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In an effort to improve the environmental footprint of tires, a variety of sustainable oils were 
processed and evaluated in a model tread compound for low rolling resistance tires. These bio
based oils including degummed soy oil, tall oil, linseed oil, castor oil, orange oil and vulcanized 
vegetable oil, were ranked based upon material performance of the formulated tread compounds. 
Key findings include effect of oils on cure kinetics, tensile properties and tear resistance. DMTA 
results are correlated to on-vehicle performance predictors of rolling resistance and traction by 
assessing tan delta in various temperature regions. Our study shows that these "green" oils 
provide a promising alternative to petroleum products. This paper will also discuss the primary 
technical challenges and potential future opportunities for using renewable oils in tread 
compounds. 
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INTRODUCTION 

Throughout the consumer and automotive industries, many companies are evaluating new 
sources of materials that are derived from agricultural or sustainable feedstocks. Use of these 
biomaterials may offer several benefits including reduced dependence on foreign oil, competitive 
pricing, improved environmental footprint and enhanced performance. Oils derived from 
renewable sources such as soybeans and palm trees have shown promising results in a variety of 
plastic applications such as adhesives and urethanes. For example, Ford Motor Company has 
successfully incorporated modified soybean oils into its polyurethane seats on two million 
vehicles, resulting in a reduction of three million pounds of petroleum oil usage and reduction of 
over eleven million pounds of carbon dioxide emissions [1] . Life cycle analyses of using hie
derived oils as compared to petroleum based oils provide a significant environmental advantage 
including reduction in energy usage and net carbon dioxide impact [2]. 

Due to their versatility and relatively low cost, bio-oils have been identified as a potential oil 
source for rubber applications as well [3 ,4]. Several tire companies have advertised the use of 
sunflower, canola and orange oil in commercial tires and have noted improvements for traction 
and low temperature performance [5-7]. With the European Union directive 2005/69/EC in 
effect January 1, 2010, the ban on highly aromatic oils (DAE) containing more than 1 Omg/kg of 
the sum of eight listed polycystic aromatic hydrocarbons (P AH) or greater than 1 mg/kg 
benzo(a)pyrene (BaP) [8] has prompted additional research into alternative sources of oils for 
rubber formulations. Potential replacement oils for DAE include naphthenic oils, treated 
distillate aromatic extracts (TDAE), residual aromatic extracts (RAE) as well as plant or hie
derived oils. 

With the use of more than one liter of aromatic processing oil per passenger tire, the potential for 
these sustainable oils in the rubber industry is significant. There is a wide range of bio-derived 
oils both in terms of their chemical structures and sources of origin. Oils may be extracted from 
a variety of plants ranging from soybeans to oranges to pine trees. Depending upon the raw plant 
type and processing method of extraction, sustainable oils can vary in molecular weight, 
available unsaturation sites and degree of polarity. 

In addition, the cost of these bio-oils may vary as well. Since the United States is the top 
producer of soybeans, accounting for 38% of the 2009 global soybean crop [9], soybean oil 
prices are very competitive compared to petroleum based oils. According to the USDA, soy oil 
averaged 35.5 cents per pound in 2009 [10] . Other sustainable oils such as rapeseed and 
sunflower oil are more costly alternatives for rubber formulations in North America. 

In our study, we have selected several key sustainable processing oils for evaluation in high 
silica "green" tire tread formulations. These bio-based oils include degurnmed soy oil, tall oil , 
linseed oil , castor oil, orange oil and vulcanized vegetable oil. We have developed a screening 
process to evaluate new oils in tread compounds. The cure kinetics, unaged and aged physical 
properties, and performance characteristics of a model tread formulation using partial 
replacement of aromatic oil with these sustainable processing oils were assessed and preferred 
bio-oils were identified. 
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EXPERIMENTAL 

Processing Oils 
Six different bio processing oils were evaluated in a model tread compound and were compared 
to standard petroleum-based aromatic and naphthenic oil formulations , as shown in Table 1. 
Aromatic oil was chosen as the baseline for the model formulations due to its prevalence in tread 
compounds in the past. Naphthenic oil was also included in the study to provide another 
comparison of potential oils to replace aromatic oils. Petroleum oils are commonly used in 
rubber compounding as processing aids and plasticizers to lower viscosity, improve low
temperature flexibility and yield a softer product. 

