molecular relaxation temperatures. An elastomer 
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having a desirable storage modulus with low sensi- 
tivity to temperature change, and better stress- 
strain properties and fatigue life can be developed 
by using a filler with a small particle size. However, 
finer particle size filler loaded systems exhibit pro- 
nounced strain dependence, higher thixotropic 
change, and delayed recovery in dynamic mechanical 
properties compared to their large particle size 
counter part. The results also imply that elastic 
modulus, E', and hysteresis (tan 6) can be controlled 
independently through judicious choice of a com- 
bination of fillers. 
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