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Development of a Second Generation of 
Plasticized Sulfur (Sulphlex) Binder 
DALLAS N. LITTLE 

Plasticized sulfur binders are an alternative to asphalt con
crete. Researchers at Texas A&M University and Matrecon, 
Inc., have studied plasticized sulfur binders for S years from 
both a chemical and an engineering viewpoint. Part of their 
research has been aimed at the development of a second gener
ation of binders with Improved low-temperature properties. 
Two second-generation plasticized sulfur formulations were 
identified as possessing low-temperature engineering proper
ties that are much improved over the first-generation formula
tions. The J-integral, a measure of the energy required to 
Induce crack growth, was found to be an excellent and sensi
tive parameter by which to evaluate the low-temperature 
fracture susceptibility of the plasticized sulfur binders. A 
strong relationship was found between the critical energy 
required to Indicate crack growth, J1c, and the glass transition 
temperature of the plasticized sulfur binders. The second
generation binders presented are evaluated based on creep 
compliance, controlled stress and controlled displacement 
fatigue, glass transition temperature, and the J 1c· 

First-generation Sulphlexes have shown promise as successful 
binders for mixtures used in pavement structures. The develop
mental work of Southwest Research Institute under the direc
tion of the FHWA, U.S. Department of Transportation, was the 
foundation on which this research effort was built (J). 

Although first-generation Sulphlexes showed substantial 
promise for use in paving mixtures, a previous study by Texas 
A&M and Matrecon, Inc. (under contract to the FHWA), iden
tified two potentially serious deficiencies of these binders: (a) 
susceptibility to fracture at low temperatures and/or under rapid 
changes in temperature, and (b) a susceptibility to a rapid 
increase in compliance at combinations of high temperature 
and long durations of load (2, 3). 

The low-temperature fracture susceptibility was considered 
to be by far the more serious problem. This was substantiated 
by field trials of Sulphlex 233A pavements in which unaccept
able cracking occurred in low-temperature environments. On 
the other hand, in warmer climates (such as San Antonio, 
Texas) the Sulphlex 233A sections performed relatively well, 
although not as well as did the asphalt concrete control pave
ments. 

In this paper, the development of a second generation of 
plasticized sulfur binders with improved engineering properties 
is discussed. 

Texas Transportation Institute, Texas A&M University, College Sta
tion, Tex. 77843. 

OBJECTIVES 

The specific objectives of this research were to develop a 
second generation of plasticized sulfur binders that when used 
in mixtures will provide 

• Substantially improved resistance to low-temperature 
cracking or thermally induced fatigue cracking. 

• A lower apparent glass transition temperature and a con
comitantly improved stiffness response over the region of low 
temperatures and rapid rates of loading. 

RESEARCH APPROACH 

Chemical and Physical Property Considerations 

In developing second-generation plasticized sulfur binders for 
pavements, it was recognized that such a material would be 
used in millions of tons and would need to be a manufactured 
chemical product that must be prepared in a highly controlled 
manner. The work to date on plasticized sulfur as well as in 
many other areas (e.g., rubber technology) has indicated that 
the reaction of sulfur with unsaturated hydrocarbons is highly 
sensitive to (a) specific hydrocarbons, (b) preparation condi
tions, and (c) the purity of the reaction materials. Overall, 
plasticized sulfur binders must be considered as completely 
new materials requiring a major technical commitment to make 
them technologically adequate materials for road building. As 
in any commercial product that must be used in large quan
tities, Sulphlex binders must be uniform from lot to lot in a 
given grade and stable within a use process. 

In formulating a new material, full recognition must be given 
to the deficiencies that exist in the present material, as typified 
by the Sulphlex 233 binders, which appear to be the most 
satisfactory of the first-generation: materials. Some of the basic 
factors that were considered to achieve a technically sound 
material were as follows. 

• Reactants of highly controlled composition or purity 
should be used. 

• All molecules of the reactants should be active, that is, 
each should react with sulfur and each should contain one or 
more double bonds. However, the reactivity of the double 
bonds in olefins, diolefins, and triolefins with sulfur can vary 
considerably. 

