
 

 

 

 

Sample Pages 
 

Rubber Technology 
John S. Dick 

 
ISBN (Book): 978-1-56990-615-6 

ISBN (E-Book): 978-1-56990-616-3 
 
 

For further information and order see 

www.hanserpublications.com (in the Americas) 

www.hanser-fachbuch.de (outside the Americas) 

 

© Carl Hanser Verlag, München 

http://www.hanserpublications.com/
http://www.hanser-fachbuch.de/


This book is intended to be a practical guide for cost-effective formulating and 
 testing of rubber compounds in order to help achieve optimal processing and 
 product performance. Attention is also given to tradeoffs in properties. The book 
demonstrates some of these tradeoffs in various chapters.

In this book we covered rubber compounding as a series of interdependent “sys-
tems”, such as the elastomer system, the filler-oil system, the cure system, the 
 antidegradant system, etc. We endeavored to use more of a “holistic” approach to 
show how changes in these inter-related systems can affect specific compound 
 properties. 

Rubber compounding is a very diverse subject which draws its body of knowledge 
from many different areas of science and technology. To address this diversity in 
the most effective way, we have over 40 authors who are experts in many specific 
areas of rubber compounding, all contributing to the usefulness of this book. Em-
phasis was placed on the practical; however, theoretical explanations were used 
mainly when it was necessary to explain an important principle or concept.

This book consists of 23 chapters and over 750 pages of text. In order to make this 
book an effective reference, a very extensive index of key words and rubber tech-
nology terms is provided. 

It is my sincere hope that this book will benefit both new and experienced rubber 
compounders and technologists in their efforts to improve the art and science of 
rubber technology.

John S. Dick
www.rubberchemist.com

Preface

http://www.rubberchemist.com
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tear resistance, rebound, ultimate tensile strength, hysteresis, etc. do not occur at 
exactly the same time during vulcanization.

Figure 3.1 Optimum cure profiles for different vulcanizate properties (courtesy John Sommer, 
Elastech).

�� 3.2�Density

Density is simply weight (or mass) divided by volume at a specified temperature. 
This property determines the mass (weight) of a given rubber compound required 
to fill a specific mold cavity. Compounds with higher densities require greater 
weights of the compounded stock to fill a given size mold cavity. Because raw 
 materials are usually purchased by unit weight and molded rubber products are 
produced from a mold cavity with a fixed volume, knowing the compound density 
is very important in product cost calculations. Usually, increasing compound filler 
loading, such as carbon black, silica, or clay, results in a higher compound density. 
However, many times increased filler concentration still reduces the product’s cost. 
Also, measuring compound density is an effective quality procedure to detect vari-
ations in the rubber compound composition resulting from changes in ingredient 
weighing and mixing, among other reasons.

The density of a vulcanized rubber compound specimen can be measured and cal-
culated by Archimedes’ Principle in which the specimen is weighed in water and 
weighed in air. ISO 2781 [1] gives detailed procedures for calculating the density 
of a cured specimen. Additionally, special cases are also addressed. For example, if 
cured tubing or cable insulation is tested with trapped air, this may lead to errone-
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ous results. To overcome this problem, Method B of ISO 2781 calls for the speci-
men to be cut up into small pieces and tested in a density bottle, using an analyti-
cal balance.

�� 3.3�Hardness

Hardness is a simple, inexpensive, and fast test used throughout the rubber indus-
try. Hardness is measured from the cured rubber’s resistance to deformation when 
a force is applied to a rigid indentor. This results in a measure of “a modulus” of a 
rubber compound under very limited deformation (strain). When the force is ap-
plied to the indentor with a dead-load, this method is called the International Hard-
ness in IRHD units (International Rubber Hardness Degrees), which is described 
in ASTM D1415 or ISO 48. This test normally uses a hemispherical indentor.

If the force is applied to the indentor by a spring, it is called the Durometer Hard-
ness Method (usually a small pocket-size apparatus), described in ASTM D2240 
and ISO 7619.

This method uses the Shore A scale, which is similar, but not identical, to the IRHD 
scale, and the Shore D scale, which is used for testing rubber vulcanizates with 
high hardness. Also, these methods refer to other hardness scales, as well. There is 
no completely accepted conversion between a Shore A and a Shore D scale, just a 
crude approximation. Also, the Shore type indentor has a different geometry from 
the IRHD indentor: truncated cone vs. hemispherical. Shore hardness is the more 
popular method because the handheld durometer is more portable and can be used 
in the laboratory or in the factory.

These hardness tests are somewhat crude and measure only under very limited 
deformations that may not relate to end product applications. Also, data from these 
tests can show much scatter. This variability and poor repeatability can be the 
 result of variations in sample thickness, operator dwell time, how the instrument 
is set up and applied, sample edge effects (readings taken too close to the sample 
edge), or differences in sample geometry, to name a few. Therefore, these hardness 
tests should not be considered a reliable measure of a design or engineering 
 property, but a quick and simple method of detecting gross differences in cured 
compound properties.
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�� 3.4�Tensile Stress–Strain

Tensile stress-strain is one of the most commonly performed tests in the rubber 
industry. These tests are performed on tensile testing instruments where a cured, 
dumbbell-shaped rubber specimen is pulled apart at a predetermined rate (usually 
500 mm/min) while measuring the resulting stress. Figure 3.2 shows a commonly 
used dumbbell shaped specimen. ASTM D412 and ISO 37 detail the standard 
 procedures used to measure tensile stress-strain properties of a cured rubber 
 compound.

Figure 3.2 Rubber dumbbell test specimen.

Generally, (1) ultimate tensile strength, (2) ultimate elongation, and (3) tensile 
stress at different elongations are reported. Ultimate tensile strength is the maxi-
mum stress when the dumbbell specimen breaks during elongation. Ultimate 
 elongation is the applied strain when the break occurs. The tensile stress is usu-
ally measured and reported at different predetermined strains (such as 100 and 
300%) before the break occurs.

Figure 3.3 shows a stress-strain curve for a “typical” rubber compound. Unlike 
metals, this stress-strain curve shows no (or a very limited) linear portion. There-
fore, it is usually not practical to calculate Young’s modulus, which would be the 
slope of a straight line drawn tangent to the curve and passing through the origin. 
Instead, stress at selected elongations is usually reported. These stress values for 
different elongations are erroneously reported by some rubber technologists as 
100% modulus, 300% modulus, etc. However, these measures are not actually mod-
ulus values.

Stress–strain properties, such as ultimate tensile strength, can be easily affected 
by poor mixing and dispersion, the presence of contamination, under-curing, 
over-curing, and porosity, among other factors. Undispersed particles of different 
compounding ingredients, such as carbon black agglomerates, cause stress con-
centrations during the stretching of a rubber dumbbell, causing premature breaks 
at lower stresses. Impurities, such as dirt or paper fragments, can also cause the 
dumbbell to break at a lower stress. Likewise, volatile compounding ingredients 
can cause porosity to form during cure. These voids can also cause lower tensile 
strength [2]. Lastly, laboratory-mixed batches usually have higher tensile strength 
than factory-mixed batches because laboratory mixes often are better dispersed.
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Figure 3.3 Typical stress–strain curve for rubber.

The tensile stress-strain testing discussed here involves non-prestretched speci-
mens. However, if the dumbbell specimen is prestretched, for example, to more 
than 400% of its original length, and then tested in a normal manner, stress-strain 
would probably be significantly affected. This is particularly true of compounds 
containing high reinforcing filler loadings such as carbon black [3]. Prestretching 
causes “stress softening,” which results from breakdown of the carbon black ag-
glomerates. Many times, if prestretched dumbbells are allowed to rest, their modu-
lus (or tensile stress) increases. Because many rubber products are exposed to re-
petitive stress-strain cycling, this phenomenon can affect end-use performance.

Many rubber products are not extensionally deformed more than 30%. So tensile 
stress-strain is usually not of great importance for product design, unless the 
 product is a rubber band. On the other hand, tensile stress-strain testing of a given 
compound can be a valuable quality assurance tool to detect compounding mis-
takes in the factory and is very useful in compound development [4].

�� 3.5� Stress–Strain Properties under 
 Compression

Compression stress-strain testing often relates to actual product service conditions 
better than extension testing. Usually, test methods involve measuring the stress 
resulting from a compressive deformation applied to a standard, cured cylindric-
ally-shaped rubber specimen between two plates. Compression test results depend 
on such factors as the shape of the rubber specimen, preconditioning, rate of defor-
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mation, and the degree of bonding or slippage of the specimen to the two metal 
surfaces. The more slippage experienced with the test piece means less “barrel-
ling.” The degree or lack of “barrelling” greatly affects the test results [5,6]. ASTM 
D575 and ISO 7743 are both standard methods for measuring stress-strain proper-
ties under compression, although they are quite different. The ASTM method uses 
sandpaper to prevent slippage, while one part of the ISO method allows a lubricant 
to be used, and another part requires the samples to be bonded to the parallel 
metal plates. Of course, these different conditions result in different results.

�� 3.6�Stress–Strain Properties under Shear

Measuring the stress-strain properties under shear can also be very relevant to 
some rubber product applications. Generally, most rubber product applications do 
not exceed a strain of 75% [7]. The resulting stress-strain curve may be linear up to 
about 100% for “soft” compounds and up to 50% for “hard” rubber compounds [8]. 
ISO 1827 is a commonly used test method for measuring the stress-strain proper-
ties of a rubber compound under shear. Figure 3.4 shows the quadruple shear test 
piece which is separated, as noted by the arrow.

Figure 3.4 Quadruple lap shear test piece (ISO 1827).

�� 3.7�Dynamic Properties

Rubber products are used in many dynamic applications such as tires, belts, isola-
tors, dampers, etc. The best way to measure and quantify the cured dynamic 
 properties of a rubber compound is to mechanically apply a sinusoidal strain to a 
cured rubber specimen and measure the complex stress response and the result-
ing phase angle (δ), as was illustrated in Fig. 2.8. As discussed earlier in Section 
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�� 4.4�Cost Calculations

Having examined methods of determining densities, it is important to see how this 
impacts the costs of compounds used in applications.

4.4.1�Base Compound

Take, as an example, a rubber compound such as Model Compound I (Table 4.1), 
which includes the costs and densities as listed in Appendix 4.1 (Table 4.16). 
 Examine the impact of varying the fillers and other ingredients on the actual costs 
of the compound both in terms of equivalent volumes and costs where only the 
cost per pound is involved.

Table 4.1 Model Compound I

Ingredient PHR Price/lb Sp. Gr. Volume Price
SBR 1500 100.000 0.7200 0.94 106.38 72.00
N660  50.000 0.3275 1.80  27.78 16.38
Aromatic oil  15.000 0.0838 1.00  15.00  1.26
Zinc oxide   3.000 0.6000 5.57   0.54  1.80
Stearic acid   2.000 0.5100 0.85   2.35  1.02
TBBS   1.500 3.2900 1.28   1.17  4.94
Oil treated sulfur   2.000 0.1590 2.00   1.00  0.32
Total 173.500 154.22 97.71

Specific gravity   1.125
Cost/lb  $0.563
Cost/lb-vol.  $0.634

4.4.2�Same Ingredient Volume and Equal Cost

If you are manufacturing a part in a fixed volume mold that requires 1 lb of Model 
Compound I, the materials cost is $0.563. Substituting silica and treated clay for 
the carbon black, to yield equal volumes of these filler ingredients and the same 
cost/lb, leads to Model Compound II (Table 4.2). This is for purposes of illustrating 
costs only.
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Table 4.2 Model Compound II

Ingredient PHR Price/lb Sp. Gr. Volume Price
SBR 1500 100.000 0.7200 0.94 106.38  72.00
Silica  32.000 0.5950 2.00  16.00  19.04
Treated clay  31.000 0.1470 2.62  11.83   4.56
Aromatic oil  15.000 0.0838 1.00  15.00   1.26
Zinc oxide   3.000 0.6000 5.57   0.54   1.80
Stearic acid   2.000 0.5100 0.85   2.35   1.02
TBBS   1.500 3.2900 1.28   1.17   4.94
Oil treated sulfur   2.000 0.1590 2.00   1.00   0.32
Total 186.500 154.28 104.93

Specific gravity   1.209
Cost/lb  $0.563
Cost/lb-vol.  $0.680

In this illustration, a cost penalty of $0.041/part is incurred, even though the 
cost/lb is the same as with Model Compound I.

 (4.6)

If one were pricing a product strictly in terms of weight, high loadings of an inex-
pensive, high specific gravity filler would be advantageous, such as seen in Model 
Compound III (Table 4.3).

Table 4.3 Model Compound III

Ingredient PHR Price/lb Sp. Gr. Volume Price
SBR 1500 100.000 0.7200 0.94 106.38 72.00
Hard clay 200.000 0.0590 2.62  76.34 11.80
Aromatic oil  15.000 0.0838 1.00  15.00  1.26
Zinc oxide   3.000 0.6000 5.57   0.54  1.80
Stearic acid   2.000 0.5100 0.85   2.35  1.02
TBBS   1.500 3.2900 1.28   1.17  4.94
Oil treated sulfur   2.000 0.1590 2.00   1.00  0.32
Total 323.500 202.78 93.13

Specific gravity   1.595
Cost/lb  $0.288
Cost/lb-vol.  $0.459
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4.4.3�Low Cost/lb

As can be seen from Table 4.3, the cost/lb is about one-half that of Model Com-
pound I (Table 4.1), but the lb-vol. cost is closer to three quarters that of Model 
Compound I. The physical properties of Compound III are significantly inferior to 
those of Model Compound I; however, if the inferior properties are not important 
and the compound is priced strictly based on cost/lb, then the lb-vol. cost is not a 
factor. As noted, the cost/lb-vol. is lower for Model Compound III. However, in the 
Model Compound II example, where the cost/lb-vol. is higher than Model Com-
pound I, there was some attempt at maintaining reasonable physical properties.

