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SYNOPSIS 

Rheological properties of styrene-butadiene copolymer-reinforced asphalt were investigated. 
A percolation-like model was used to fit dynamical experimental data, and a comparison 
with the Kerner-Takayanagi model is presented. In addition, a frequency-composition- 
temperature correspondence principle is proposed. This correspondence principle allows 
the prediction of the rheological behavior of an  asphalt-based composite within a wide 
range of compositions, provided a narrow composition range a t  different frequencies and 
temperatures is previously known. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

In terms of the annual volume produced, asphalt 
composites constitute one of the most popular ma- 
terials, for their applications span from construction, 
road binders, adhesives and sealants, to water-proof- 
ing coatings, and several others. Asphalts themselves 
have poor mechanical performance because they are 
hard and brittle in cold weather and soft in hot en- 
vironments, in addition to their small elastic recov- 
ery capabilities. Therefore, these materials ought to 
be modified, in low proportions to maintain their 
own advantages, with other materials to improve 
the property or properties desired. 

The most widely used modifiers for asphalt are 
different types of rubber-like polymers or copoly- 
mers.'-5 Among these, the most common are poly- 
butadiene-based materials, due to their very low Tg 
and relatively low cost. Several attempts have been 
reported to physically and/or chemically modify the 
asphalt to produce a material with good enough me- 
chanical properties. In this regard, one example is 
the oxidation of the material to increase the molec- 
ular weight and, consequently, the corresponding 
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viscosity. However, by this method, the mechanical 
properties are only slightly improved. More recently, 
it was found that the styrene-butadiene (SB) block 
copolymer molecules are suitable for an adequate 
morphology modification in the resulting materials. 
The main advantage of this modifying technology 
is the fact that the two polymers are immiscible to 
each other. This allows the three-block molecules 
(SBS) to form a physical network (thus providing 
the material with a good elastic recovery), the sty- 
rene blocks being those areas which are forming the 
physically reticulated regions and the polybutadiene 
blocks being the elastic component of the resulting 
network. Even provided that SBS materials are ex- 
pensive, they are used only in small proportions (be- 
tween 8 to 10% vol), which makes their use profitable 
in terms of the cost-benefit relationship. 

In general, these composites present a compli- 
cated spatial structure which, when adequately 
handled, allows to control, to a large extent, their 
final mechanical properties. In this sense, extensive 
work has been dedicated in the last few years to 
obtain good correlations between the morphology of 
the material and the corresponding mechanical per- 
formance.6-8 In a previous c~ntr ibut ion,~ Kerner- 
Takayanagi and Ashby-Gibson models were em- 
ployed to explain the elastic modulii experimentally 
obtained for asphalt-nrubber composites at zero 
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Figure 1 
copolymer. 

Master curve of G’ and G” versus frequency for a composite with a 10 wt % 
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Master curve of G’ and G” versus frequency for a composite with an 8 wt % 
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Figure 3 Dynamic modulus versus composition for various frequencies at 4OoC. 

frequency in a range of compositions from 0-14%. 
Accordingly, in the present article, a study of the 
rheological properties of asphalt-butadiene copol- 
ymer blends with different compositions is carried 
out. The results, as will be explained, allow to pro- 
pose a frequency-composition-temperature corre- 
spondence principle for these materials. 

THEORETICAL MODELS 

For nonhomogeneous materials, such as composites, 
the dynamic response is related to molecular relax- 
ation processes characteristic of each constituent of 
the material. In addition, this is also strongly influ- 
enced by the composition and morphology of the 
composite and by the interfacial adhesion. There 
exists a number of mathematical de- 
pending on the particular morphology, which at- 
tempt to predict the mechanical behavior of the 
composite. In this article, two different models will 
be used to predict the rheological properties, namely, 
the Kerner-Takayanagi models and the percolation 
model.6 A brief review of these models follows. 

Kerner-Takayanagi 

These are really a family of models originally pro- 
posed by Kerner and then modified by Takayanagi, 

which allow estimation of the mechanical properties 
by modeling the spatial structure of the composite. 
In the original Kerner model, the composite is re- 
garded as quasispherical particles with elastic be- 
havior, dispersed in a continuous medium with vis- 
cous behavior. Takayanagi’s modification consists 
in considering the spatial structure as an arrange- 
ment of blocks (each representing one of the com- 
ponents of the composite) connected in series and 
in parallel, depending on what property that partic- 
ular block (component) represents, either with 
elastic or with viscous behavior. In both approaches, 
the shear modulus G, of the composite is given by 

where G, and G2 are the modulii of each component 
of the composite; 41 and G2, the corresponding vol- 
ume content; and a, a characteristic parameter. 

The difference between the two approaches lies 
on the parameter a, which is fixed and equal to 0.67 
for the original Kerner model; whereas it becomes 
an adjustable parameter for Takayanagi’s approach. 

Percolation 

This is a widely used and useful concept in materials 
science, and it is related to a property (the perco- 
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lation threshold) of a given system, which depends, 
generally speaking, on the topology of the materials’ 
phases. I t  has been proven6 that a percolation ap- 
proach can be adapted also for the dynamic case by 
using the concept of corresponding states. In this 
case, the shear modulus is given by 

where the meaning of the symbols are the same as 
above, and 0 is the percolation characteristic ex- 
ponent. 

EXPERIMENTAL 

Nonoxydized commercial asphalt from Petroleos 
Mexicanos, S.A. (Asphalt No. 6 )  fully characterized 
in terms of its aromatics, resins, and asphaltenes 
contents (39, 39, and 9.7%, respectively) as was re- 
ported previously7~” along with a characterization 
of the commercial styrene-butadiene copolymer 
employed (Solprene S-411 from Industrias Negro- 
mex, S.A. de C.V.) . This copolymer is the result of 
coupling four styrene-butadiene linear block copol- 

ymer molecules, which provides an interesting mo- 
lecular structure to the material. 