• Reacta,.-rits that contain no volatile constituents that would 
volatilize during mixing or paving operations should be used. 

• The reaction product of sulfur and the hydrocarbon should 
contain as much bound sulfur as possible to act as a plasticizer 
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or solvent for free sulfur, which is more soluble in materials 
with a high sulfur content. 

• The free sulfur content of a plasticized sulfur should be as 
low as possible because of the tendency of sulfur to crystallize. 
Also, in the molten form, sulfur has a very low viscosity that, if 
its content is not controlled, can drastically affect the viscosity 
of the plasticized sulfur at 275°F. 

• The preparation must be performed under highly con
trolled conditions of temperature, time, and possibly pressure 
because these conditions can greatly affect many properties of 
the final product. 

• The ratio of reactants must be maintained within small 
limits because variations in reactant ratios can significantly 
affect the properties of the reaction product. 

• It would be desirable to introduce as many aliphatic 
groups of hydrocarbons as possible into the plasticized sulfur 
composition to achieve better low-temperature properties. Aro
matic and cyclic groupings, such as in vinyl toluene, tend to 
adversely affect low-temperature properties; however, the aro
matics are better solvents for sulfur. 

• The level of odor of plasticized sulfurs varies considerably 
from type to type. The odors of plasticized sulfurs are generally 
unpleasant and should be reduced to a minimum. 

• Low-viscosity versions of plasticized sulfur need to be 
developed for mixing with the high-viscosity products in order 
to control viscosity. 

• Cost reductions through use 0f less-pure reactants and 
various low-cost additives should await the production of a 
technically sound plasticized sulfur. 

To achieve the objectives previously mentioned, the follow
ing chemical and physical tests were used as screening tests to 
select the most satisfactory binders. 

• Penetration at 77°F; 
• Viscosity at 140°F; 
• Viscosity at 275°F; 
• Total sulfur content by chemical analysis; 
• Free sulfur analysis by gel permeation chromatography 

(GPC); 
• Molecular weight by GPC; 
• Volatiles under heating in rolling thin-film oven test; 
• Glass transition and crystallization by differential scan

ning calorimetry (DSC) of aged plasticized sulfur samples to 
determine rates of crystallization and glass transition tempera
ture, T

8
; 

• Storage stability by measuring the change in penetration 
of samples of plasticized sulfur stored at room temperature and 
at 100°C; 

• Rate of crystallization of thin films of plasticized sulfur by 
visual estimation of the crystallized surface area of the plas
ticized sulfur placed between microscope slides; 

• Specific gravity; and 
• Solubility in chloroform. 

Engineering Considerations 

Sixty-two second-generation binder formulations were 
screened by using the physical and chemical testing previously 
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discussed. From these, only two second-generation formula
tions were selected for full-scale engineering mixture testing. 

The binders selected for mixture testing were fabricated in a 
pilot plant with a production capacity of 25 gal. Figure 1 is a 
schematic of the vessel used to produce the full-scale batches. 
The elemental sulfur was first melted in the vessel. Next, the 
hydrocarbon additives were added at a predetermined rate 
necessary to maintain a constant processing temperature 
(±2°F). Careful addition rate control is critical because of the 
exotherm produced by the reaction between the sulfur and the 
plasticizer. Temperature control was maintained by the helical 
water cooling coil, the rate of plasticizer addition, and the oil
jacketed vessel. 

The two formulations selected for mixture testing will be 
referred to as formulations 195 and 198 because these were the 
serial numbers used by Matrecon, Inc., to identify these for
mulations. The compositions of the formulations are compared 
with that of the first-generation 233 formulation as presented in 
Table 1. 

The reaction products of hexadiene and the internal olefins 
were expected to yield improved low-temperature properties. 
The hexadiene provides short chain reactants that contain dou
ble bonds in a nonconjugated form. The use of a shorter chain 
diolefin was intended to increase the ratio of double bonds to 
hydrocarbons, which increased the potential sulfur ratio to the 
carbon and hydrogen. The internal olefins are aliphatic olefins 
in which double bonds are randomly distributed along the 
aliphatic chain. The polysulfides produced by the reaction of 
sulfur and the internal olefins were expected to have less 
potential to interact among themselves, especially at low tem
peratures. 