4.4.4�High Specific Gravity

In some cases where it is mandatory that a high specific gravity compound be 
used, such as in aircraft wheel chocks, the high weight is essential for product 
performance. The key is to use the most cost-effective filler system to obtain high 
specific gravity compounds consistent with other physical property restraints. 
Model Compounds IV (Table 4.4) and V (Table 4.5) illustrate two methods of obtain-
ing the same specific gravity compound, but Model Compound IV is more cost- 
effective.

Table 4.4 Model Compound IV

Ingredient PHR Price/lb Sp. Gr. Volume Price
SBR 1500 100.000 0.7200 0.94 106.38  72.00
Barytes 200.000 0.1270 4.45  44.94  25.40
Aromatic oil  15.000 0.0838 1.00  15.00   1.26
Zinc oxide   3.000 0.6000 5.57   0.54   1.80
Stearic acid   2.000 0.5100 0.85   2.35   1.02
TBBS   1.500 3.2900 1.28   1.17   4.94
Oil treated sulfur   2.000 0.1590 2.00   1.00   0.32
Total 323.500 171.39 106.73

Specific gravity   1.888
Cost/lb  $0.330
Cost/lb-vol.  $0.623
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Table 4.5 Model Compound V

Ingredient PHR Price/lb Sp. Gr. Volume Price
SBR 1500 100.000 0.7200 0.94 106.38  72.00
Zinc oxide 177.320 0.6000 5.57  31.83 106.39
Aromatic oil  15.000 0.0838 1.00  15.00   1.26
Stearic acid   2.000 0.5100 0.85   2.35   1.02
TBBS   1.500 3.2900 1.28   1.17   4.94
Oil treated sulfur   2.000 0.1590 2.00   1.00   0.32
Total 297.820 157.74 185.92

Specific gravity   1.888
Cost/lb  $0.624
Cost/lb-vol.  $1.179

These models are illustrations of cost effectiveness, not of real world compounds. 
One obvious material that increases the compound’s specific gravity is Litharge 
(PbO), which has a specific gravity of 9.35. Examples of this material are not 
 included because of the strict regulatory restrictions placed on the use of lead in 
manufacturing and environmental considerations.

�� 4.5�Compound Design and Cost

There is a natural tendency to over-design a product just to be “on the safe side.” 
While it is necessary and very important to design a product with sufficient safety 
margins, one must be realistic. Setting unrealistic safety margins limits the choices 
of filler and polymer that can be used with the potential of much higher compound 
costs. It makes no sense to design a component product to last 100,000 hours, 
when the main product is designed to last for only 1,000 hours. There is also a 
tendency to specify particular physical characteristics as engineering require-
ments that are not important to product performance, but may be considered in 
the industry as measures of “quality.” Tensile strength can be one of those proper-
ties, for example.

In the opposite context, for those products where failure results in severe economic 
consequences or potential loss of life or injury, efforts must be focused on zero 
failures. For example, if the failure of a part of a larger system results in the equip-
ment shutdown, loss of productivity, and additional labor costs to effect the repair, 
increasing safety margins in the part simply makes sense. When worker safety is 
involved, costs must take a back seat to assuring product performance. When 
safety is assured, there may be opportunities to reduce product costs, but they can 
be implemented only after thorough testing.
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5.2.5�Prepare Report

The end product of any technical project is a full report. The report begins with a 
statement of the problem addressed or project undertaken, followed by a summary 
of the conclusions and/or technical decisions made as a result of the program. This 
can be followed by a detailed account of all the planning, work, and analysis con-
ducted. If a complete solution is found for any project, no future action is needed. 
If, however, new questions arise, unanticipated technical problems are discovered, 
or only partial answers and/or decisions are attained, a recommendation should be 
made for either a Stage 2 iteration of all five steps or for a future work program. 
Any Stage 2 operation needs to be carefully organized so as to build on and take 
full advantage of the work conducted in Stage 1.

�� 5.3�Part 2: Using Experimental Designs

Although technical objectives may vary, all experiments have the same operational 
objective  – to provide maximum information of the highest quality possible for 
minimum cost. Experimental design is the process of efficiently planning and 
 executing a series of experiments with this objective in mind. Many problems, 
 especially for complex systems, should be approached in a sequential manner. The 
Stage 1 process should provide basic understanding along with an approximate 
solution. Subsequent stages build on what is learned in Stage 1, where unantici-
pated new information frequently leads to new ideas on how to proceed. This 
 approach provides for more efficient and less costly problem resolution. Refer to 
Appendix 5.1 for all of the designs as discussed in Section 5.3.

5.3.1�Screening Designs – Simple Treatment Comparisons

The most elementary technical project is the comparison of the mean (or average) 
for two sets of measurements that represent potentially different populations. The 
sets are characterized by two different treatments. The word treatment implies 
some distinguishing feature, such as a specified material composition, a physical 
or chemical modification, or a processing operation to produce certain production 
parts. Typical examples are the use of two different antioxidants for the heat aging 
behavior of rubber or two surface treatments of rubber to reduce friction. Part 1 of 
Appendix 5.1 contains screening designs, the simplest of which are for simple ex-
periments (C1 and C2) where two or more treatments are compared. Experimental 
design, C1, may be used in two ways:
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1. All replicates for both treatments can be conducted under uniform test condi-
tions

2. Testing conditions or some other operational factors are uniform for treatments 
1 and 2 for each replicate set, but may be different among the replicate sets as 
a group.

5.3.1.1�Design C1 for Uniform Replication Conditions
For this situation a decision on the statistical significance for the means of two 
potentially different populations is determined by t-test. A typical testing project 
might consist of five replicates for each of the two treatments. The variance among 
the five replicates is used to evaluate test variation with the assumption that, al-
though the means may be different, there is no difference in variance for the two 
treatments. The decision on the significance of the difference, ( ), for the 
means of the five replicates for each treatment is based on the calculated t value, 
tcalc, obtained from

 (5.13)

where 
 = mean of 5 replicates for Treatment 1 
 = mean of 5 replicates for Treatment 2 

Sdy = standard deviation of difference of means (5 values each) 
 

 = variance among 5 replicates for Treatment 1 
 = variance among 5 replicates for Treatment 2 

n = number of replicates = 5

The expression for Sdy, a pooled value of both sets of replicates, is obtained from 
theorems on the propagation of error, i. e., the variance of a sum or difference of 
two values taken from potentially different populations is the sum of the variances 
of the two populations. If tcalc, with degrees of freedom df = 2(n − 1) = 8, is larger 
than the critical t value, tcrit, at some selected confidence level, (1 − α)100, or P = α, 
then the null hypothesis, H0: µ1 = µ2, is rejected and the alternative, H0: µ1 ≠ µ2, is 
accepted. If α is 0.05, the confidence level is 95%. From standard t tables for df = 8, 
the double-sided value of tcrit = 2.31 for α = 0.05.

5.3.1.2�Design C1 for Non-Uniform Replication Conditions
When it is not possible to have uniform conditions for all replicates, a paired com-
parison test can be used. The response parameter in this case is the difference in 
measured or observed behavior between the individual paired values.

A typical example is as follows. The performance of a rubber compound is deter-
mined by the loss of plasticizer. Two different plasticizers, designated A and B, 
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may be used. It is desired to determine if one plasticizer is more fugitive than the 
other. The testing is a long term outdoor exposure evaluation in different weather 
conditions. A test specimen of each formulation (plasticizer A or B) is exposed for a 
fixed period at eight different locations. The data obtained are:

Plasticizer content (%)
Exposure condition After exposure: Difference, d (A − B)

A B
3 months – Ohio 10.1 10.0 0.1
3 months – Maine  8.9  8.9 0.0
6 months – Georgia  8.9  8.8 0.1
3 months – Arizona  8.4  8.2 0.2
6 months – Texas  9.2  9.0 0.2
6 months – Florida  8.7  8.4 0.3
3 months – California  9.0  8.8 0.2
3 months – Oregon  8.8  8.7 0.1
Average  9.00  8.85 0.15
Std Dev (individual)  0.501  0.535 0.093
Std Dev (average 8)  0.177  0.189 0.0329

The difference across the range of locations, d = 0.15%, is small but consistent. 
These eight differences are a sampling of the distribution of differences, d, and the 
standard deviation of these eight values is 0.093. The standard error (or deviation) 
of means of eight values is 0.093/(8)1/2 = 0.0329, and tcalc, the ratio of the mean 
difference, 0.15, to the standard error of means, 0.0329, equals 4.56. The df for this 
is 8 − 1 = 7 and the value of tcrit at the 99% confidence level or P = 0.01 is 3.499. 
Thus, the mean difference of 0.15 is highly significant.

5.3.1.3�Design C2 for Multi-Treatment Comparisons
When more than two treatments are compared, a design such as C2 may be used 
with a selected number of replicates for each treatment. When the testing process 
is in control, all treatments, 1 to j, may be evaluated under uniform conditions. 
Typically, an analysis of variance (ANOVA) is conducted to determine if the varia-
tion among treatments is significant compared to the pooled variance among all 
replicates. However, an ANOVA does not pinpoint which of the treatments among 
the j total treatments is different from other treatments. To sort the treatments into 
a hierarchy of values with indicated significant differences among the j (j − 1)/2 
treatment pairs, a multi-comparison analysis is required. A number of analysis 
techniques have been proposed for this; see Duncan [1], Tukey [2], and Dunnet [3]. 
Computer statistical analysis programs usually include these multi-comparison 
analysis routines.
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The Dunnet procedure uses a control and permits a decision on the statistical sig-
nificance of differences between the control and the experimental treatments. The 
procedure ensures that the decision on the entire set of treatments is controlled at 
the selected P = α level rather than individual comparisons. The references men-
tioned above plus Winer [4]; Box, Hunter, and Hunter [5]; and Diamond [6] provide 
additional background on multi-comparison analysis. The last text is oriented 
 toward manufacturing processes and the use of α and β errors. If it is not possible 
to have uniform testing conditions for all j treatments, the program may be 
 conducted in two or more uniform condition blocks, with a control in each block. 
Using the Dunnet procedure for each block permits decisions on differences be-
tween the control and the treatments in that block.

5.3.2�Screening Designs – Multifactor Experiments

Much of the experimental effort in rubber compounding is devoted to evaluating 
the effect of variations in compound formulation and processing conditions. Exper-
imental layouts with two or more factors, called factorial designs, are especially 
useful for this purpose, especially two-level factorial designs. Part 1 of Appendix 
5.1 contains 11 designs for multi-factor screening experiments. Seven is a reason-
able maximum number of factors to be evaluated in any program or project. Any 
system with more potential factors needs to be reviewed for ways to consolidate or 
otherwise reduce the number of operational factors on the basis of engineering or 
scientific analysis.

5.3.2.1�Two-Level Factorial Designs
These designs are characterized by special selected combinations of lower and up-
per levels across all the selected factors. When the factor levels are set at the val-
ues called for in a particular combination and a response measurement is made for 
this combination, this is called a (test) run. Each design has some number of spec-
ified runs and the total list of these runs is called the design matrix. A complete 
factorial design matrix is one where for each factor, all factor levels of the other 
factors appear equally at their lower and upper levels. Thus, for two factors investi-
gated at two levels each, a complete factorial design requires four (22) response 
measurements or runs, each of which has a different combination of the two levels 
of the two factors. Design S1 in Appendix 5.1 is an example.

When the number of factors is large, a complete or full factorial requires too many 
test runs and designs called fractional factorials are used. In fractional factorials, a 
certain fraction of the full factorial number of runs is selected on the basis that the 
design is balanced with respect to the number of selected levels of each factor. The 
fractional factorials are designated as 1/2 fraction, 1/4 fraction, etc. of the full de-
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sign. With the exceptions noted below, all of these designs allow for the evaluation 
of two-factor interactions that often are important in many technical investigations. 
Any design that allows for direct calculation of two-factor interactions is usually 
sufficient to give a good evaluation of any system. Usually three-factor interactions 
have no real significance.

All of the two-level screening designs (as well as the exploratory designs) are or-
thogonal in the independent variables, i. e., there is no correlation among these 
variables. Orthogonality permits the use of the matrix for easy analysis via a 
spreadsheet program. The designs are balanced; for any factor level for factor i, the 
levels of all other factors appear at their upper and lower values the same number 
of times. The designs and the model equations are set up using special coded units 
for the independent variables.

As discussed in Section 5.2, for any response variable y and two independent vari-
ables x1 and x2, a model equation that allows for the evaluation of any interaction 
between x1 and x2 is

 (5.14)

where 
b0 = a constant; in system of units chosen, it is the value of y when x1 = x2 = 0 
b1 = change in y per unit change in x1 
b2 = change in y per unit change in x2 
b12 =  an interaction term for specific effects of combinations of x1 and x2; see discussion for Eqs. (5.3) 

and (5.4)

The coded units are obtained for each factor by selecting a value that constitutes a 
center of interest or a reference value and then selecting certain values that are 
below and above that center of interest by an equivalent amount. This is a straight-
forward process for quantitative, continuous variables or factors, but may not be 
possible for some qualitative or categorical factors which can exist at only two 
 levels. In this case, the center of interest is considered theoretical or conceptual. If 
a system contains a number of categorical factors, the final expression for the anal-
ysis may be given in terms of main effects and their interactions. The coded units 
for any xi are defined by:

 (5.15)

with 
vE = selected factor value for xi, in physical (experimental) units 
cvE = center of interest value for xi, in physical units 
su = scaling unit, i. e., change in physical units equal to 1 coded unit

When vE is higher than cvE by an amount equal to su then xi = 1; when vE is less 
than cvE by an equal amount, xi = −1; and when vE = cvE, xi = 0. The center of inter-
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est values for all factors constitutes the central point in the multi-dimensional fac-
tor space for the experiment. The constant b0 is the value for y at this center in the 
factor space; it is the (grand) average of all responses.