8 Vulcanized Vegetable 
Oil 

Soybeans Excel Polymers, LLC 

These sustainable oils were derived from a variety of sources such as pine trees, soybeans and 
oranges. The extraction and refining methods of obtaining soybean oil, linseed oil and castor oil 
are very similar, whereas the orange oil, tall oil and vulcanized vegetable oil (VVO) differ in 
their processing methods. Soybeans contain approximately 18 percent oil and are processed 
through a series of steps including cracking and dehulling the bean and using an expeller pressed 
process to obtain the oil [11]. The soy oil is then degummed in order to remove the lecithin or 
gummy substance within the oil. Castor oil is obtained from the castor plant and provides a high 
yield of oil, ranging from 40-60 percent content on the seed. The linseed oil is extracted by 
crushing dried, ripe flax plant seeds and solvent extracting the oil. 

As compared to the DAEs which contain an aromatic ring, most plant oils are aliphatic 
triglycerides and have various combinations of alkane (single carbon bonds), alkene (double 
carbon bonds) and alkyne (triple carbon bonds) groups depending upon the chosen plant source. 
Oils extracted from soybeans, flax seeds and castor seeds are rich in triglycerides. Figure 1 
shows a schematic of the chemical structure of soybean oil, which has a fatty acid distribution of 
15% saturated fatty acid, 23% oleic (monounsaturated) fatty acid, 54% linoleic (di-unsaturated) 
fatty acid and 8% linolenic (tri-unsaturated) fatty acid [12]. 
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Figure 1: Chemical structure of soybean oil [13] 

The fatty acids are unbranched aliphatic chains of four to twenty eight carbons in length which 
are attached to a carboxyl group. The unsaturation within the fatty acids provides opportunities 
for bonding within the rubber matrix. Figure 2 compares the relative amount of saturation and 
unsaturation from the soybean oils, castor oils and linseed oils. 

Soybean oil 

. ·. ~ 
• saturated 

23% [] M>nounsaturated 

• FUiyunsaturated 

Castor oil 

6% 3% 

91% 

Figure 2: Fatty acid profiles of select hio-oils 
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The second set of sustainable processing oils includes orange oil, tall oil and vulcanized 
vegetable oil. Orange peels are a by-product of the juice industry and are cold pressed or solvent 
extracted in order to obtain orange oil. The main constituent in orange oil is d-limonene. The 
tall oil used in this study is epoxidized and contains a mixture of rosins, fatty acids, alcohols and 
sterols. Tall oil is derived from pine trees and is a by-product of the pulp and paper industry, in 
which tall oil soap is extracted from the pulp or paper and reacted with acid to form the crude oil. 
Vulcanized vegetable oil (VVO) contains unsaturated oils from soybean oils, which are partially 
crosslinked or vulcanized with sulfur. 

Materials 
The solution styrene-butadiene rubber (S-SBR) used in this study was Buna VSL 5025-0 HM, a 

high Mooney SBR with 50% vinyl and 25% styrene content, supplied by Lanxess . Additional 
ingredients include high-cis polybutadiene rubber, highly dispersible precipitated silica, an 
organosilane coupling agent and other chemicals typical of tread formulations. Eight processing 
oils were examined in this study using the reference recipe formulation in Table 2. The first 
compound contained 33.12 phr distillate aromatic extract (DAE) processing oil, which provided 
a baseline for comparison of the other compounds. The second compound had 33.12 phr 
naphthenic processing oil, as an alternative petroleum oil control. In the remaining compounds, 
10 phr of the aromatic processing oil was replaced by soy oil, epoxidized tall oil, linseed oil, 
castor oil, orange oil and vulcanized vegetable oil, respectively. In this report, we will use the 
nomenclature of "30 wt%" when labeling and discussing results to signify that 30% by weight of 
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the control aromatic processing oil has been replaced with the renewable oil. Detailed 
formulation information can be found in Appendix A. 