Each formulation was produced in the large reaction vessel 
(Figure 1) at three temperatues (302°F, 320°F, and 338°F). 
Binders 195 and 198 were determined to be too soft to produce 
acceptable paving mixtures at higher temperatures. Thus, for 
mixture testing, Binders 195 and 198 were combined with 
Sulphlex 233 in various proportions. 

The diametrial resilient modulus test (MR)• indirect tensile 
test (IDT), and critical fracture energy CJ1c) were used to 
determine the optimum production temperature of each binder 
and the optimum ratio of the second-generation Sulphlex and 
233 (see Figure 2, Phase I). Based on the screening, a 320°F 
production temperature and a binder combination ratio of 50:50 
were selected in each case. 

The Phase TI testing (see Figure 2) of the selected second
generation binders will be discussed in the following para
graphs. 

ENGINEERING PROPERTIES OF SECOND
GENERATION PLASTICIZED SULFUR PAVING 
MIXTURE 

Fatigue Testing 

As shown in Figure 2, fatigue testing of plasticized sulfur 
mixtures consisted of controlled stress beam fatigue as well as 
controlled displacement fatigue. Controlled stress beam fatigue 
testing was performed on beams 3 x 3 x 15 in. loaded at two 
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FIGURE 1 Final design of 25-gal Sulphlex pilot plant. 

cycles per second with a load duration of 0.1 sec. Nine beams 
(three at each of three stress levels) comprised a test. Control
led displacement testing using the overlay tester was also 
performed on beams 3 x 3 x 15 in. The oscillating horizontal 
movement was designed to simulate the opening and closing of 
cracks produced by thermal contraction and expansion of pave
ments. A constant opening of 0.02 in. was applied over a 
complete cycle time of 10 sec. Two replicate beams were tested 
for each condition. 

Figures 3 and 4 show the controlled stress fatigue results of 
50:50 blends of 195/233 and 198/233 binders mixed with a 
crushed limestone aggregate. The fatigue response of both 
Sulphlex mixtures was comparable to the AC-10 crushed lime
stone control at the test temperatures of 68°F and 100°F. At 
40°F, the 198/233 blend responded significantly better than the 
control (ex.= 0.05), whereas the 195/233 blend was significantly 
inferior to the control (ex. = 0.05) at the low test temperature. 

The most accurate measure of the ability of second-genera
tion Sulphlex to resist the type of fatigue caused by thermally 
induced cyclic loads was achieved by subjecting the material to 
controlled displacement and then measuring the rate of crack 
growth per load cycle. The energy required to achieve the 
constant displacement per load cycle was in tum measured and 
is shown schematically in Figures 5 and 6. The change in 
energy based on load displacement data (Figure 6) per cycle 
was related to the amount of crack growth per cycle to establish 
crack growth rate as a function of level of energy input. 

The parameter used to quantify the energy is the J-integral, 
the term that characterizes the stress-strain field at the crack tip 
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in an elastic-plastic domain. Although the line integral, J, is 
defined by Rice (2), it may be defined from a physical view
point as the potential energy difference between two identically 
loaded bodies having incrementally different crack sizes or 

J = l/B(du/dc) 

TABLE 1 COMPOSITIONS OF FORMULATIONS 195 AND 
198 COMPARED WITH THAT OF FIRST-GENERATION 
FORMULATION 233 

Serial No. 

195 

198 

Composition 

70% sulfur 
12% 1,4 hexadiene 
10% dipentene 
8%· vlnyl toluene 

70% sulfur 
12% dicyclopentadiene 
18% internal olefins 
70% sulfur 
12% dicyclopentadiene 
10% dipentene 
8% vinyl toluene 

70% sulfur 
10% dipentene 
12% dicyclopentadiene oligomer 
8% vinyl toluene 

"Not a serial number, but a Southwest Research Institute designation. 
b A first-generation Sulphlex, which showed promising low-temperature 
properties. 
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FIGURE 2 Full-scale engineering mixture testing sequence. 

where B is specimen thickness, u is potential energy, and c is 
crack length. In other words, J is a generalized relation for the 
energy release due to crack propagation, which is valid even if 
there is appreciable crack tip plasticity. Little, Haxo, and 
Saylak explain the justification for the J-integral approach in 
this research (3). 