The design matrix for a full factorial 22 design is given in Design S1. An additional 
matrix called the interaction matrix is also listed, which for this simple design is 
only one column headed by X1X2. Design S2, for three x-variables, has a more 
 extensive three-column interaction matrix. For each row of the design, the entry 
for any column, Xi Xj, of the interaction matrix is obtained by multiplying the de-
sign matrix entries for column Xi by column Xj.

5.3.2.2�Analysis of the Designs
The use of coded units and spreadsheet calculations simplifies the analysis. Each 
design can also be analyzed by multiple regression analysis with computer soft-
ware programs. The effects of the independent variables may be calculated in one 
of two ways:

1. As main effects, defined as the change in the response for a change in the 
x-variable from the lower to the upper level

2. As effect coefficients, defined as the change in the response for one positive 
scaling or coded unit change in the x-variable

On the basis of coded units there are two units of change in moving from the lower 
(−1) to the upper (1) level; thus, effect coefficients are one-half the numerical value 
of main effects and main effect interactions. All analysis algorithms in Appendix 
5.1 are given in terms of effect coefficients. To express the results of any analysis 
in terms of main effects and their interactions, multiply each calculated linear or 
interaction effect coefficient by 2.

5.3.2.3�Calculating the Effect Coefficients
The design and interaction matrixes are used to calculate the effect coefficients of 
the independent variables. The generalized equations for a design with any num-
ber of factors are as follows:

The coefficient b0 is evaluated from the first or Y column of the design

 (5.16)

with y1 to yi = the measured responses; there are a total of i rows (four for S1); n = 
the number of runs with X = 1 (as well as X = 1), for each X variable; and 2n = total 
number of runs for the design.

Each bi, or linear effect coefficient, is evaluated by using the column Y and column 
Xi in the design matrix:
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 (5.17)

where yi
*(+Xi) = the product of yi and Xi for each of n rows where Xi = 1; the sum is 

taken over all 2n runs in the design and divided by n; and yi
*(−Xi) = product of yi 

and Xi for each of n rows where Xi = −1; the sum is taken over all 2n runs in the 
design and divided by n.

Each bij, a two-factor interaction coefficient, is evaluated by using column Y and 
column XiXj in the interaction matrix:

 (5.18)

where yi
*(+XiXj) = the product of yi and XiXj for each of n rows where XiXj = 1; the 

sum is taken over all 2n runs in the design and divided by n; yi
*(−XiXj) = the prod-

uct of yi and XiXj for each of n rows where XiXj = −1; the sum is taken over all 2n 
runs in the design and divided by n.

Each bijk, a three-factor interaction coefficient, is evaluated by using column Y and 
column XiXjXk in the interaction matrix

 (5.19)

where yi
*(+XiXjXk) = the product of yi and XiXjXk for each of n rows where XiXjXk = 1; 

the sum is taken over all 2n runs in the design and divided by n; yi
*(−XiXjXk) = the 

product of yi and XiXjXk for each of n rows where XiXjXk = −1; the sum is taken over 
all 2n runs in the design and divided by n.

These generalized effect coefficient equations are given in Appendix 5.1 as notes 
for Design S1. The specific coefficient equations for S1 and S2 are also given to 
 illustrate the use of the generalized equations.

When fractional factorial designs are used, confounding may exist in the interpre-
tation of the effect coefficients. This confounding, or dual meaning of output infor-
mation, is called aliasing. An alias exists in fractionated designs when the exact 
sequence of −1, 1 values is the same for two or more columns among all the col-
umns of the total matrix (both design and interaction). An alias also exists for any 
two or more columns with sign reversal for all entries. Thus, no unique evaluation 
of the individual coefficients represented by the columns is possible.

Aliases in the designs are indicated by an expression of the type given in Design 
S3. For Block I, the expression b3 = b3 + b12 indicates that the calculation of the 
linear effect coefficient b3 has the same set of 1 and −1 combinations (i. e., in col-
umn X3) as the calculation for the interaction coefficient b12 (i. e., column X1X2). 
The calculation actually evaluates the sum b3 + b12. If b12 has no real effect (gives a 
mean of zero in long run) the calculation actually evaluates only b3.
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�� 7.2�Natural Rubber and Polyisoprene

Natural rubber and polyisoprene share the same monomer chemistry. Isoprene is 
the building block of these polymers and can polymerize in four different 
 configurations. Polyisoprene can be polymerized with either a coordination cata-
lyst (Ziegler) or alkyl lithium catalyst. Coordination catalysts are usually trialkyl 
 aluminum and titanium tetrachloride. At a ratio around 1 : 1, the Al/Ti system can 
produce cis contents from 96 to 98%. The alkyl lithium catalyst system produces cis 
contents between 90 and 93%.

Natural rubber has a cis content of almost 100%. These microstructures give 
 natural rubber a glass transition temperature (Tg) of approximately ‒75 °C and 
poly isoprene a slightly higher Tg (‒70 to ‒72 °C) because of the presence of trans, 
1,2 and 3,4 configurations.

Isoprene monomer:

Isoprene can polymerize in four different configurations:
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There are three general forms of polyisoprene commercially available: high cis con-
tent, high trans content and high 3,4 content. A significant advantage in high cis 
content polyisoprene lies in its ability to undergo strain-induced crystallization. 
This crystallization phenomenon gives cis-polyisoprene very high tear strength 
and excellent De Mattia cut-growth resistance. This exceptional tear strength 
translates into superb physical properties and performance in the end product.

Gutta-percha or balata is a high trans content polyisoprene and is very hard at 
room temperature. Upon heating to 80 °C, the crystallinity “melts” and the rubber 
becomes soft and workable. When cooled to room temperature, the crystallinity 
reforms and the rubber becomes hard and unworkable again.

A commercially available polyisoprene with 60% 3,4 content is available. It has a 
reported Tg of about ‒5 °C and is processable at normal operating temperatures. 
For most applications, neither the high trans nor the high 3,4 polymer can match 
the high cis polymer for performance.

There are a number of important differences between synthetic polyisoprene and 
natural rubber. Synthetic polyisoprene has the advantage of consisting of up to 
99% rubber hydrocarbon (RHC), while natural rubber is usually around 93% RHC. 
Synthetic polyisoprene is usually lighter in color, and more consistent in chemical 
and physical properties. Its lower molecular weight leads to easier processing. On 
the other hand, natural rubber has higher green strength and modulus, especially 
at higher strain levels and temperatures.

The weight average molecular weight (Mw) of natural rubber ranges from 1 million 
to 2.5 million while a typical synthetic polyisoprene ranges between 755 thousand 
and 1.25 million. Molecular weight distribution (MWD) is defined as the ratio of 
weight average molecular weight (Mw) divided by number average molecular 
weight (Mn) or (Mw/Mn). Molecular weight distributions vary from less than 2.0 for 
lithium-catalyzed polyisoprene to almost 3.0 for Al/Ti-catalyzed polyisoprene to 
greater than 3.0 (and widely variable) for natural rubber.

The 13th edition of the Synthetic Rubber Manual [1] lists 11 different producers of 
polyisoprene. Only one manufacturer produces low cis (91%) polyisoprene, Shell 
Nederland Chemie B. V. There is one listing for high trans polyisoprene, TP-301 
from Kuraray Company, Ltd., and one listing for high 3,4 content (60%) from Karbo-
chem of South Africa. Kuraray also produces a liquid polyisoprene that is often 
used as a processing aid. Because it is a liquid, it does not increase the green 
 compound viscosity, but upon vulcanization, it crosslinks into the compound and 
cannot be extracted. There are nine producers manufacturing cis content greater 
than 96%: Goodyear Tire and Rubber Co., Nippon Zeon Co. Ltd., Japan Synthetic 
Rubber Co. Ltd., Kuraray, Nizhnekamskneftechim, Kauchuk Co., SK Premyer Co., 
Togliattisyntezkauchuk, and Volzhski Kauchuk Co. Not listed in the IISRP manual 
is a high trans IR from NCHZ Sterlitamak Co. in Russia.
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There are two generic classifications of natural rubber, the crepes and sheets, and 
the technically specified grades. The conventional crepes and sheets are classified 
by the International Standards of Quality and Packing for Natural Rubber Grades 
(otherwise known as The Green Book [2]). There are eight grades of crepes and 
sheets with 35 subdivisions. Grading is done on a visual basis. Table 7.1 lists these 
grades [3].

Table 7.1 Grades of Natural Rubber

Type Source
1. Ribbed Smoked Sheet Coagulated field latex
2. Pale Crepe Coagulated field latex
3. Estate Brown Crepe Estate cuplump, tree lace
4. Compo Crepe Cuplump, tree lace, wet slab, RSS cuttings
5. Thin Brown Crepe Cuplump, tree lace, wet slab, unsmoked sheet
6. Thick Blanket Crepe Cuplump, tree lace, wet slab, unsmoked sheet
7. Flat Bark Crepe Cuplump, tree lace, earth scrap
8. Pure Smoked Blanket Crepe Remilled RSS and RSS cuttings

The technically specified grades of natural rubber (TSR) are different from crepes 
and sheets in several respects, most noticeably in that TSR rubber comes in 75 lb 
bales rather than 250 lb blocks. TSR is not graded visually, but by chemical tests. 
Some of the more important TSR grades are listed in Table 7.2 [3].

Table 7.2 Technical Grades of Natural Rubber

Property SMR L, CV SMR 5 SMR 10 SMR 20 SMR 50
Dirt content, %  0.03  0.05  0.10  0.20  0.50
Ash content, %  0.50  0.60  0.75  1.00  1.50
Nitrogen content, %  0.60  0.60  0.60  0.60  0.60
Volatile matter, %  0.80  0.80  0.80  0.80  0.80
Wallace plasticity 30.00* 30.00 30.00 30.00 30.00
PRI, % 60.00 60.00 50.00 40.00 30.00

* Does not apply to SMR CV.
SMR L: This is a very clean, light colored rubber.
SMR CV: This is referred to as constant viscosity rubber. It is produced by adding hydroxylamine neutral sulfate 

before coagulation. It comes in several viscosity grades. The CV rubbers have fewer Mooney viscosity 
variations between lots and change less with age.

SMR 5: SMR 5 and SMR 1 are produced from a factory-coagulated latex but do not go through the RSS process 
first. This is a very clean grade of rubber, but is darker than SMR L.

SMR 10, 20, and 50: These grades are produced from field coagulation but may contain some RSS.
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There are several other forms and grades of natural rubber, such as Oil Extended 
Natural Rubber, which is made by adding either aromatic or naphthenic oil to the 
latex before coagulation, or by blending in an extruder with the dry rubber. One of 
the newer and more interesting variations of natural rubber is epoxidized natural 
rubber, called Epoxyprene1. Epoxyprene comes in two grades, ENR-20 and ENR-
50. The double bonds in the backbone are epoxidized to 20 mole% and 50 mole%, 
respectively, to make these grades. Epoxidation changes several physical proper-
ties, including increasing the Tg of the polymer. These polymers have higher 
damping, lower permeability to gases, and increased polarity, which reduces 
swelling in non-polar oils and increases compatibility with polar polymers such as 
polyvinyl chloride. The increased damping can be put to use in footwear and 
acoustic devices; the increased Tg can be used to improve wet traction in tire 
treads [4].

�� 7.3�Polybutadiene

Polybutadiene (BR) comes in a wide range of micro- and macrostructures. BR is 
produced from the butadiene monomer and can be polymerized in three configura-
tions:

There are currently four popular variations of BR: high cis content, low or medium 
cis content, vinyl BR, and emulsion BR. A fifth variation, high trans content BR, is 
now under evaluation.

1) Epoxyprene is a registered trademark of Kumpulan Guthrie Berhad.
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Within each classification, there can be many variations. High cis content poly-
mers are produced with the use of Ziegler-Natta catalysts; the low/medium cis BR 
is produced with alkyl lithium catalysts; vinyl BR is produced with alkyl lithium in 
conjunction with a polar additive. All three types are produced in a hydrocarbon 
solution. Emulsion BR is produced in water using free radical initiators.

Emulsion polymerization is the oldest technology used to produce BR. The technol-
ogy was first developed in the early 1940s, but it was not considered satisfactory 
for tires at that time. Not until “cold polymerization” was developed was acceptable 
emulsion BR produced. Even then, it was not until the development of the solution 
polymerization techniques that truly acceptable BR was produced. These solution 
polybutadienes found a market niche that emulsion BR could never find. Today, 
BR is the second largest commercial synthetic elastomer in production; SBR is the 
first.

There are several different Ziegler-Natta coordination catalysts in commercial use. 
The highest cis content is produced with neodymium. It is reported to give cis 
 contents as high as 98% and a Tg of ‒102 °C [5]. The cobalt BRs produce materials 
next highest with cis contents (97%) and a ‒101 °C Tg. Nickel gives cis contents 
from 94 to 96% and titanium runs from 92 to 94% [6]. Alkyl lithium is used in an-
ionic polymerization and gives cis contents of 35%, trans contents of 55%, and vinyl 
contents of 10% with a Tg of ‒94 °C. These polymers are referred to as medium or 
low cis solution BR. The addition of polar solvents such as diglyme, TMEDA, THF, 
or oxolanyl alkanes [7–9] can raise the vinyl content up to 90%. Commercial poly-
mers with 70% vinyl content, which are often referred to as high vinyl BR, have a Tg 
as high as ‒25 °C. Because of the added cost of the modifier and the need to re-
move it from the hydrocarbon solvent before unmodified BR is made, the cost of 
these types of polymers is much higher than that of conventional BR. Emulsion BR 
has a microstructure in the same ratio as in emulsion SBR (ESBR). The cis content 
is 14%, trans content is 69%, and the vinyl content is 17% with a Tg of ‒75 °C.