The blending was achieved by mixing, under slow 
agitation to prevent damaging from high shear rates, 
the asphalt as-received, with the grounded copoly- 
mer a t  180-2OO0C, with compositions ranging from 
pure asphalt to a 20 wt % copolymer. The resulting 
material was sieved with a 300 mesh. Rheological 
properties of these composites were obtained a t  three 
different temperatures (40, 60, and 80°C). The ex- 
perimental dynamical modulus [ i.e., G’( o) and 
G”(w)] was obtained in each case in a Bholin rheo- 
meter. 

RESULTS AND DISCUSSION 

As mentioned, asphalts are modified with different 
types of rubber to improve their rheological prop- 
erties. More specifically, perhaps the most important 
property is the elastic recovery. This is why it is so 
important to be able to predict the rheological be- 
havior of an  asphalt-based composite a t  different 
rubber concentrations and temperatures. In this re- 
gard, the so-called time-temperature principle ’’ al- 
lows one to obtain the elastic modulus of a visco- 
elastic material in a wide time (or frequency) range, 
provided a narrow time (or frequency) interval is 
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Figure 6 Dynamic modulus versus frequency for the 6 wt % composite at  60°C. 
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Figure 7 Dynamic modulus versus frequency for the 8 wt 96 composite a t  80°C. 

pure polymeric sample, of course) or about some 
type of averaging (for the case of composites). 

In this regard, the standard Principle of Corre- 
spondence was extended to also include the volume 

fraction of the discrete phase of the composite. In 
other words, with the modification to the standard 
principle, it is possible to predict the rheological be- 
havior of an asphalt composite in a wide range of 
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Figure 8 Dynamic modulus versus composition for different frequencies a t  40°C. 
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compositions, provided a narrow range of compo- 
sitions is known a t  some frequencies, as  i t  will be 
demonstrated in the following discussion. 

As was mentioned before, a recent work7 showed 
the excellent fitting of a numerical modeling of the 
modulus of asphalt-rubber composites but zero fre- 
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Figure 10 Dynamic modulus versus composition for different frequencies at  80°C. 
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11 Super master curve of the dynamic modulus versus composition for all tem- 
peratures and frequencies studied. 

quency conditions (i.e., the static modulus). Now, 
by using the generalized correspondence principle, 
it will be demonstrated that is possible to also obtain 
the dynamical modulus of the composite as a func- 
tion of composition. The experimental data were, in 
each case, fitted by using both the Kerner-Takaya- 
nagi and the percolation models. Figures 3,4, and 5 
show the experimental dynamical moduli plotted as 
a function of the composition as well as a comparison 
between the percolation and Takayanagi models, for 
40, 60, and 80"C, respectively. As observed there, 
the percolation model fits the best the experimental 
data. Similarly, Figures 6 and 7 show the dynamic 
modulus as  a function of frequency for given com- 
positions ( 6  and 8 wt '% ), along with the corre- 
sponding predictions by both theoretical models, for 
60 and 80"C, respectively. Again, the Takayanagi 
model represents only a very poor approximation to 
the experiment, whereas the percolation model 
shows a remarkable agreement. 

Figures 8,9, and 10 show plots of G'versus relative 
composition 4 for some selected frequencies for 40, 
60 and 80"C, respectively. The continuous curve 
corresponds to  a master curve. This master curve 
was obtained in a similar way to the WLF master 
curves. In this last case, however, the reference curve 
was chosen as that of the lowest frequency tested 

(i.e., 0.04 Hz) .  With the master curves, it is indeed 
possible to predict the behavior of the composite for 
all frequencies as a function of composition. Ob- 
viously, there exists one master curve for each tem- 
perature. The shifting factors, A,, were fitted by us- 
ing a WLF-like relationship but with the variables 
w (frequency) and 4 (relative composition) ; whereas 
in the original WLF relation, the variables are t 
(time or, conversely, frequency) and T (tempera- 
ture) by using the following relation." 

where wr is the reference frequency, which, for the 
present case, was arbitrarily chosen as 0.04 Hz, as  
mentioned. The adjustable parameters B and C have, 
for example, the values of B = 0.59 and C = 0.16 for 
the 40°C master curve; those for the other temper- 
atures are indicated in the corresponding curves 
(Figs. 8,9, and 10 for 40,60, and 80"C, respectively). 

By taking as reference the master curve corre- 
sponding to 40"C, a super master curve was built, 
as shown in Figure 11. This curve, which includes 
all master curves obtained previously, can be con- 
veniently used to cover the whole range of experi- 
mental data obtained in the present work and to 
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predict those points not experimentally obtained yet. 
In addition to the practical relevance of this super 
master curve, it also indicates a universal scaling 
behavior in the properties of this system, which is 
certainly worth exploring in detail because its pos- 
sible fundamental consequences toward the under- 
standing of the characteristics of these composites. 

CONCLUSION 

Percolation and Kerner-Takayanagi models were 
employed to fit the dynamic moduli of asphalt-elas- 
tomer composites as a function of the relative com- 
position. The fitting obtained was very good, in par- 
ticular with the percolation model, which implies 
that the observed improvement in mechanical re- 
sponse of those materials is basically due to the spa- 
tial connectivity of the segregated elastomer and as- 
phalt phases. Additionally, a WLF-like equation was 
obtained from the analysis of the data, in such a 
way that the whole dynamical behavior of these 
composites can be adequately predicted, provided 
the frequency of operation and the composition are 
specified. These results not only represent a step 
toward the understanding of the specific character- 
istics of this particular system but also open inter- 
esting possibilities in the area of studying micro- 

structure properties relationships in systems with 
complex topologies. 
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