T bl 2 R . fl 1 . a e ec1pe ormu atwn expresse d in phr (parts per hundred rubber, by weight) 
Formulation 

Component phr 
Solution SBR 75.0 
Polybutadiene Rubber 25.0 
N234 Carbon Black 10.0 
Highly Dispersible Silica 60.0 
Silane Coupling Agent 4.8 
Processing Oil 33.12 
Zinc Oxide 1.9 
Microcrystalline Wax 2.0 
Antidegradant 2.0 
Antidegradant 0.5 
Stearic Acid 1.5 
Process Aid 2.0 
Sulfur 1.5 
Sulfenamide 
Accelerator 1.3 
Guanidine Accelerator 1.5 
Total phr 222.12 

Processing 
Eight tire tread formulations were compounded in a Farrel Model F270 Banbury Mixer using a 
70% fill factor with ram pressure set to 50 psi. The rubber was mixed using a three-pass system 
(Table 3), with the elastomers, fillers, processing oil and silane coupling agent added in the first 
pass. The cure activators, antidegradants and processing aid were added to the masterbatch in 
the second pass. In the first two mixing stages, the rotor speed was increased after the 
ingredients were incorporated in order to bring the batch temperature to 16o·c to complete the 
silanization reaction. The primary and secondary accelerators and sulfur were mixed with the 
masterbatch in the final (productive) pass. 

The rubber was sheeted out on a Farrel two-roll mill after each Banbury mixing stage. Cure rate 
information for was determined according to ASTM D 2084 [14] using an oscillating disc 
rheometer (Tech Pro rheoTech ODR, 3° arc). Rubber samples were compression molded with 
curing temperature equal to 16o·c and molding time equal to t90+5 minutes. Processing 
properties including Mooney viscosity, ML(1+4) at 100·c, and Mooney scorch at 125"C were 
detem1ined according to ASTM D 1646 [15] in a Monsanto MV 2000 Viscometer, using the 
large rotor. 
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Table 3: Mixing protocol 
Mixing Procedure 

Mix Sequence Time 
Stage 1 
Elastomers 0' 
2/3 silica + coupling agent 1' 
1/3 silica+ carbon black+ processing oil 2' 
Sweep 3' 
Adjust rotor speed to hold at 160"C 3.5' 
Dump 11' 
Stage 2 
Masterbatch 0' 
ZnO +microcrystalline wax+ 
antidegradants + stearic acid + process aid 0.5' 
Sweep 1' 
Increase rotor speed 1.5' 
Dump 160"C (3'-6') 
Stage 3 (productive) 
1 /2 masterbatch 0' 
Sulfur+ accelerators+ 1/2 masterbatch 15" 
Sweep 1' 
Dump 11 o·c or 2.5' 

Physical Properties 
Tensile properties were determined according to ASTM D 412 [16], Test Method A, Die C. Five 
dumbbell-shaped tensile specimens per sample were die-cut from a 2-mm thick test plaque using 
ASTM die C and a hydraulic die press. An Instron dual column testing system equipped with a 
5-kN load cell and a long-travel extensometer was used to evaluate the tensile properties. Grip 
separation velocity was 500 mm/min and gage length was 25 mm. Hardness was measured as 
directed in ASTM D 2240 [17] using a Shore A Durometer. 

Five tensile, tear and durometer specimens from each formulation were conditioned in an air 
oven at 70°C for 504 hours, as per ASTM D 573 [18]. After being removed from the oven, the 
specimens were conditioned overnight at room temperature on a flat surface. The heat aged 
properties, including tensile strength, modulus, ultimate elongation and Shore A hardness, were 
compared to the properties of the original specimens. Tested samples were 1mm in thickness 
instead of2mm, as specified in ASTM D473 test method. 

Viscoelastic properties were examined using dynamic mechanical analysis (DMA). Storage 
modulus (E'), loss modulus (E"), complex modulus (E*) and tan 8 data were obtained through 
temperature sweeps in tension with frequency equal to 2Hz using a Metravib ldB machine. 