The microstructure dictates the glass transition temperature of the polymer, which 
in turn controls some of the performance of the compounds. Table 7.3 [10] lists 
typical Tg and Tm values for various microstructures.

Table 7.3 Microstructure Effect on Polybutadiene Tg and Tm

Tg (°C) Tm (°C)
cis −106 2
trans −107 97/125
syndiotactic 1,2  −28 156
isotactic 1,2  −15 126
atactic 1,2   −4 none
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�� 11.6� Physical and Rheological Properties of 
Rubber Compounds Mixed with 
 Recycled Rubber Powder

This section will present compound test data of recycled rubber powder mixed into 
a model compound test recipe. In the baseline study, no recipe adjustments were 
made at this point to demonstrate the impact of the recycled rubber powder as a 
“drop-in” on physical and rheological properties [15]. Later subsections will dis-
cuss some recipe optimizations, or countermeasures, as a way to improve target 
properties when using recycled rubber powder [22,23]. The need for this work 
arose out of two situations concerning recycled rubber powder, RRP. The first situ-
ation is the most critical and that is the impact on the rubber rheological and phys-
ical properties when RRP is added to the mix. The second is the realization that 
many users do not modify their base recipes when incorporating RRP. The goal of 
the optimization protocols is to suggest formula modifications when using RRP in 
new rubber compounds to achieve targeted performance properties.

11.6.1�RRP Baseline Study

The model compound recipe is shown in Table 11.10, which is a generic emulsion 
SBR and BR polymer blend with all carbon black. The recipe is followed by the 
sources of the raw materials. Any modifications to this recipe are discussed in the 
separate sections on each study. Table 11.11 provides the particle size distribution 
of the 177 µm cryogenic recycled rubber powder, RRP, Class 80-3, sourced from 
truck tire tread buffings. Table 11.12 displays the mixing procedure for the two 
pass mix, which shows the RRP being added with the carbon black. Table 11.13 
exhibits the standard cure times and temperature for the test specimens.

All experiments were conducted in the rubber laboratory of Lehigh Technologies, 
Inc., Application and Development Center, unless otherwise indicated. All mixes 
were performed in a 1.6 liter Farrel Banbury four speed internal mixer. Milling was 
performed on a  Kobelco Stewart Bolling 2-roll mill 33 cm × 15 cm. Both machines 
are connected to two identical Sterlco temperature control units. The first master 
mix times were 7 minutes while all finish mixes were 2 minutes long in the Farrel 
Banbury and used the after mixing milling method recommended in ASTM D3182 
Section 7.2.8 and 7.2.9. For each of the four major steps in the laboratory proce-
dure, material weigh-up, mixing, curing, and testing, a unique random batch 
 processing order was employed to reduce or eliminate bias scatter of the data. The 
experimental designs used replication of batches as discussed in the results sec-
tion on the separate studies. Some of the designs with replicated batches used a 
procedure of blending the masterbatches for reducing variation.
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Molding and curing were performed using a Wabash compression molding press. 
Standard curing was performed as per Table 11.13. Uncured specimens for the 
Drum Abrader, Flexometer, and Zwick Rebound tests were prepared by cutting 
disks from flat sheets and plying up sufficient layers to fill the cavities in multi- 
cavity molds for curing.

Per each test plan, as discussed in the results section on the separate studies, rub-
ber specimens were tested according to the following methods: cured test speci-
mens for tensile, elongation, modulus, trouser tear, and outdoor exposure were cut 
from flat sheets using the respective dumbbell Die C, Die T, and rectangular shaped 
die cutters on a hydraulic clicker press.

1. MDR2000 Rheometer ASTM D5289 at 160 °C

2. Tensile, Elongation, and Modulus, ASTM D412, unaged and oven aged

3. Trouser Tear Resistance, ASTM D624 T, unaged and oven aged

4. Hardness tested with Rex Digital Durometer, ASTM D2240 Type A on rebound 
specimens

5. BF Goodrich Flexometer ASTM D623, Method A

6. Zwick Rebound ASTM D7121

7. Zwick Rotary Drum Abrader ASTM D5963, Method A 

8. Static Outdoor Exposure (20% Strain) ASTM D518, Method A

Table 11.10 Model Compound Base Recipe

Addition Sequence Ingredients Base Compound
phr

First Pass ESBR1500 (Non-oil extended)a  70.00
First Pass High Cis Polybutadiene Rubberb  30.00
First Pass Recycled Rubber Powder (RRP)c As Per Studies
First Pass N339 Carbon Blackd  65.00
First Pass Heavy Naphthenic Process Oile  25.00
First Pass Homogenizing Agentf   1.00
First Pass Alkyl Phenol Formaldehyde Novolak Tack Resing   3.00
First Pass 6PPD Antidegradanth   2.50
First Pass TMQ Antidegradanti   1.50
First Pass Microcrystalline and Paraffin Wax Blendj   2.50
First Pass Zinc Oxide Dispersion (85% ZnO)k   3.53
First Pass Stearic Acidl   2.00
Finish Pass BBTS (TBBS) Acceleratorm   1.00
Finish Pass Sulfur Dispersion (80% Sulfur)n   2.50
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Addition Sequence Ingredients Base Compound
phr

Finish Pass Retarder N-(cyclohexylthio) phthalimideo   0.10
Total phr Finish Batch 209.63
Density, kg/l   1.126

Notes for the recipe:
a Lion Copolymer Copo® 1500
b Lanxess Buna CB 1220
c PolyDyneTM from Lehigh Technologies, Inc.
d Sid Richardson Carbon Co.
e Nynas Nytex 4700
f Struktol® 40MS
g Akrochem® P90 Resin
h Akrochem® PD-2 Pellets
i Akrochem® DQ Pastilles
j Akrochem® AkrowaxTM 5084 Beads
k Akro-Zinc® Bar 85
l Akrochem® Stearic Acid – Rbrgrade
m Akrochem® supplied Emerald Performance Materials Cure-rite® BBTS (TBBS)
n Akroform® Sulfur PM (80%)
o Akrochem® Retarder CTP

Table 11.11 Particle Size Distribution by Sieve Analysis of Recycled Rubber Powder (RRP) 
Used in Baseline Study

Test Method Screen Size, µm 177 µm
Class 80-2

Sieve Analysis ASTM D5644-01 % Retained
250   0.0
177   1.9
149  13.6
125  17.8
105  14.4
Pan  52.3
Total 100.0

Table 11.12 Mixing Procedure for Baseline Study

  First Master Mix
  Mixer and mill temperature control units set to 82 °C
  Exhaust system is on 1/2 draw
  Mixer rotor set to speed #1-77 rpm
Time Procedure
0’ 1. Load rubber, start timer and temperature recorder
1.0’ 2. Load 1/2 carbon black and 1/2 RRP
2.0’ 3. Load all oil, 1/2 carbon black, rest of RRP

11.6 Physical and Rheological Properties of Compounds Mixed with  RRP
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3.0’ 4. Raise and scrape ram
4.0’ 5. Load rest of chemicals
6.0’ 6. Raise and scrape ram
7.0’ 7. Stop mixer and discharge batch
  Finish Pass Mix
  Mixer temperature control unit set to 46 °C
  Mill temperature control unit set to 66 °C
  Exhaust system is on 1/2 draw
  Mixer rotor set to speed #1-77 rpm
Time Procedure
0’ 1. Load 1/2 of masterbatch rubber, chemicals, rest of masterbatch, start timer 

and temperature recorder
1.0’ 2. Raise and scrape ram
2.0’ 3. Stop mixer and discharge batch

Table 11.13 Specimens Standard Cure Times and Temperature for Baseline Study

Specimens Cure Time Temperature
Tensile sheets
150 mm × 150 mm × 2 mm

20’ 160 °C

Drum Abrader (Diam. × Height)
15.8 mm × 10.0 mm

30’ 160 °C

Flexometer (Diam. × Height)
17.9 mm × 23.5 mm

40’ 160 °C

Zwick Rebound (Diam. × Height)
37.2 mm × 18.7 mm

45’ 160 °C

Newly mixed unvulcanized rubber with recycled rubber powder will appear “dry 
and grainy” and rubber stocks with large quantities, greater than 15% by weight or 
more, may appear “crumbly,” and may have difficulty knitting together. Mill han-
dling and appearance may also be an issue as newly mixed unvulcanized rubber 
with large quantities of recycled rubber powder may tend to “bag and sag” on the 
mill, tending not to form a tight band on the mill at the same mill nip, or opening, 
as uncured rubber without recycled rubber powder. Also, working with newly 
mixed unvulcanized rubber with recycled rubber powder, one may notice a viscos-
ity increase, as evidenced by a higher power usage in the mixer or higher stiffness 
of the slab rubber on the mill. These effects are duplicated in the cement industry, 
with higher solids content cement, and in the food processing industry, with a 
cook adding too much flour to a cake mix. Recycled rubber powder particles are 
composed of fully crosslinked polymer chains that do not have the flexible polymer 

Table 11.12 Mixing Procedure for Baseline Study (continued)
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chains of uncrosslinked rubber and adding these crosslinked particles will in-
crease compound viscosity, as reported by a number of researchers [19,24]. This 
effect is demonstrated in Figure 11.13 on the MDR Rheometer minimum torque, 
which is consistent with viscosity.

Figure 11.13 MDR Rheometer minimum torque, consistent with viscosity, of the model 
 compound when 3% to 12% 177 µm RRP has been incorporated.

Many researchers have provided theories of the unvulcanized rubber properties of 
tack and green strength, which are necessary for plied up rubber products, such as 
tires and conveyor belts. For example, Hamed, [29], described the necessary condi-
tions that must be met for development of high tack between two unvulcanized 
rubber surfaces, intimate molecular contact, interdiffusion of molecular segments, 
and good green strength. However, newly mixed rubber with large quantities of 
recycled rubber powder will exhibit poor tack and green strength. This is explained 
by the fully crosslinked inflexible particles of the recycled rubber powder interfer-
ing with molecular contact, interdiffusion of the molecular segments, and disrupt-
ing the ability of the unvulcanized polymers to generate green strength, such as 
interfering with the natural rubber’s ability to generate green strength through 
strain induced crystallization [29].

The impact on the rubber’s rheological and physical properties when RRP is added 
to the mix has been investigated and reported in published literature. Many re-
searchers, including the author, have reported losses in physical properties when 
incorporating RRP into new rubber [19,24–28]. In the model compound recipe 

11.6 Physical and Rheological Properties of Compounds Mixed with  RRP
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given above, Figure 11.14 to Figure 11.19 show some of the key properties of new 
rubber when 177 µm RRP has been incorporated in increasing levels from 3% to 
12% by weight [15,22,23].

Figure 11.14 Physical properties of the model compound when 3% to 12% 177 µm RRP has 
been incorporated.

In Figure 11.14 we see that, compared to a control compound without RRP, adding 
3% to 12% 177 µm RRP causes a gradual decline in physical properties and in Fig-
ure 11.15, Figure 11.16, and Figure 11.17, we see increases in heat build-up and 
compression set, declines in rebound, and reduced abrasion resistance. The previ-
ously mentioned literature references offer explanations for most of these property 
losses. Gibala, Thomas, and Hamed [26] postulated that RRP particles in new cured 
rubber are discontinuities and act like stress-raising flaws.

Figure 11.15 Flexometer heat build-up and compression set of the model compound when 3% 
to 12% 177 µm RRP has been incorporated. Lower is better.
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�� 13.3�Synthetic Silica

Synthetic amorphous silica (SAS) is a form of silicon dioxide (SiO2) that is gener-
ally manufactured by one of two processes: (1) a wet process, which is used to 
produce precipitated silica and silica gel, and (2) a thermal process for making 
pyrogenic silica. Precipitated silica is synthesized in a heated reactor by neutraliz-
ing a stirred alkaline solution of sodium silicate with sulfuric or carbonic acid. 
Amorphous silica particles are precipitated out of the salt solution forming a 
low-solids slurry. Particle size and structure can be controlled by the rate and or-
der of addition of reactants, reactant concentration, and reaction temperature. Pri-
mary silica particles fuse together to form aggregates, which in turn form loose 
agglomerates. After filtering and washing the precipitate, the product is typically 
spray dried to a near neutral pH. The dried silica is milled to reduce the average 
agglomerate size. Primary particle size ranges from 10 to 30 nanometers, whereas 
the resulting aggregates are usually 30 to 150 nanometers. The final product is 
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classified by aggregate size, shape, pore volume, and the Brunauer–Emmett–Teller 
(BET) and cetyltrimethylammonium bromide (CTAB) surface area. More than two-
thirds of the precipitated silica production is used in elastomer compounding of 
products such as rubber, plastics, adhesives, and sealants [1].

Figure 13.5 Precipitation process of silica [2,3].

In contrast to precipitated silica, silica gel is made by reacting a sodium silicate 
solution with sulfuric acid under acidic conditions. The silica properties are con-
trolled by reaction rate, order of reactant addition, reactant concentration, reaction 
temperature, and mixing conditions. During the reaction, a hydrosol is formed, 
which is aged to form a rigid transparent gel. The gel is fragmented into small 
pieces, washed, and dried. A dry silica xerogel is formed when water is removed 
slowly from the gel. Conversely, if water is removed quickly, the colloidal silica 
structure is preserved as a dry silica aerogel with lower density and higher pore 
volume. Aerogels have a neutral pH, while xerogels are acidic (4 to 5 pH). Particle 
size distribution is controlled by milling, but the reported particle size measure-
ment is reflective of aggregate size rather than primary particle size. Certain 
 surface-treated grades are available, which provide improved organic matrix com-
patibility [1].
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Figure 13.6 Silica gel process.