The Paris equation was selected as the regression model to 
evaluate controlled displacement fatigue data. Because the J* 
parameter was introduced by Balbissi to account for the cyclic 

type of loading in these controlled displacement applications 
( 4), the Paris equation is defined as 

dc/<il"ir = A.*(J*)n* 

where N is the number of cycles and A.* and n* are regression 
constants. 

Figure 7 shows the typical form of dc/dN versus J* log
linear regression plot. A.n upward shift in the line represents a 

--AC-10 

SulphlH 
---- 195/233 

Load Repetitions 

FIGURE 3 Test results for controlled stress beam fatigue for AC-10 and Sulphlex 195/233 mixtures with a 
crushed limestone-field sand aggregate. 
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FIGURE 4 Test results for controlled stres.s beam fatigue for AC-10 and Sulphlex 198/233 mixtures with a 
crushed limestone-field sand aggregate. 

material possessing more brittle behavior, and a more ductile 
material will plot below the control curve in Figure 7. In the 
displacement control mode, which was used in this study, the 
slope of the log-linear regression line indicates how sensitive 
the material is to crack growth. A steep slope is an indication of 
a rapid reduction in crack growth rate, dc/dN, as the test 
continues. This may be due to several effects: 

• A brittle material exhibits rapid crack growth in the early 
cycles, leaving a small uncracked ligament behind. In the 

displacement control mode, the smaller the size of the 
uncracked ligament, the slower the crack growth rate. 

• A ductile material may exhibit some crack growth in early 
cycling due to low stiffness and the presence of voids. 
However, because of the ductile nature of the material, signifi
cant crack blunting occurs, which inhibits the crack growth 
rate. Generally, ductile materials exhibit relatively small n* 
values compared with those of brittle materials, which means 
that the crack growth is insensitive to fatigue and slow 
throughout the test. 

Asphalt Concrete °' 
SulphlH Beam Epo•led to 
Moveablt Metal Plares 

Propagation of 
Crock - --- ..,..,-

Metal Plates Which Move in 
Responce to Controlled Displacement 
Command b_y Servo - Hydraulic 
Actuator 

FIGURE S Schematic of overlay tester. 

Controlled Gyciic 
Displacement 
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FIGURE 6 Displacement response In overlay tester recorded 
on X-Y plotter. 
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Figure 8 shows the distinctively different behavior typical of 
brittle and ductile materials. In this figure, crack length is 
plotted as a function of load cycle. 

As a result, in the application of the J* parameter, the 
interpretation of the fatigue-fracture behavior cannot be made 
solely on the basis of either the intercept, A*, or the slope, n*, 
of the Paris equation: 

log dc/dN =log A* + n* log J* 

A combined form of parameters A* and n*, in Paris's law, 
suggested by Picket and Lytton, accounts for the effects of both 
parameters in fatigue-fracture behavior (5). In this approach, 
the term (n* + log A*) is defined to be a measure of resistance 
to crack growth. The term (n* + log A*) is the logarithmic 
value of crack speed (log dc/dN) when the numerical value of 
J* is equal to 10. This term will be referred to as the crack 
speed index, a parameter that will always be negative. The 
more negative it is, the more crack resistant the material is. 

Table 2 gives a summary of the results of the controlled 
displacement fatigue testing. Three parameters are presented in 
this table: A*, n*, and the crack speed index (n* +log A*). The 
results are presented for three temperatures: 77°F, 65°F, and 
58°F. 