RESULTS AND DISCUSSION 

Processing Parameters 
Tread compounds using a variety of sustainable processing oils were assessed for their impact on 
several key processing parameters including mooney viscosity, cure kinetics and scorch time. 
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Figure 3 compares the mooney viscosity at 1 00°C for the six bio-oils compared to the aromatic 
oil and naphthenic oil rubber compounds. Samples using linseed oil, orange oil and vulcanized 
vegetable oil showed higher viscosity levels than the control sample using aromatic oil, whereas 
tall oil and naphthenic oil based rubber had lower viscosity levels than the control. Compounds 
with lower viscosity typically process better through the tread extruder than higher viscosity 
compounds. 
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Figure 3: Mooney viscosity at 1 00°C for tread compotmds using different processing oils. 

Another key tool to characterize cure kinetics is using ODR rheometries. Figures 4 and 5 
compare cure times at 90% maximum torque, tc90, and scorch times, t52, respectively. The 
linseed, castor, orange and naphthenic compounds had the longest cure times and were longer 
than the aromatic control rubber. The tall oil compound had the shortest tc90 time at 16.68 
minutes compared to 17.95 minutes for the control. 

As shown in Figures 4 and 5, the tall oil compound had a similar scorch time but a shorter tc90 
cure time. This indicates that shorter curing cycles might be possible without sacrificing 
processing safety. The linseed and VVO rubber had significantly shorter scorch times than the 
other compounds and the soy oil and orange oil had slightly shorter scorch times than the 
control. 
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Figure 4: Tc90 (time to 90% cure) of rubber during curing with ODR rheometer. 
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Figure 5: Scorch time (42) of rubber during curing with ODR rheometer. 
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Figure 6 provides a comparison of the measured torque during cure at 160°C for each of the six 
bio-processing oil samples compared to the aromatic and naphthenic samples. The linseed and 
VVO compounds showed significantly higher maximum torque or state of cure, faster rates of 
cure and shorter scorch times than the aromatic control. The next set of samples with highest 
state of cure includes compounds using castor, orange and naphthenic oils. The soy oil 
compound exhibited a shorter scorch time than the aromatic & naphthenic compounds. 
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Figure 6: Measured torque for curing rubber at 160°C. 
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Molded compounds were evaluated for key physical properties, including durometer, tensile 
strength, elongation at break and modulus at 100% elongation, as shown in Figures 7-10. These 
physical properties can be used as a preliminary screening method to assess the impact of the oils 
on each of the compound's properties. 

Figure 7 demonstrates the effect of processing oil on the shore A durometer. Use oflinseed oil 
increased the hardness by approximately nine points. The vulcanized vegetable oil compound 
also showed a slight increase in hardness, which may be due to the crosslinking between 
unsaturation sites on the triglyceride chains. The compound using castor oil had a reduced 
durometer compared with the aromatic control. It was noted that blooming occurred with castor 
oil compounds, which is an undesirable effect of using this oil in the tread formulations. All 
other oils were within the normal range, with slight increases note in the orange oil and 
vulcanized vegetable oil compounds. 

The use of alternative processing oils did not have a significant effect on the molded compounds' 
tensile strength. Figure 8 shows that use of 1 00% naphthenic oil in place of aromatic oil 
decreased the compound's tensile strength. All compounds using sustainable processing oils 
were within the 16-18MPa range. 
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Figure 7: Hardness measurement (Shore A durometer) of molded rubber. 
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Figure 8: Tensile strength ofunaged, molded rubber samples using various processing oils. 

In Figure 9, the elongation at break is compared for the eight tread compounds, where aromatic 
oil compound is used as the target value. Use of degummed soy oil and tall oil showed favorable 
elongation at break, whereas a substantial decrease was noted for the compounds using linseed 
oil and a slight decrease for vulcanized vegetable oil. For modulus at 100% elongation, the 
linseed oil compounds demonstrated a significant increase in modulus. This result is consistent 
with the increased durometer rating for the linseed oil compared to the aromatic oil compound. 
Use of soy oil, tall oil and castor oil had similar modulus as the aromatic control sample. 
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Figure 9: Elongation at break ofunaged, molded rubber samples using various processing oils. 
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Figure 10: Modulus at 100% elongation for molded rubber samples using various processing 
oils. 