Pyrogenic or fumed silica is prepared by the hydrolysis of silicon tetrachloride 
(SiCl4) in a hydrogen and oxygen flame. Particle size and surface area are con-
trolled by varying the ratio of these reactants. Primary silica particles are spheri-
cal and approximately 7 to 40 nm in diameter. The primary particles fuse together 
to form branched or chain-like clusters. Fumed silica aggregates average about 
1 μm and form agglomerates with a pH of approximately 4 in aqueous dispersions. 
Fumed silica is produced and sold in a hydrophilic form but can be surface-treated 
with silane to produce a hydrophobic form [4].
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Figure 13.7 Fumed silica is made from flame pyrolysis of silicon tetrachloride or from quartz 
sand vaporized in a 3000 °C electric arc [5].

Synthetic amorphous silica is often mistakenly identified as the crystalline form of 
silica simply because it contains the same name and chemical formula. Although 
SAS and naturally-occurring silica variants have the same chemical composition, 
these materials are classified under very different health and environmental risk 
categories. Naturally-occurring silica is crystalline quartz that has been shown to 
increase the risk of silicosis, a form of occupational lung disease caused by inhala-
tion of crystalline silica dust that results in inflammation and scarring in the form 
of nodular lesions in the upper lobes of the lungs [6]. To help clear up any miscon-
ceptions regarding these two variants, SAS has been widely tested in numerous 
toxicological and epidemiological studies over several decades and determined to 
be a non-hazardous substance [7,8]. Inhaled SAS has a short retention time, which 
produces transient, reversible pulmonary effects in humans and animals. SAS is of 
low toxicity and does not meet any classification criteria of a hazardous material 
under European Regulation (EC) No 1272/2008 (CLP Regulation) or the Globally 
Harmonized System (GHS) of Classification and Labelling of Chemicals. Under 
such regulations, synthetic amorphous silica is generally considered a safe prod-
uct that is highly utilized in a wide range of applications [9]. The three primary 
forms of SAS and their physical/chemical properties are listed in Table 13.12.

13.3.1�Precipitated Silica

Precipitated silica was developed in the early 1940s as a white, submicron-size 
 reinforcing filler for rubber. However, this inexpensive commercial material has 
many different industrial applications, including use as an adsorbent, pigment, 
catalyst support, electric insulator, acoustic insulator, optical material, and filler 
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for polymers that include rubber. Its usage has constantly increased, and an esti-
mated 75% of the total production is used in rubber (e. g., tires, shoe soles, belts, 
and engine mounts) [10]. The primary application for precipitated silica is in tire 
compounds either as a minor portion of the filler in combination with carbon black 
or as the major filler component. Substituting low levels (5 to 10 phr) of silica for 
carbon black in certain components of the tire can enhance tear resistance, cut 
growth resistance, and adhesion properties.

Table 13.12 Physical and Chemical Properties of the Three Types of Synthetic Silica [8]

Property (units) Pyrogenic Precipitated Gel
Purity, % SiO2 (by weight) > 99.8 > 95 > 95 (dry)
Color White White White
Specific surface area (BET, m²/g) 50-400 30-500 250-1,000
Loss on drying (% by weight) < 2.5 5-7 2-6
pH 3.6-4.5 5-9 3-8
Tapped (bulk) density (g/l) 30-250 30-500 500-1,000
Igni�on loss (% by weight) < 2 3-14 2-15
Particle size

Primary par�cle (nm) 5-50 5-100 1-10
Aggregate (µm) 0.1-1 0.1-1 1-20
Agglomerate (µm) 1-250* 1-250* NA
Porosity
Mean pore size (µm) None > 0.03 0.0001-1
Pore size distribu�on None Very Wide Narrow
Specific gravity (g/cm³) 2.2 1.9-2.2 1.8-2.2
Structure, DBP absorp�on (ml/100 g) 250-350 80-320 80-350
*Agglomerate par�cle size is typically 100 µm 

Prior to the 1970s, silica usage was not so popular [11]. This was principally the 
case because the polar nature of the silica surface made it difficult to disperse 
 significant volumes in rubber compounds, resulting in reduced reinforcement 
and poor performance. The major breakthrough in silica technology came in 1972 
when Degussa introduced Si69 silane coupling agent silica-filled rubber as a way 
to improve reinforcement properties [12–14]. In the early 1990s, Michelin intro-
duced silica-filled tires [15] and, since then, precipitated silica has been primarily 
used in tire treads. Increased demand for what the tire industry refers to as the 
“magic triangle” of tire properties – rolling resistance, wet traction, and wear – has 
resulted in tire manufacturers incorporating more silica in tread compounds and 
driving the continued improvement of silica surface modification techniques. 

The optimization of silica technology requires an accurate characterization of the 
precipitated silica product, which has not been fully identified in the industry. The 
characterizing of silica is principally rooted in accurately describing its morphol-
ogy, which includes its inner and outer structure, surface chemistry, specific sur-



48113.3 Synthetic Silica

face area, pore volume and distribution, intra-aggregate structure, and void vol-
ume. These properties can be manipulated during the silica manufacturing process 
to deliver an extremely versatile material having a wide range of performance- 
enhancing properties [10]. Today, as a result, numerous silicas with varying speci-
fications for specific purposes have been created. 

In the case of precipitated silica, it is currently used in tire sidewalls [16,17] to in-
crease tear strength and cut growth resistance and ozone aging resistance [18]. 
Precipitated silica technology has been credited with reducing rolling resistance in 
tires approximately 20% over the last 27 years, corresponding to a vehicle fuel 
 savings of 3 to 4%, as compared to carbon black tread compounds [19]. SAS is 
also being used as a filler in truck tires, where carbon black was historically the 
staple filler. Amorphous precipitated silica is an inexpensive and easily available 
 commercial material that has presented both environmental and economic advan-
tages [20]. 

13.3.2�Precipitated Silica Characterization

13.3.2.1�Structure and Surface Chemistry
Precipitated silica surface structure and chemistry has been the subject of intense 
studies for more than 60 years [21]. Structural properties such as primary particle 
size, silica surface area, porosity, siloxane bond development, aggregate, and ag-
glomerate formation are a few of the attributes used to characterize silica surface 
morphology. Silica surface chemistry is characterized by the concentration and 
distribution of different types of OH groups and siloxane bridges, percent of physi-
cally absorbed water, and pH [22]. Because of the importance of these properties in 
determining the practical applications of silica, numerous physical and analytical 
techniques have been utilized to elucidate the complexity of the amorphous silica 
surface [22–25].

Precipitated silica consists of silicon dioxide monomers to form an inorganic poly-
mer (SiO2)n. Silicon atoms are covalently bonded to four oxygen atoms in a tetrahe-
dral arrangement (see Figure 13.8a). Each of the four oxygen atoms is bonded to at 
least one silicon atom to form either a silanol (≡Si-OH; Figure 13.8b) or a siloxane 
bridge (≡Si-O-Si≡; Figure 13.8c) functionality. The bulk structure is determined by 
random packing of the [SiO4]4- units, which results in a nonperiodic structure [21]. 
Silanol groups are formed during the synthesis process. The condensation poly-
merization of the acid forms spherical colloidal particles containing silanol groups 
on the surface. Yaroslavsky and Terenin proved the existence of the surface hy-
droxyl groups in the late 1940s [26]. An investigation of silica surface chemistry 
by Kiselev and Zhuravlev two decades later determined that surface properties, an 
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oxide absorbent, depend on the presence of these silanol groups. Using a deute-
rium exchange method developed by L. T. Zhuravlev, Kiselev and Zhuravlev ascer-
tained that the surface hydroxyl group concentration was fairly consistent over a 
wide range of amorphous silicas independent of the surface area. The numerical 
value of hydroxyl groups per unit surface area was αOH,AVER = 4.6 nm‒2 (least-
squares method), known today as the Kiselev–Zhuravlev constant [22,27]. Another 
decade would pass before Maciel and Sindorf, using CP MAS NMR, would discover 
that the silica surface not only contains single silanols, but has a population of 
germinal silanols (Figure 13.9a, two silanols bonded to the same silicon atom) [23]. 
The authors later observed that single silanols could be vicinal (i. e., silanols 
 involved with the formation of intramolecular hydrogen bonding; Figure 13.9b) or 
isolated (silanols [28] that are separated from other adjacent silanols by a distance 
> 3.1 Å, which prohibits hydrogen bonding) [29]. The distribution of the silanol 
functionalities on the surface of any SAS is approximately 17–20% germinal and 
80–83% single [24]. Specifically for precipitated silicas with surface areas around 
175 m2/g, germinal silanol population is 17.8% and single silanol population is 
82.2% [30].

Figure 13.8 Silica surface structures: (a) [SiO4]4- units in a tetrahedral arrangement;  
(b) isolated single silanol; (c) siloxane bond connecting two silicon atoms. Oxygens shown 
 without hydrogens are bonded to silicon atoms forming siloxane bridges.

Figure 13.9 Reactive silica surface structures: (a) germinal silanol (two hydroxyl groups 
bonded to one silicon atom); (b) vicinal silanol (two isolated silanols hydrogen bonded to each 
other). Oxygens shown without hydrogens are bonded to silicon atoms forming siloxane 
bridges.
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�� 18.2�Phenol-Formaldehyde Resins

Phenol-formaldehyde resins have long been used in the rubber industry as tackifi-
ers, reinforcers, or curing agents. Phenolic tackifiers can be found in many com-
pounds that require good tack for component building purposes. Phenolic reinforc-
ing resins are found in the compounds where high stiffness and hardness are 
needed. Phenolic curing resins are used to cure butyl tire-curing bladders, air 
bags, TPE elastomers, and products that require high heat resistance.

Phenol-formaldehyde resins can be chemically classified into two major groups: 
novolaks and resols. The novolak resins are made from the reaction of phenol with 
formaldehyde under acidic conditions (see Figure 18.1). The phenol can be an al-
kylphenol or a combination of phenol and alkylphenol. The molar ratio of formal-
dehyde/phenol is less than one for novolaks. Novolak resins are thermoplastic 
 resins that soften at elevated temperatures unless crosslinked with a methylene 
donor. Tackifying and reinforcing resins are variations of novolak resins.

Figure 18.1 Formation of a novolak resin.

The resol resins are made from the reaction of phenol with formaldehyde under 
basic conditions (see Figure 18.2). The phenol is usually an alkylphenol. The molar 
ratio of formaldehyde/phenol is greater than one for resols. Resol resins are ther-
moreactive. Adhesive and curing resins are produced from different variations on 
resol resins.

Figure 18.2 Formation of a resol resin.
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18.2.1�Types of Phenol-Formaldehyde Resins

18.2.1.1�Reinforcing Resins
Reinforcing resins are novolak resins that typically have a branched structure. 
These resins are made from the reaction of a phenol and formaldehyde under 
acidic conditions to produce a branched novolak resin as shown in Figure 18.3.

Figure 18.3 Formation of a reinforcing resin.

The ratio of ortho-ortho (o-o), para-para (p-p), and ortho-para (o-p) bonds is depen-
dent on the type of catalyst.

Novolak reinforcing resins can be modified by the following:

 � Part of the phenol in the reaction can be replaced by other phenolic or non-phe-
nolic compounds

 � Part of the formaldehyde can be replaced by other aldehydes

 � Varying the type of catalyst during the polycondensation can form linear ver-
sus branched structures

 � Common chemical modifications to reinforcing resins are made with cashew 
nut oil, cresol, or tall oil

Reinforcing novolaks are thermoplastic and must be crosslinked with a methylene 
donor such as HMT (hexamethylenetetramine) or HMMM (hexamethoxymethylo-
melamine) to make them thermosetting and reinforcing. The amount of methylene 
donor needed to crosslink novolak resins depends on the hardness level needed, 
the amount of novolak resin in the formulation, and whether the methylene donor 
is HMT or HMMM. Generally, the amount of methylene donor used is 8 to 15% of 
the total novolak resin in the formulation. Higher amounts of HMMM are used to 
get the same hardness level as HMT. Formulations with less than 10 phr of novolak 
resin may require larger amounts of methylene donor because of dilution by the 
overall compound formulation.

Reinforcing phenol-formaldehyde resins can be used to make a high hardness (90+ 
Shore A durometer) bead filler that has good processing properties. A model for-
mulation is shown in Table 18.2.
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Table 18.2 High Hardness Tire Bead Apex Compound

Ingredient PHR
First stage (Banbury):
Natural rubber SMR20 60.00
Butadiene rubber 1220 40.00
Carbon black HAF LS N326 80.00
Aromatic oil  5.00
Stearic acid  1.50
6PPD Antidegradant  1.00
Zinc oxide  7.00
Phenolic resin 15.00
Second stage (2-Roll Mill):
HMT or HMMM methylene donor  1.50
MBS accelerator  0.80
Insoluble sulfur (95% active)  2.20
PVI scorch inhibitor  0.25

A high hardness tread compound with good flex properties, improved tear resis-
tance and good processing properties is possible with phenolic reinforcing resins. 
Table 18.3 shows a model formulation.

Table 18.3 High Hardness Tread Compound

Ingredient PHR
1st step
SBR 1500 100.00
N339 carbon black  65.00
Silica   8.00
Phenolic resin   8.00
Wax   1.00
6PPD antidegradant   2.25
Zinc oxide   2.50
Stearic acid   2.00
Aromatic oil  21.00
2nd step
HMMM methylene donor   1.20
Sulfur   1.60
TBBS accelerator   1.40



64518.2 Phenol-Formaldehyde Resins

A hard subtread compound with low rolling resistance can be made with a phe-
nol-formaldehyde reinforcing resin that gives good tire handling properties and 
low hysteresis in low rolling resistance tires, high performance tires, and truck 
tires, as shown in Table 18.4.