Figure 9 graphically shows the dc/dN versus J* relationship 
for tests performed at 77°F. Clearly, first-generation Sulphlex 
233 (produced at 302°F and 320°F) is more brittle and thus 
more susceptible to controlled displacement fatigue than either 
Sulphlex 344, a first-generation binder that showed promising 
low-temperature performance, or either of the second-genera
tion Sulphlex blends, 195/233 or 198/233. The crack speed 
indexes (Table 2) are more negative for the second-generation 
(195 or 198) combination mixtures with Binder 233, indicating 
superior performance. 

Figure 10 shows the fatigue response for Sulphlex mixtures 
and asphalt concrete control mixtures at 65°F. Again, the 
AC-10, 344, and 195/233 and 198/233 combination mixtures 
are closely grouped. These mixtures show a noticeable but 
similar response to the temperature drop of l2°F. However, the 
233 binders, especially 233 produced at 320°F, show a drastic 
change in fatigue response-a much more brittle nature--with 
the temperature drop of 12°F. Again, the crack speed index 
values (Table 2) reflect the obviously inferior response of the 
233 binders and the similarity of response of the other binders. 

Figure 11 shows the controlled displacement fatigue 
responses at 58°F. At this temperature, Sulphlex 344 possesses 
a substantially higher crack propagation rate, dc/dN, over the 
range of J* values used in testing than do the AC-10 or 195/233 
or 198/233 binders. Binder 195/233 is also substantially more 
brittle in response than AC-10 or 198/233. A similarity between 
195/233 and AC-40 mixtures is also apparent. 

The substantially more negative crack speed index values for 
AC-10 and 198/233 are indicative of the behavior pattern just 
discussed. Based on the crack speed index, the binders are 
ranked in terms of superior resistance to fatigue crack growth 
as follows: AC-10, 198/233, 195/233, AC-40, 344, and 233 
(320°F). This ranking is based on the results of testing at 58°F. 

Finally, Figure 12 shows the results of controlled displace
ment fatigue testing at 58°F. In this case, the relationship is 
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TABLE2 SUMMARY OF CONTROLLED DISPLACEMENT FATIGUE 
TEST PARAMETERS 

Test Binder 
Temperature, Identification 

OF (Specimen 
ID) 

77 AC-10 (1) 

AC-10 (2) 

233 (320°F) ( 1) 

233 (320°F) (2) 

233 (302°F) (1) 

233 (302°F) (2)' 

344 ( 1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 ( 1) 

198/233 (2) 

65 AC-10 (1) 

AC-10 (2) 

AC-40 (1) 

AC-40 (2) 

233 (320°F) (1) 

233 (320°F) (2) 

233 (302°F) ( 1) 

233 (302°F) (2) 

344 (1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 (1) 

198/233 (2) 

58 AC-10 (1) 

AC-10 (2) 

AC-40 (1) 

AC-40 (2) 

233 (320°F) ( 1) 

233 (320°F) (2) 

344 (1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 (1) 

198/233 (2) 

Note: Dash(-) indicates tests not run. 

presented in the form of crack length, C, versus displacement 
cycle, N. In Figure 12, the superior response of the 198/233 
binder combination compared with all other Sulphlex binders 
at this lowest test temperature is identified. 

Low-Temperature Fracture 

The potential to fracture at low temperatures was evaluated by 
(a) indirect tensile. testing, (b) determining the critical J integral 
(fracture toughness), and (c) determining the glass transition 
temperature. 

The fracture toughness, J1c, is a measure of the energy 
required to initiate crack growth. These tests were performed at 
low temperatures and in as close conformance with ASTM 