In addition to assessing the key physical properties of the compound, change in properties were 
measured after heat aging the samples for 504 hours at 70°C. Table 4 shows a comparison of 
changes in durometer, tensile strength, elongation at break, modulus at 100% elongation and 
modulus at 300% elongation for the eight compounds. The changes in physical properties are 
compared against the aromatic control sample, with the desired result being minimal percent 
change. 

Compounds using castor oil had the largest change in hardness whereas the other five 
compounds using bio-oil had less of a change in hardness than the aromatic oil. For the change 
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in tensile strength, only the linseed and orange oil had greater change in properties than the 
control. Compounds using tall oil only exhibited a two percent change in tensile strength. For 
the change in elongation to break, all bio-oil based compounds showed comparable amount of 
change as the control. Overall, rubber compounds using soy oil, tall oil and castor oil were 
preferred and those using linseed, VVO and orange oil had only a slight increase over the control 
sample for a few of the tests. 

Table 4: Change in key physical properties after heat aging for 504 hours at 70°C 
Degummed Vulcanized 

Aromatic Naphthenic Soy Tall Linseed Castor Orange Vegetable 
Heat Aged Test 100 wt.% 100 wt.% 30 wt.% 30 wt.% 30 wt.% 30 wt.% 30 wt.% 30 wt.% 

Shore A Durometer 
Change (points) 12 15 8 9 10 14 11 12 

Tensile Strength 
Change(%) -11.4 -1.3 -7.3 -1.8 -14.8 -10.5 -16.6 -10.4 

Elongation Change 
(%) -36.3 -70.4 -31.3 -30.3 -41.8 -33.1 -39.1 -37.0 

100% Modulus 
Change(%) 104.1 84.7 67.2 88.9 119.7 95.7 84.0 101 .9 

300% Modulus 
Change(%) 81.2 -100.0 60.2 73.7 -100.0 65.8 -100.0 -100.0 

Tire Performance Predictors 
Dynamic mechanical analysis (DMA) is a useful tool for predicting the performance of tread 
compounds under a variety of conditions. Measuring the storage modulus, E', at -20°C in tension 
is one method to predict the winter traction of tread compounds. The naphthenic, de gummed 
soy, tall and linseed oil based compounds had lower E' storage modulus at -20°C, which would 
predict better winter traction. Figure 11 compares the storage modulus of the eight compounds 
at -20°C. Castor oil compounds were equivalent to aromatic oil compounds while the orange oil 
and vulcanized vegetable oil were worse for winter traction, according to this predictor metric. 

Tangent delta, the ratio of storage modulus to loss modulus, is often used as a tread performance 
predictor for ice and wet traction. Figures 12 and 13 compare the tangent delta of the tread 
compounds at -1 0°C and at 0°C, in order to assess the predicted performance for ice traction and 
wet traction, respectively. With the exception of vulcanized vegetable oil compounds, the bio-oil 
compounds had lower tan delta values at -1 OOC, which predicts poorer ice traction than the 
control. For the wet traction predictors, the naphthenic, degummed soy and tall oil compounds 
had lower tan delta at OOC, which indicates lower wet traction than the aromatic oil compound. 
The linseed, castor, orange and vulcanized vegetable oil compounds had similar tan delta to the 
aromatic oil control compound. 
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Figure 11: Storage modulus, E', at -20°C in tension, as a predictor for winter traction (lower is 
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Figure 12: Tangent delta at -10°C in tension, as a predictor for ice traction (higher is better) 
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Figure 13: Tangent delta at 0°C in tension, as a predictor for wet traction (higher is better) 

Dry handling can be assessed by measuring the storage modulus, E', at 30°C in tension. As 
shown in Figure 14, the linseed oil compound has the highest E' storage modulus at 30°C 
predicting the best dry handling, which is consistent with its higher modulus and durometer. The 
orange oil compound also predicts slightly higher dry handling. 