Table 18.4 Low Rolling Resistance Hard Subtread

Ingredient PHR
First stage
SMR- or SIR-20 NR 50.00
1203 High Cis BR 50.00
N650 carbon black 35.00
Aromatic oil 0
Naphthenic oil 0
Phenolic resin 10.00
Zinc oxide  3.50
Stearic acid  2.00
TMQ antioxidant  1.50
Wax  1.50
6PPD antioxidant  1.50
Final stage
Sulfur  1.80
TBBS accelerator  2.00
DPG accelerator  0.25
HMMM methylene donor  1.20

In the automotive industry, EPDM rubber profiles are used to weatherproof win-
dows, doors, and car hoods. Phenolic resins have been used to make weather-strip-
ping profiles that are made of co-extruded dual hardness rubber compounds. These 
co-extruded profiles have replaced the traditional profile containing a soft rubber 
compound and a metallic insert. Table 18.5 lists the components of a high hard-
ness EPDM model compound (50+ Shore D durometer) made with phenol-formal-
dehyde reinforcing resins.

Table 18.5 High Hardness EPDM Compound

Ingredient PHR
Masterbatch
EPDM 100.0
Carbon black N660 150.0
Calcium carbonate  20.0
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Ingredient PHR
Process oil  40.0
Poly ethylene glycol   3.0
Process aid   3.0
Stearic acid   2.0
Zinc oxide   8.0
High styrene resin   5.0
Phenolic resin  15.0
Calcium oxide  10.0
Final
HMT methylene donor   1.5
Sulfur   1.5
MBT accelerator   1.5
TMTD accelerator   0.8
ZDBC accelerator   1.4
CBS accelerator   1.5

Phenolic reinforcing resins are compatible with the most common elastomers in 
the rubber industry; however, the degree of compatibility varies somewhat de-
pending on the polarity of the elastomer. For example:

 � NBR: Phenolic resins are very compatible with NBR polymers, and large 
amounts (25 to 100+ phr) of resin can be incorporated to form very hard, eb-
ony type compounds. Lesser amounts (10 to 20 phr) of resin in NBR form softer 
and more flexible vulcanizates.

 � EPDM: Phenolic reinforcing resins have good compatibility with EPDM poly-
mers. Levels of up to 30 phr can be used. Reinforcing novolak resins can in-
crease the hardness and abrasion resistance of EPDM compounds.

 � SBR, BR, and NR: Phenolic resins are not as compatible with SBR, BR, and NR 
polymers. However, levels of 10 to 20 phr can increase hardness and abrasion 
resistance. NBR rubber at levels of 15 to 25 phr is often combined with SBR, 
BR, or NR to increase the compatibility of the resin, enabling resin levels 
greater than 20 phr to be incorporated.

 � CR: Phenolic resins have the least compatibility with CR polymers. Levels of 
5 to 10 phr are recommended. NBR rubber (15 to 25 phr) is often used in com-
bination with CR rubber to increase the compatibility of the resin allowing for 
resin phr levels above 15.

Table 18.5 High Hardness EPDM Compound (continued)
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18.2.1.2�Tackifying Resins
Tackifying resins are produced from different variations on novolak resins. Gener-
ally, they have a linear structure as shown in Figure 18.4. The alkyl group (R) is 
usually an octyl or t-butyl group.

Figure 18.4 Formation of a tackifying resin.

Table 18.6 shows a model formulation with a phenol-formaldehyde tackifying 
resin. Generally, phenolic-formaldehyde resins with higher molecular weights and 
higher softening points have superior tack, especially after aging under conditions 
of high humidity and temperature.

Table 18.6 Tackifying Resin Compound

Ingredient phr
SMR 20 natural rubber 45.00
BR 1220 BR 30.00
SBR 1500 25.00
N650 carbon black 50.00
Naphthenic oil 15.00
Stearic acid  2.00
Zinc oxide  2.50
6PPD antidegradant  3.50
Wax  3.00
Tackifying resin  5.00
Sulfur  1.75
MBTS accelerator  0.90
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Banbury  644
Banbury mixing  618
BAPIB  617
bare spots  24
barite  451, 460, 471
barium  690
barium sulfate  706
barrel  32, 722
barrel capacity  335
barrelling  58
barrier  663
barytes  99
base compound  84
batch conversion factor  727
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batch size  725, 729
batch temperature  729
batch-to-batch uniformity  735
batch weight  725, 727
BBP  540, 541, 573
BBPIB  619, 623, 624, 635
BBPIB peroxides  619, 630
BBPIP  618
BCI-MX  589, 590, 670
bead apex  644
bead filler  12, 643
bead insulation  6, 12
bearings  11, 686, 737
bellows  335
belt cover compound  221
belts  21, 305, 314
belts, coat stock  11
belts, cover  11
benzoate esters  303
Benzoflex 9-88 SG  303
benzoic acid  583
benzothiazoles/sulfenamides  609
benzoyl peroxide  613, 617, 623
benzyl  537
BHT  638, 670
bias effect  112
biases  109
bicarbonate  685
bicycle  12
BIIR  149
BIK-OT  696
bimodal distribution  206
binders  160
bis (3-triethoxysilyl-propyl)-tetrasulfide  440
bis-alkylation  216
bis(hydroxyisopropyl)benzene  630
bismaleimide  218, 634
bisphenol  256
Bisphenol AF cure system  271
bisphenol curative  271
bisphenol cures  160
“bis” phenols  658
BK-1675N  205
black and oil loadings  737
black/cobalt compound  682
black masterbatches  175, 736
blackness  446
black/oil masterbatch compound  95
black sidewall  6, 218
bladders  605
blades  20
BLE-25  661
blemishes  447
blended  219
blending  727, 730
blending masterbatches for reducing variation  359

blending polymers  188
blends  8, 165, 198, 219, 241
blistered surface  687
blister formation  214
block copolymer  173, 325
block copolymer TPEs  321
blocking  121
block polyamides  326
blocks  168
block-to-block variation  121
bloom  8, 48, 564, 570, 594, 599, 626, 630, 655, 

663, 729, 735
bloom (exude)  75
bloom-free  598, 630
blooming  435, 656
blooming problems  8
bloom point  8
bloom problems  664
blowing agents  4, 685, 687, 690
blowing agent system  690
blow molding  331, 335
blow out  73
blow-out test  561
blow ratio  335
blow reaction  50
Blue Book  10
BNDS  219
bond  231, 336
bonding agents  674
bonding systems for brass  672
bond line  68
bond strength  637
boots  335
bound antioxidant  662
bound antioxidant NBR  234
bound rubber  49, 423
BPC  624
BPO  617, 623
BPV  617
BR  149, 150, 169, 172, 176, 198, 436, 444, 593, 

647, 651, 659, 670, 721
brake fluid  255
branched alcohols  554
branched aliphatic alcohol  542
branched mode  211
branching  171, 231
branching agent  205, 211
brass  68
brass-plated carbon steel  671
brass wire adhesion  671, 676
Brazilian Congress  16
breakdown  728
breaker  12
bricks lining  424
bridge bearing pads  218
bridge bearings  11
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brittleness  229
brittleness points  147
brittle points  63, 150, 310, 546
brominated flame retardant  706
bromine halogen sources  699
bromine sources  702
bromobutyl  156, 215, 218, 220
bromobutyl 2255  220
bromobutyl/natural rubber blends  609
bromobutyl rubber  149
bromobutyl X2  210
BS903  78
BT-93  714
bubbles  303, 685
Budene  172, 178
buffings  347
building tack  228, 246
bulk density  424
bulk homogenization  428
bulk lubricants  565
bulk system  424, 426
bumping the press  214
Buna  172
Buna CB  178
Buna-N  226
Buna VI  178
Buna VI 47 0  178
Buna VI 70 0 HM  178
Busfield et al  388
bushings  11
business machines  305
butadiene  173, 227
butadiene acrylonitrile rubber  651
butadiene rubber  644, 651, 670
butoxyethoxyethyl  556
butoxyethyl  556
butyl  153, 207, 307, 436, 536, 556, 577, 593, 605, 

606, 688
Butyl 065  208
Butyl 068  78
Butyl 268  207
butylated hydroxytoluene  638, 670
butyl backbone  217
butyl benzyl phthalate  542
butyl bladder compound  648
butylene  537
butyl inner tube  206
butyl rubber  149, 210, 216, 605, 606, 648, 659, 

670
butyl rubber properties  206
butyls  165
butyl tire-curing bladders  642

C
C7C11P  540, 541, 573
C2000L  259
C2000LL  259
cable  11
cable jackets  251
CaCO3  453, 460, 462, 463, 506, 523
cadmium  2
CAFE  444
calcined clay  221, 242, 463, 468–470, 527, 528, 

707
calcite  460, 461
calcium carbonate  10, 99, 451, 452, 460, 645, 

703, 706
calcium carbonate (whiting)  211
calcium hydroxide  160
calcium oxide  160, 234, 646, 692
calcium soaps  567
calcium stearates  211, 692
calendering  24, 47, 213, 228, 232, 237, 335, 429, 

435, 562
calendering speed  562
calender release  24
calender rolls  232, 268
calenders  21
Calprene  172
capillary die rheometer  228
capillary rheometer  27, 32, 37, 41, 568
capital investment  332
capric  536
caprylic  536
carbocationic copolymerization  211
carbonaceous components  421
carbonaceous material  423
carbonates  4, 685
carbon atoms  556
carbon black  2, 9, 46, 99, 165, 172, 211, 241, 327, 

419, 420, 435, 440, 442, 676, 724, 730, 736
carbon black compounding tips  434
carbon black dispersion  48, 737
carbon black loading  432
carbon black manufacture  447
carbon black masterbatch  730, 736
carbon black N326  644
carbon black/oil masterbatches  94
carbon black/silica  680
carbon-carbon bond  345
carbon-carbon crosslinks  65
carbon–carbon linkages  614
carbon–carbon type crosslink bonds  637
carbon dioxide  293, 303, 687, 690
carbon nanotubes  458, 506, 514
carbon-silica dual-phase fillers  440, 443
carbon–sulfur  637
Carbowax 4000 (polyethylene glycol)  221
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carboxyl and chlorine dual cure site system  239
carboxylated  227
carboxylated nitrile elastomers  154
carboxylated nitrile (XNBR)  233
carboxylated polybutadiene-treated CaCO3  463
carcass  6, 12, 23
carcass grades  422
Cariflex BR  172
castable  304
castable elastomers  291
castable grades of PU  161
castable urethanes  288, 290
Ca stearate  210
caster wheels  445
castor oil  648
cast polyurethane covers  313
cast polyurethane elastomers  313
cast polyurethane processing  289
catalog of experimental designs  130
catalyst  289
catalyst (Ziegler)  166
cation exchange capacity, CEC  509
cationic clays  511, 512
cationic polymerization  157
caulks  157
Caytur  300
Caytur 21 and 31  300
CBS  570, 579, 590, 598, 599, 610, 651
CBS accelerator  646
CDBP  423
Cellcom A-80  689
Cellcom AC  688
Cellcom CF  689
Cellcom OBSH  689
cells  686
cell size  693
cell sponge  687
cell structure  687, 693
cellular rubber  687
cellular rubber blow reaction  50
cellular rubber products  685
Celogen  688, 689, 695
Celogen AZ  688, 689
Celogen OT  689
centrifugal molding  295
cetyltrimethyl ammonium bromide (CTAB)  421
chain extender  290, 293
chain-extension  288, 293
chain lengths  565
chain scission  557, 653
chain stoppers  656
chalk  460
chalking  76
chamber  725
channel-process carbon blacks  424
char  703, 713

characterization
 – aggregate distribution  486
 – pore volume  485
 – silica dispersion  486
 – silica silanization  486
 – surface area  483
 – surface chemistry  483
 – surface structure  481
 – void volume  485
 – WK coefficient  486

characterization of carbon black  420
char formation  703, 705
CHDMDA  636
chemical environments  308
chemical inertness  713
chemically react  77
chemical peptizers  556
chemical resistance  206, 217, 253, 254
China clay  464
China Synthetic Rubber Industry  15
chips  736
chlorinated alicyclic material  702
chlorinated paraffin  699, 701, 705, 708, 712
chlorinated paraffin (70 % chlorine)  711
chlorinated polyethylene  149, 158, 248, 552, 699, 

706
chlorinated polyethylene polymers  553
chlorine  701, 707
chlorine/carboxyl ACM  240
chlorine contents  706
chlorine sources  702
chlorite  464
chloroalicyclic compound  708
chlorobutyl  100, 156, 158, 216
chlorobutyl rubber  149, 218, 219
chloromethyl groups  255
chloroprene  100, 209
chloroprene rubber  651, 670
chlorosulfonated polyethylene  149, 158, 250, 446, 

551, 707
chromatography  178
CIIR  149
CILAS 930e instrument  352
cis  170, 188
cis-BR  180, 197, 198
cis content  166, 170
Cisdene  172, 178
cis-IR  179, 188
cis polybutadiene  189
cis-polybutadiene (Co)  178
cis-polybutadiene (Nd)  178
cis-polybutadiene (Ni)  178
cis-polybutadiene (Ti)  178
cis-polyisoprene  178
citric  536
classes of organic peroxides  611
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classification of recycled rubber powder  347
classification of TPEs  319
classifications  3, 9, 10
clay  2, 10, 165, 451, 463, 464, 467, 470, 522–524, 