A* n* n* + log A* 

1.23 x 10- 1.10 -1.81 

1.00 x 10-3 1.15 -1.85 

5.00 x 10-3 1.16 -1.14 
1 

4.30 x 10-2 1.10 -0.27 

4.00 x 10-2 1.30 -0.20 

1. so x 10-3 1.20 -1.62 

8.00 x 10-4 1.10 -2.00 

9 . 50 x 10- 4 0.80 -2.22 

8.68 x 10- 4 0 . 90 -2.16 

8.00 x 10-4 0.86 -2.24 

1.05 x 10-3 0.92 -2.06 

1.87 x 10-3 1.20 -1.53 

1. 72 x 10-3 1.11 -1.65 

5. 20 x 10-3 0 . 96 -1.38 

4.ls x 10-2 0.80 -0.58 

1. 20 x 10-2 1.66 -0.26 

4. 00 x 10- 2 1.35 -0.05 

3 . 25 x 10-3 0.81 -1.68 

1.22 x 10- 3 1.08 -1.83 

3.62 x 10-3 0.90 -1.54 

4.00 x 10-3 1.00 -1.40 

1.50 x 10-3 0.90 -1.92 

2 . 96 x 10-3 1.10 -1.43 

1.84 x 10-3 0.88 -1.86 
1.12 x 10-3 0.77 -2.18 

7.20 x 10-3 0.90 -1.24 

2.90 x 10-2 1.30 -0.24 

1.70 x io- 1 1.35 +0 . 58 

8.40 x 10-3 1.16 -0.92 

2.40 x 10-2 0.95 -0.67 
5.62 x 10-3 0.98 -1.27 
6.10 x 10-3 1.05 -1.16 
1.67 x 10-3 0.95 -1.82 

9.6o x lo-4 1.20 -2.12 

E813-81 as possible. Little, Haxo, and Saylak provide a detailed 
description of the J1c test procedure (3). 

The glass transition temperature, T 
8

, for first-generation Sul
phlex (233) is about 30°F higher than that of AC-10. Below its 
T 

8
, a material has less capacity to absorb energy by viscous 

flow. Hence, energy is stored elastically and can be used to 
drive a crack. Thus, a primary effort of this research was to 
develop second-generation Sulphlex binders with T 

8 
's at or 

below that of asphalt cement. 
Table 3 gives a summary of the results of T 

8 
testing using a 

dilatometric device (3) and of fracture toughness (J1c) testing. 
In the table, data are given for six first-generation Sulphlex 
binders (126, 230, 233, 233A, 233X2, and 344), six second
generation blends, and three asphalt cements. 

The glass transition temperatures as measured by the 
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FIGURE 9 Relationship of dddN versus J* for 77°F. 

dilatometer are substantially lower for the second-generation 
blends than for all first-generation Sulphlexes except 344. In 
addition, the J1c values are superior for the second-generation 
binders (more energy required to initiate crack growth). The 
middle column represents the test temperature of the J1c test. 

A relationship between T 8 and J1c was established and is 
shown in Figure 13. Notice the grouping of first- and second
generation binders. 

Deformation Properties 

Table 4 presents the parameters D0, D1, and m, which are used 
to represent the creep compliance response, D(t)' of the binders 
tested in the form of a power law: 

Dct> = Do + Dim 

Tempera1ure = 6 5 ° F 
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'v' 
.· 233(320)0 f 
-~ .· 

/ ... 195!233 
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FIGURE 10 Relationship of dddN versus J* for 6S°F. 
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FIGURE 11 Relationship of dddN versus J* for 58°F. 

TABLE 3 VALUES FOR ALL SULPIIl.EX BINDERS 
TESTED 

Binder 

126" 
230" 
233" 

233A" 
233x2" 
344• 

233c 
(produced at 338°F) 
233c 
(produced at 302°F) 
233c 
(produced at 320°F) 
195/233(50/SO)d 

l 95/233(33/67)d 

l 95(233(25/75)d 

l 98(50/50)d 

198(25/75)d 

198 

AC-Jr/ 

AC-2rf 

AC-4rf 

T, from 
D1latorneter 
(oF) 

7 
4 
3 

5 
0 

-25 

5 

2 

-3 

-24 

-20· 

-10· 

-35 

-20· 

-52 

-14 

-2 

"Produced in Texas A&M Univcrsil)I pilot plant. 

"Too soft to test. 

Test 
Temperature 
(oF) 

0 
0 
0 

-5 
0 
0 
0 

-25 
-35 
-40 

5 
-5 

5 
0 
7 

-14 
-30 
-35 

0 
-30 

0 
-20 
-30 
-40 
-15 
-20 
-35 
-40 
-15 
-25 
-30 
-15 
-25 

0 
-15 

°Clll-Resiru series produced in laboralory ba1ehcs. 

dR&lio ()f binder to 233. 
0 ApproximBled value. 
1Produced by Exxon. 