Figure 15 compares the predictor for rolling resistance by evaluating the tan delta values at 60°C. 
Lower tan delta values at this temperature are used to indicate lower rolling resistance in the 
tread compound. The tall oil, orange oil and soy oil compounds had tan delta values at 60°C 
similar to aromatic oil control compound, thus predicting similar rolling resistance. Tread 
compounds using the linseed and vulcanized vegetable processing oils are predicted to have 
significantly lower rolling resistance compared to the control sample. 
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Figure 14: Storage modulus, E', at 30°C in tension, as a predictor for dry traction (higher is 
better) 
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Figure 15: Tan delta at 60°C in tension, as a predictor for rolling resistance (lower is better) 

Trade-Offs and Optimization 
In order to understand the effect of substituting various amounts of bio-oil for aromatic oil in the 
tread compounds, we selected soy oil as our benchmarking compound. Three compounds were 
molded with various replacement of petroleum oil: 30 wt.% degummed soy oil, 45 wt.% 
de gummed soy oil and 60 wt.% de gummed soy oil. Results were normalized to properties of the 
aromatic oil with higher numbers indicating preferred improvement in properties (ie. tan delta at 
60°C was adjusted so higher values are better.) Figure 16 compares several key processing 
parameters, physical properties and performance predictor for rolling resistance for the soy oil 
compounds at various loading levels. The lower level of soy oil replacement was preferred over 
the 60% replacement of aromatic oil for rolling resistance, modulus and processing constraints. 
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Figure 16: Comparison of key properties for three levels of soy oil in the tread compound 
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Since increasing the amount of soy oil in the tread compounds did not result in a significant 
improvement in the identified areas of Figure 16, the other bio-oils were utilized at the lower 
replacement level of thirty weight percent. 

While all performance criteria including dry traction, ice traction and wet handling are critical to 
the tire's performance, we have evaluated the well recognized trade-off between wet traction and 
rolling resistance in these bio-oil compounds. Figure 17 compares the eight different tread 
compounds by assessing the performance predictors for wet traction (tan delta at 0°C) and rolling 
resistance (tan delta at 60°C.) For these two criteria only, orange oil compounds showed very 
similar behavior to the aromatic controls. Linseed oil and vulcanized vegetable oil compounds 
exhibited promising results for improvement in rolling resistance while maintaining or 
improving wet traction. Most of the other bio-oil compounds are near the tradeoff line between 
rolling resistance and winter traction. 
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Figure 17: Trade-off comparison of rolling resistance versus wet traction for bio-based tread 
compounds 

After evaluating the processing parameters, physical properties and predictors for traction and 
rolling resistance of all the compounds, four of the sustainable processing oils were identified for 
further analysis in low rolling resistance tread compounds. Figure 18 shows a comparison of key 
physical properties for degummed soy oil, vulcanized vegetable, linseed oil and orange oil, 
which are normalized to the aromatic compound's properties. Soy oil compounds show similar 
physical properties to that of the control. Compounds using orange, vulcanized vegetable oil and 
linseed oil show significant changes in ultimate elongation and modulus at 100% elongation. 
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The tire performance predictors are compared in a radar plot in Figure 19 for the degummed soy 
oil, vulcanized vegetable oil, linseed oil and orange oil normalized to the aromatic compound 
values. Values were corrected relative to the control so that larger numbers indicate preferred 
performance. Several trade-offs are apparent between the predictors for winter traction and 
rolling resistance, especially for the linseed and vulcanized vegetable oil compounds. These 
DMA predictors indicate an improvement in dry handling for all of the bio-oil compounds with a 
significant improvement with the orange oil and linseed oil compounds. In addition, rolling 
resistance improved with the use of linseed oil and vulcanized vegetable oil compounds. Soy oil 
compounds showed similar rolling resistance predictors to the control but at a compromise to the 
ice traction and wet traction. 

Compound Physical Properties 
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150 
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lOOwt.% 

--Degummed Soy 
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Figure 18: Summary of compound physical properties 
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Figure 19: Summary of tire performance predictors using DMA in tension 
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CONCLUSIONS 

Use of sustainable processing oils in tire tread formulations is a promising alternative to 
petroleum products. Our study has evaluated the effect of replacing part of the aromatic oil with 
six different plant oils in low rolling resistance tread compounds, including soy oil, tall oil, 
linseed oil, castor oil, orange oil and vulcanized vegetable oil. The purpose of this work is to 
outline a screening tool for preliminary evaluation of bio-oils in tread compounds. 