529, 706, 707, 711
clay fillers  638
closed cell structure  686, 697
CM  619, 706
CNBR  154
CO  149, 162, 256
coagents  154, 181, 216, 631, 634, 636
coagulated field latex  168
coated fabrics  701
coating and adhesives  251
coatings  287
coating, textiles  11
cobalt  661, 668, 672, 678
cobalt-boron complex  672
cobalt BRs  170
cobalt catalyst  171
cobalt naphthenate  672, 673, 678, 681
cobalt neodecanoate  672
cobalt salts  3, 672
cobalt stearate  672
Co-BR  189, 199
coefficient of friction  206, 326
cohesive failure  68
coke  421
cold emulsion SBR  178, 194
cold feed extruders  21, 570, 722
cold flow  152, 171, 232
cold NBRs  229, 232
cold polymerization  170
cold polymers  229
cold SBR  151
colloidal form  420
colloidal properties  426
color  654
colorants  4, 298, 333
coloration  304
color-sensitive  659
color stability  252
combustion ratio  448
compatibility  8, 195, 219, 646
compatibility table  436
compatibility w/polar polymers  227
complex dynamic viscosity  30
complex modulus  190, 438
complex normal modulus E*  59
complex phenyl phosphites  229
complex shear modulus  30, 59
complex torque  29
compo crepe  168
compound cost  81
compounding  17
compounding tips  446

compression  57, 155, 238, 242, 606, 609
compression molding  23, 295, 334, 619
compression plastimeters  31, 38
compression ratio  335
compression set  65, 159, 199, 216, 229, 237, 301, 

307, 310, 328, 568, 595–598, 604, 634, 686
compression set resistance  244, 271, 309, 310
compression set testing  637
compression set under constant deflection  66
compression set under constant force  66
compressive stress relaxation  66
condensed phase  703
conductivity  448
Cone Calorimeter  700
conferences  15
configurations  166
constant energy deformations  438
constant energy hysteresis  438
constant energy test  438
constant strain  438
constant strain deformations  438
constant stress  438
constant stress conditions  438
constituent aggregates  427
contamination  613
continuous flexing  667
continuous mixers  721, 731
continuous mixing  735
continuous phase  566, 730
continuous variables  117
continuous vulcanization  630, 694, 697
contour plots  370
controlled strain cycle  71
controlled stress cycle  71
conventional sulfenamide acceleration  588
conventional sulfur  609
conventional sulfur cure system  606
conventional vulcanizates  583
conversion factors  83
conveyor belt cover  7
conveyor belting  701, 711
conveyor belts  23, 47, 218, 221, 441, 446
cooling water  729
coordination catalysts  170
COP  325
COP chain  325
Coperflex  172
copolyesters  164, 324
copolymer of ECH/allyl glycidyl ether (AGE)  255
copolymer of ECH/ethylene oxide (EO)  255
copolymers  173
copper  68, 661, 669
copper inhibition  669
copper sulfide  674
copper sulfide adhesion layer  671
copper/zinc plating  672
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COP TPE  325
core-shell polymeric nanoparticles  515
Corporate Average Fuel Economy  444
“corrected” viscosity  30
corrosion  68, 229
corrosivity  700
cost  81, 309, 310, 325, 426, 446, 593–595, 654, 

658, 659, 668, 701
cost calculations  81, 85
cost/lb  82, 85
cost proposal  104
cost savings  333
cost-volume  81
countermeasures  359
coupling agent  4, 173
cover  11
covulcanization  219, 609
Cox and Merz  30
CPE  149, 150, 552, 706
CR  149, 150, 267, 434, 593, 648, 651, 659, 670, 

694, 698, 705, 721
crack  70, 75
cracker mill  342
crack growth  175, 190, 198
crack growth rate  72
cracking  661
crack initiation  70
crack tip blunting  388
crazing  76
creep  63, 65, 66, 328
crepes  168
cresol  643
crosslink bond energies  345
crosslink density  68, 634
crosslinked hot NBR  232
crosslinked polyethylene  708
crosslinked polymer  230
crosslinker  289
crosslinking  630, 634, 653
crosslinking HNBR with coagents and peroxides  

636
crosslinking peroxides  612
crosslinking PE with coagents  634
crosslinks  578
crumbly  362
crumbly batches  24
crush strength  426
cryogenic grind powder  340
cryogenic process  342
crystalline melt (Tc)  223
crystallinity  156, 167, 223, 224, 706
crystallization  62, 167, 290
crystallization rate  62
crystallize  154
crystallizing  434
CSM  149, 150, 551, 552, 619, 707

CSM/EPDM  707
CTAB  422
CTAB adsorption  421
CTAB area  422
CTP  584, 587, 590, 604, 605, 670
Cumarone Indene  641
cup lump, tree lace  168
curative  248, 289, 300, 732
curative ratio  298, 301
cure agents  641
cure-blow balance  690
cure kinetics  42
cure rate  42, 216, 225, 247, 423, 585, 626, 693, 

706, 731
Cure Rate Index  44
cure reaction  50
cure residence  42
cure state  228, 229
cure system  227, 596, 654
cure systems for butyl and halobutyl rubber  605
cure systems for nitrile  600
cure systems for polychloroprene  603
cure time  42, 43, 613, 619, 629
curing  293
curing bladders  12, 157, 209, 648
curing process  23
curing properties  581
curing resins  648
curing temperatures  257
cushion  11
cushioning  686
cut  291
cut and chip  190
cut and tear requirements  312
cut and tear resistance  304
cut/chip  445, 446
cut/chip properties  189
cut/chip resistance  446
cut growth  70
cut-growth resistance  152, 431
cuts and end rolls  428
CV  178, 179, 198
cycle times  331
cyclohexane dimethanol  537
cyclohexane dimethanol diacrylate  636
cyclohexylthiophthalimide  651
cyclosilicates  464

D
D"  438
D2138  68
D2229 for steel tire cord adhesion  68
D5603  346
D5644  346
damping  60
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data  112
DBC  617
DBCFm  548, 572
DBD  558
DBD peptizer  560
DBDPO  702, 708, 711
DBEA  543, 572
DBEEA  256, 260, 543, 546, 572
DBEEEA  550
DBEEEG  549, 550, 572
DBES  573
DBP  442, 459, 546, 573
DBPC  617, 624, 628
DBPC Peroxyketal peroxide  627
DBS  573
DCBP  617
DCBS  579, 590, 670, 675, 680
DCP  617, 620, 624, 627, 628, 633–635
DCPD  224
deagglomeration  704
decabromodiphenylethane  702, 714
decabromodiphenyl oxide  699, 702, 708,  

709
Dechlorane Plus  702, 707
decomposition  692
decyl  537, 556
definitions  1, 574
deformation  31, 437
degassed  293
degassing  293, 303
degradation properties  70
dehydrohalogenation agent  212
dehydrohalogenation by Zn++  251
delaminated clay  463, 468
delaminated kaolin  465
Delft test piece  69
DeMattia cut growth  434
De Mattia cut-growth resistance  167
De Mattia test  198
DeMattia tester  71
demold time  297
densimeter  49
density  49, 53, 84, 725
density and cost calculations  727
Department of Transportation  444
desiccants  234
design  17, 130
Design Expert® software  370
design matrix  118
design of experiments central composite design, 

response surface method  370
Desk-Top Data Bank  12
detergent cleaning  656
deterioration  70
Deutsche Kautschuk-Gesellschaft  14
devulcanize  345

dew  76
di(2-ethylhexyl) adipate  535
diacrylate coagents  636
diacyl peroxides  611, 612, 622
Diak No. 1  215, 221
dialkyl peroxides  611, 612, 623, 628, 629
dialkyl PPDs  664
dialkyls  631
dialkyl type organic peroxide  613
dialkyl type peroxides  624, 630
diamine  216, 221, 300, 610
diamine curative  290
diamine cures  159
diaphragms  160, 264
diaryl-paraphenylenediamines  655
diaryl PPDs  661, 664
diatomaceous earth  530, 531
diatomite  451, 460
dibasic acid  535, 539
dibasic lead phthalate  707
dibenzamido-diphenyl disulphide  556, 558
dibenzofuran  702
dibenzoyl peroxide  622
dibutoxyethoxyethoxyethylglutarate  549
di(butoxy-ethoxy-ethyl) adipate  260
dibutoxyethoxyethyl substitute sebacate  573
dibutoxy ethyl sebacate  573
dibutyl phthalate  421
dibutyl sebacate  573
dicarboxylic aliphatic acids  555, 556
dicumyl peroxide  216, 617, 625, 628, 633, 636, 

638
Dicup 40C  221
dicyclohexylamine  579
dicyclopentadiene  658
DIDA  572
DIDG  572
DIDP  260, 545, 546, 573
die  722
Die B  68
Die C  68
diene  224
Diene  172
diene content  224
diene rubbers  305
die orifice  37
diesters  535, 553, 555
die swell  24, 37, 153, 214, 335
diethylamine  586
Die T Trouser tear  68
Differential Scanning Calorimetry (DSC)  62
diffusion  206
diffusion rate  688
difunctional monomer  230
diglyme  170
dihydrate  670
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dihydroquinoline  660
diihydroxy aromatics  216
diisocyanate  161, 288, 289
diisodecyl phthalate  260, 712
diisooctyl phthalate  573
diisopropylamine  586
dilauroyl peroxide (DLP)  623
dilauryl dithiodipropionate  659
dilution of antidegradants  377
dimensional stability  230, 632, 708
dimercaptans  216
dimethylamine  586
DIN 53529  44
DINA  572
DIN abrader  78
dinaphthyl-PPD  669
di-n-butylamine  586
dinitrosodiphenylamines  662
dinitrosopentamethylenetetramine  689, 695
dinormal  573
dinormal 7,9,11 carbon phthalate  573
dinormal 7,9,11 phthalate  573
DINP  573
dioctyl (2-ethylhexyl) adipate  572
dioctyl phthalate  260, 303
dioctyl terephthalate  573
diol  301
diol-cured MDI ethers  310
DIOP  573
dioxime  208
dioxime cure  209
dipentamethylene-thiuram tetrasulfide  610
diphenylamine  661
diphenylamine derivatives  660, 661
diphenyl guanadine  692
diphenylguanidine  651
diphenyl paraphenylenediamine  670
dipropylene  537
directionality  330
dirt content  168
discharge  738
discharge mill  732
discharge temperature  728
discoloration  76, 654, 669
discoloring  657, 661
discontinuities  364
discontinuous phase  549, 566
disentangled  230
dispersability  431
disperse phases  731
dispersing agents  174
dispersion  48, 419, 421, 426, 433, 447, 600
dispersion level  428
dispersion silica  570
distribution  428
disulfide of MBT  579

di-sulfidic  583
di-sulfidic linkages  345
di(t-butylperoxy)-m/p-diisopropylbenzene  625
dithiocarbamate  3, 157, 208, 217, 580, 586, 638
dithiocarbamate accelerator  208
dithiodimorpholine  577, 609
dithiophosphate  580, 587
dithiophosphate accelerators  586
ditridecyl phthalate  573
divinyl benzene  152, 227
DMA  391
DMBPHa  617, 623, 630
DMBPHa peroxide  619
DMBPHy  617, 625, 630, 631, 633, 634
DN711P  546, 573
DNODA  540, 541, 572
DN-PPD  669
DNPT  695
DOA  535, 540, 541, 546, 572
dodecandioic  536
DOP  260, 540, 541, 545, 546, 548, 552, 573
DOS  551, 573
DOT  444
DOTG  579, 581, 582, 590, 604, 610
DOTP  548, 573
double helix  722
DPG  181, 570, 579, 590, 651
DPG accelerator  645
DPPD  655, 670
DPTT  594, 599, 610, 638
drive belt  313
drop door  720
dry and grainy  362
dryer  449
dry ground CaCO3  452
dry ground calcium carbonate  461
dry ground clays  453
drying  332
DTDM  568, 577, 584, 587, 590, 599, 606, 670
DTDM/TBBS/TMTD  601
DTDP  573
dual hardness  645
duct hose  161
dumbbell  198
dumbbell specimen  57, 72
DUP  540, 541, 548, 573
DuPont abrasion test  78
DuPont flexing  71
durability  323
Duradene  178
Duro A  540, 541, 550, 551, 553
duro formulation  309
durometer  150, 303, 305, 310, 434, 444
dust collector exhaust  728, 734
dusting agent  696
dust stops  734
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“dynamic” adhesion tests  68
dynamic applications  151, 160
dynamic environments  664
dynamic fatigue  588
dynamic flexing  672
Dynamic Mechanical Analyzer  391
dynamic ozone protection  662, 667
dynamic ozone resistance  379
dynamic ozone tests  75
dynamic properties  16, 58, 219
dynamic vulcanization  328

E
E  438
E*  59
E'  189
E"  189, 438
EA  549
EAB  176
EAPB  617, 625
earthquake  11
ebonite  11
ebony type  646
EBPB  617, 625, 628, 629
E-BR  178, 180
ECH-EO-allyl glycidyl ether (AGE) terpolymer  255
Echo MPS (thiadiazole)  259
ECO  150, 162
Ecoblack  443
economics  81
economy of thermoplastics processing  333
effect coefficient  118, 122, 123
effect coefficient analysis  125
efficient cures  583
EHdPF  541, 572
EHpDF  540
EkoDyneTM  400
elasticity  34, 429
elastic memory  37
elastic normal modulus  59
elastic recovery  38
elastic response  29
elastic shear modulus  59
elastic torque  40
elastomeric alloys  164, 328
elastomerics  12
elastomer selection  147
electrical conductivity  431, 448
electrical connector  160
electrical insulation  207
electrical insulator  157
electrical resistivity  434
electron beam  706
electron microscope  421
electron spectroscopy  354

electrostatic-dissipative (ESD) applications  260
elongation  56, 175, 188, 211, 222, 233, 430, 431, 

433, 442, 658, 709
embrittlement point  357
embrittlement resistance  310
emulsification systems  228
emulsifier  227
emulsion BR  170, 180, 189, 199
emulsion polybutadiene  178
emulsion polymerization  151, 170, 174, 194
emulsion polymerization on ESBR performance  