1,c 
(lb/in.) 

0.08 
0.10 
0.15 
0.10 
0.15 
0.12 
_ b 

0.50 
0.40 
0.40 
0.10 
0.15 
0.08 
0.06 
0.24 
0.20 
0.48 
0.51 
0.48 
0.30 
0.31 
0.25 
0.45 
0.50 
0.30 
0.40 
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Load Cycles, N 

FIGURE 12 Crack length versus number of cycles (controlled displacement) at 58°F. 

where D0 is the compliance at 0.01 sec, D1 is the compliance at 
1 sec, and m is the slope of the linear portion of the compliance 
curve. 

These parameters suggest that the second-generation binders 
in combination with 233 produce compliances that are similar 
to those of the asphalt concrete control. This is particularly 
important at the low temperature (40°F) because it indicates the 
more compliant nature of these second-generation binders at 
lower temperatures. All creep compliance testing was per
formed in accordance with the procedure explained in the 
VESYS IIM Users Manual (6). 
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~' 0 .4 
u , 

.;- ~AC-40 

0 .2 

+10 0 -10 -20 

CONCLUSIONS 

A second generation of plasticized sulfur (Sulphlex) binders 
was developed. These binders can be produced in massive 
amounts as a manufactured chemical product. The second
generation Sulphlex binders discussed in this paper have low
temperature properties that are much improved over the 233 
first-generation Sulphlex formulation. Specifically, the 195 for
mulation (containing 1,4 hexadiene in lieu of dicyclopenta
diene) and the 198 formulations (containing internal olefins in 
lieu of vinyl toluene and dipentene) have much lower T g's than 

198 

-30 -40 -so -60 

Tg' °F 

FIGURE 13 Regression relationship between the critical J-integral and the glass transition 
temperature. 
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TABLE4 TABULATED VALUES OF D0, Dv AND m 
(CONSTANTS OF POWER LAW REPRESENTATION 
OF CREEP COMPLIANCE DATA) FOR SECOND-
GENERATION SULPIIl..EX BINDERS 

Binder 
(xl0-6) -1 

Do ( psi ) 
(xl0-6) -1 

o1 (psi ) m 

40°F 
AC-10 0.23 0.29 0.58 

AC-40 0.21 0.20 0.53 

233 0.14 0.04 0.52 

344 0. 19 0.23 0 .59 

344/233 0.17 0.13 0. 51 

195/233 0.29 0.17 0.62 

198/233 0.24 0.39 0.60 

70°F 

AC-10 1.40 5.48 0.50 

233 0.28 0.43 0. 79 

344 1.20 3.23 0.56 

344/233 0. 73 1.11 0.58 

195/233 0. 77 2.45 0 .61 

198/233 1.56 6.04 0 .47 

l00°F 

AC-10 20.00 33.30 0.47 

233 4.00 8.90 0.56 

344 8.00 10.90 0.56 

344/233 5.60 8.30 0.54 

195/233 7.60 14.40 0.49 

198/233 22.50 38.90 0.48 

do first-generation Sulphlexes, substantially higher fracture 
toughness at low temperatures, and improved controlled dis
placement fatigue performance than does the first-generation 
233 formulation. 

Blending of second-generation Binders 195 or 198 with 233 
proved to be a successful way to improve the stability of 
mixtures at higher temperatures. These blends retained a com
pliance response and fatigue and fracture properties similar to 
the AC-10 control mixture. Perhaps blending a Sulphlex for
mulation such as 233 and 195 or 198 may be a means of 
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tailoring binders to withstand certain climatic or traffic condi
tions. 

A more detailed exploration of the effects of moisture and 
aging on the second-generation Sulphlexes containing internal 
olefins and 1,4 hexadiene is required. However, the indications 
are strong that an array of successfully Sulphlex binders can be 
produced to perform well in a variety of climatic and traffic 
conditions. 
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