Our results have shown that as with petroleum based oils, several trade-offs exist in using new 
oils in tire tread compounds. De gummed soy oil and tall oil exhibited many of the key physical 
properties and performance predictors as the aromatic control samples, with some loss in ice and 
wet traction. Tread compounds using orange oil or linseed oil showed an improvement in dry 
handling but with the compromise of winter traction for the orange oil compounds. Compounds 
using castor oil exhibited blooming of the oil on the molded surface and were therefore not 
identified as preferred alternative oil for the tread. 

Linseed oil and vulcanized vegetable oil were identified as two promising oil sources based upon 
the performance predictors and physical properties. Compounds using these oils showed 
improvement in rolling resistance predictors based upon DMA analyses, while other bio-oils 
maintained fuel economy compared to the control. The use of these oils could be further 
optimized by either reducing the amount of total processing oil or filler within the formulation, in 
order to maintain durometer levels similar to the aromatic compound. The unsaturation of the 
triglycerides may contribute to the compound's hardness due to cross linking between the fatty 
acid chains. 

Future opportunities exist for blending different sustainable oils in order to optimize the 
performance and manage the typical trade-off in properties of the tread compound. Other 
recommendations for future work include using these products in oil extended rubber and 
varying oil levels of the linseed and VVO oils. In addition, the alkalinity of the oil can affect the 
cure system such that basic compounds can accelerate cure and neutral compounds such as silica 
can retard cure. It may be worthwhile to assess the impact of oil's pH on the compound and 
adjust cure packages accordingly. 

Bio-based oils offer a range of chemical properties and compatibility with different types of 
elastomers used in tire tread applications. While these bio-oils show encouraging properties, 
there are several key technical issues including compatibility with the rubber matrix and 
solubility with other additives. In addition, cost of the sustainable oils may vary in regions 
globally and should be evaluated for each scenario. Palm oil, for example, may be a potential oil 
source in the Asia-Pacific region due to high volume production in this area. 

This project has included an evaluation of processing parameters, key physical properties and 
performance predictors for traction and rolling resistance. Other key tire attributes such as noise, 
wear and on-vehicle handling are beyond the scope ofthis project yet are key criteria for future 
tire development. Overall, use of sustainable oils provides another raw material source for tire 
tread compounds and a mechanism to reduce the environmental footprint within the rubber 
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industry. Different bio-oils provide a range in properties and performance ofthe tire tread 
compounds and opportunities to further expand the idea of "green" tires. 
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Appendix A 

Formulation 1 2 3 4 5 6 7 8 
Aromatic Soy Linseed Castor Orange Vulcanized 

Oil Naphthenic Oil Epoxidized Oil Oil Oil Vegetable 
100 Oil 30 Tall Oil 30 30 30 Oil 

wt.% 100 wt.% wt.% 30 wt.% wt.% wt.% wt.% 30 wt.% 
Component phr phr phr phr phr Q_hr phr phr 

S-SBR 
Buna VSL 5025-0 HM 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0 

BR, high-cis 
Budene 1208 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 
N234 Carbon Black 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 

Highly Dispersible Silica 
Ultrasil 7000 GR 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 
Si69 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 

Aromatic Oil 
(DAE) 33.12 23.12 23.12 23.12 23.12 23.12 23.12 
Naphthenic Oil 33.12 
Soy Oil 10 
EJ)OXidized Tall Oil 10 
Linseed Oil 10 
Castor Oil 10 
Orange Oil 10 
Vulcanized VeQetable Oil 10 
Zinc Oxide 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 

Microcrystalline Wax, 
Okerin 7240 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Santoflex 6PPD 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Wingstay 1 00 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Stearic Acid 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

Process aid, 
Struktol KK49 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
CBS 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 
DPG 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Total phr 222.12 222.12 222.12 222.12 222.12 222.12 222.12 222.12 

Appendix A: Tire tread formulation expressed as phr (parts per hundred rubber, by weight). 
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