175
emulsion SBR  188, 659
ENB  225, 595
endless belt  71
end-of-life crosslinked rubber  339
energy consumption  419
energy lost  189
energy mixing  738
energy savings  567
energy set point  738
Engage  620, 628, 637
engine gaskets  162
engine lubricants  161
engine mounts  11, 218
ENR-20  169
ENR-50  169, 199
entanglements  232
entrapment of gas  686
entrapped air  214
environmental  2, 63
environmental issues  340
environmental resistance  287
EP  659, 670
EPDM  149, 150, 163, 165, 223, 225, 330, 434, 

436, 538, 577, 593, 595–599, 617, 623, 635, 
645, 651, 659, 670, 688, 694, 698, 707, 708, 
718, 721

EPDM formulation  709
EPDM phase  329
EPDM/PP  327, 331
EPDM/PP TEOs  328
EPDM rubber/polypropylene  327
EpGdO  551, 572
epichlorohydrin  149
epichlorohydrin rubber  162
EPM  224, 617, 623
EPM/EPDM  222
epoxidation  188
epoxide esters  551
epoxidized esters  553
epoxidized glycerol dioleate  572
epoxidized natural rubber  178, 195
epoxidized soya bean oil  535, 572
epoxy  181, 552
Epoxyprene  178
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EPR  165, 538, 714
equivalent hardness  434
eraser  7, 11
ESBR  170, 175, 180, 444
E-SBR carbon black masterbatch  736
ESO  572
estate brown crepe  168
estate cuplump, tree lace  168
esterifications  534
ester of saturated fatty acids to an NBR compound  

568
ester plasticizers  533, 554
estimates  111
estimation of error  126
ETHACURE  300
ether alcohol  545
ethoxy trimethyl quinoline  670
ethyl-3,3-di(t-amylperoxy)butyrate  617, 625
ethyl acrylate (EA)  238
ethylene acrylic  149, 549, 550
ethylene-acrylic elastomers  261
ethylene-acrylic rubber  161
ethylene bis-tetrabromophthalimide  702, 708
ethylene glycol  539
ethyleneglycol diacrylate  634
ethyleneglycol dimethacrylate  634
ethylene propylene diene  149
ethylene-propylene-diene monomer  708
ethylene-propylene-diene terpolymer  593
ethylene-propylene elastomer  714
ethylene/propylene (E/P) ratios  223
ethylene propylene rubber  165, 670
ethylene thiourea  162, 604, 705
ethylene-vinyl acetate  714
ethylhexyl  536
ethylidene norbornene  224
ethyl propylene diene rubber  670
ETMQ  661–663, 670
ETU  567, 604
EU  149, 150, 161
European Rubber Journal  12, 16, 17
Europrene Neocis  172
EV  583, 586
EVA  617, 624
EVM  713
EV vulcanization  637
experimental design  101, 107, 111
experimentation  582
exploratory designs  107, 121
extender  4, 436, 567
extender fillers  530
extender oils  435
extension ratio  72
external failure costs  23
extraction  77
extrudate  27, 447

extruder profile  258
extruders  21, 722
extruding  232, 429, 435, 721
extrusion  17, 24, 47, 214, 228
extrusion blow molding  335
extrusion performance  447
extrusion productivity  96
extrusion rate  231, 268, 447
extrusion smoothness  431
exudates  8

F
F270 Banbury  726
fabrication of TPEs  333
fabric dips  11
factors  104
factory problems  23
failure mode  447
falling weight method  61
fatigue  70, 190, 583, 589, 653, 664
fatigue bending tests  71
fatigue cracking  653
fatigue life  72, 199, 666, 668
fatigue properties  198
fatigue protection  668
fatigue resistance  330, 605, 661
fatigue resistance and low set  330
fatigue tester  71
fatigue testing under tension  72
fatigue tests  71
fatigue-to-failure  72, 589
fatigue to failure test  388
fatty acid  180, 228, 577, 638, 687
fatty acid soap  558, 560
feedstock  448
feed stream  735
feed throat  735
FEPM  149
FFKM  149
fiberglass bags  449
fibers and fabrics  291
field latex  168
filler  4, 99, 566
filler anisometry  458
filler dispersion  190
filler–filler interaction  399, 415, 459
filler loadings  729
filler morphology  458
filler selection  456
filler shape  458
filler structures  459
fill factor  725
film blowing  331
final MB  731
final mix  725, 735



 Index752

fine ground natural calcium carbonate  506
fines  357
finite element analysis  17
fire growth  700
fire hose  712
Firestone flexometer  73
fire tests  701
firewall seals  160
first-order model  106
first-stage masterbatch  733
first-stage NR CBMB  731
five-factor (1/2 fraction) no aliases  134
five-factor (1/4 fraction)  135
five-factor (2 blocks – 33 runs)  144
FKM  149, 150, 159, 271, 619
flame retardant  4, 702
flame spread  700
flat bark crepe  168
Flectol H  660
Flectol Pastilles  660
Flectol TMQ  668
flex cracking  70
flex fatigue  153, 217, 325, 430, 433, 434, 638
flex fatigue resistance  70
flex fatigue tests  71
flexibility  227, 255, 588
flexible foams  291
flexible hybrid crosslinks  588
flexing  174, 653
flex life  301, 307
flex properties  152, 644
flex resistance  156, 219, 431
flipper tester  72
flooring  701, 711
floor tile  173
flue-duct expansion joints  160
fluffy  424
fluid  160, 447
fluidized beds  697
fluoroelastomer  149, 159, 165, 270, 446, 630
fluoroethylene/propylene  149
fluorohectorite  509
fluoromica  509
fluorosilicone  149, 279
fluorosilicone rubber  160
FMQ  149
foam  303, 685
foam, cellular rubber  11
foam insulation  701
footwear  11
forced vibration  61
forklift tires  311
forklift truck tires  312
formulations  11
four-factor  133
four-factor (1/2 fraction)  134

four-factor (3 blocks – 30 runs)  142
four-factor screening design  124
four-wing  725
free black  736
free radical  656
free radical energies  613
free radical initiators  170
free radical reactions  699
free radicals  611, 615, 622, 626
free vibration  61
friction  11
friction properties  304
friction ratio  719
FTF  198
Fuel A  548
Fuel A immersion  547
Fuel B  548
Fuel B immersion  547
Fuel C  544, 548
fuel-hose liners  163
fuel hoses  160
fuel-injector o-ring seals  160
fuel-tank bladders  160
fuel-tank sealants  163
full factorial 22 design  118
fumed silica  452, 453, 530, 531
functionalizing rubber powder  345
fungicides  4
FVMQ  619

G
G*  59
G'  189, 190
G"  189
G" peak  195
G-60  553, 572
G-62  553, 572
Garvey die  570
gas bubbles  303
gas evolution  690
gas formation  23
gasketing  248
gaskets  161, 218, 314, 698
gas permeability  66, 206, 307, 431, 605
gas phase  699, 703, 736
gas phase flame retardant  702
gas solubility  293
gate  737
Gehman  547
Gehman test  63
gel  230
gel build-up  659
gel formation  231
gelled polymer  171
gel permeation chromatography  178, 558
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general peroxide selection guidelines  613
general purpose  594
general-purpose elastomers  147, 165
Georgia Institute of Technology’s Nanotechnology 

Research Center  353
GK-Kautschuk Gummi Kunststoffe  15
glass transition temperature  60, 170, 199, 227
gloss  446
glutarate  549, 573
glutaric  536, 556
glycerin  537
glycerol  535
glycols  533, 537, 689
golf ball  313, 626
Goodrich  547
Goodrich flexometer  73, 189, 199, 590
Goodrich heat build up  561
Goodyear-Healey Rebound Pendulum method  61
GPC  179
graphene  514
gravimetric feeders  722
green  305
Green Book  168
green stock storage  583
green strength  24, 47, 151, 153, 167, 211, 214, 224, 

231, 363, 445, 447
green strength, good  363
green strength through strain induced 

 crystallization  363
green tire  523
ground CaCO3  461
ground carbon carbonate  466
ground coal  10, 99
ground quartz  530, 531
ground rubber  340
“G” types  156
guanidine  3, 162, 246, 580, 609
guidelines for minimum RRP surface area  387
gum compound  7, 439
Gummi, Fasern, Kunststoffe  15
gum rosin  650
Gutta-percha  167

H
H-45  259
H-75  259
half-life  611, 613, 622, 626
half-life activity  613
Halflife bulletin  614
Hallco Wax C-1018  663
halobutyl/natural rubber  218
halobutyl rubber  211, 213, 217, 218, 609
halobutyls  165
halogenated butyl  445
halogenated butyl elastomers  156

halogenated butyl rubber  210
halogenated flame retardants  2
halogen donor  648
halogen source  699
hammers  311, 312
hand built  23
handling carbon black  426
hard blocks  290
hard clay  99, 452, 463, 465–468, 470, 530, 705
hardness  55, 173, 211, 224, 241, 250, 300, 303, 

305, 309, 325, 326, 431, 434, 442, 446, 567, 
568, 642–644, 653, 676, 680, 681, 708

hardness stability  311
hard pellets  426, 428
hard rubber  11
hard segment  321, 323, 325, 327
hard (thermoplastic) phase  322
HD  225
HDPE  630, 706
health  2
heat aging  154, 211, 227, 250, 309, 594, 633, 634, 

637
heat blisters  24
heat build-up  70, 72, 151, 152, 165, 175, 179, 301, 

309–311, 325, 437, 567, 577
heat build-up test  438
heat history  729
heat resistance  73, 160, 165, 217, 221, 227, 236, 

600, 658, 659
heat resistance of ethylene-acrylic elastomers  261
heat-resistant  7, 221
heat sink  44
heat treatment  206
heat welding  331
heavy calcium carbonate  460
hectorite  506, 509, 511, 512
hectorite nanocomposites  512
heptanoic  536
heptyl  536
HER  301
Hevea tree  150
hexafluoropropylene  159
hexafluoropropylene copolymers  159
hexamethoxymethylmelamine  670, 673
hexamethoxymethylomelamine  643, 649, 651
hexamethylene-1,6-bisthiosulfate  588, 590
hexamethylene diamine carbamate  215
hexamethylenetetramine  643, 649, 673
hexyl  536
hexylene diol  537
high cis content  169
high density polyethylene  630, 706
high dust  426
high energy free radicals  630
high energy radicals  623
higher green strength  211
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higher structure carbon blacks  428
high heat resistance  216
highly dispersible silica
 – CV silica comparison  488
 – dispersibility in rubber  490
 – manufacturing process  489

high performance  444
high performance (HP) peroxide productivity  619
high performance tires  645
high pressure molding process  696
high speed turbo mill  357
high strain testing  47
high-structure blacks  443
high-structure carbon black  89, 442, 728
high styrene  197
high styrene resins  641, 646, 650
high-surface-area carbon blacks  442
high temperature ACM  239, 241
high temperature applications  159
high temperature curing  587
high temperature properties  237, 309
high temperature resistance  234
high temperature service  308
high temperature service plasticizers  549
high-vinyl BR  152, 181
high viscosity plasticizers  554
hindered amine  659
hindered amine and nitroxyl compounds  658
hindered “bis” phenols  658
hindered phenolic antidegradants  656
hindered phenols  655, 658
hinged hopper door  720
histogram  351
HMMM  643, 644, 649, 651, 670, 673, 675, 679
HMMM methylene donor  644
HMT  643, 646, 651, 673
HMT methylene donor  646
HNBR  149, 150, 636, 711, 721
HNBR (30% acrylonitrile)  712
HNBR (40% acrylonitrile)  712
homogeneous dispersion  704
homogenization  567
homogenizing resins  566
homopolymerize  634
homopolymer of epichlorohydrin (ECH)  255
Hooke’s Law  34
hopper  426
hose  11, 23, 218, 239
hose applications  447
hose cover  7
hose tube compound  7
hot air ovens  697
hot emulsion SBR  178
hot ESBR  194
hot feed extruders  21, 722
hot mold removal  434

hot polymers  231
hot SBR  151
hot tear  263, 636
hot tear strength  634
housekeeping  736
HP passenger-tire treads  444
HP tread  444
H-Pull Test  68
HQEE  301
HTS  588, 589, 670
humidity  650, 672
humidity-aged adhesion  672, 682
HVA-2 (bismaleimide)  221
Hycar 2202  210
hydrated silicas  211
hydraulic clicker press  360
hydraulic hose  248
hydrocarbon  641
hydrocarbon-based resins  650
hydrocarbon resin  4, 566
hydrogen abstracting peroxides  634
hydrogen abstraction  611, 616, 627
hydrogenated nitrile butadiene  235
hydrogenated-nitrile-butadiene rubber  711
hydrogenated nitrile rubber  149, 154
hydrogenation  236
hydrogen atom donors  656
hydrogen bond  615
hydrogen chloride  706
hydrolysis  304, 310, 325, 326
hydrolysis resistance  291, 301, 309, 311, 312
hydrolytic environment  303
hydrolytic stability  314, 326
hydroperoxide  612, 653
hydroquinones  658, 659
hydrotalcite  465
hydrous alumina  458
hygroscopic fillers  211
Hypalon  659, 707
hysteresis  60, 174–176, 189, 194, 217, 227, 305, 

421, 431, 437, 440, 444, 446, 645, 686
hysteresis factor  439, 442
hysteresis loop  60
hysteresis properties  151

I
IBC  426
ice traction  190
ICI Rubber Technologistsʼ Pocket Book  12
IDdPF  540, 541, 572
ignition  700
IIR  149, 150, 434, 593, 670
IISRP  9
IISRP grades of ESBR  176
immersion  545
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impact hammer  342
impingement  309
impingement abrasion  310
improper bonding of RRP to new rubber matrix  

366
impurities  153, 422
incorporation time  431
increased microwave receptivity  446
independent variables  106, 117
industrial rubber product  419, 445, 737
industrial wheels  287
inference  111
influence of aging on fatigue life of NR stocks  667
ingredients  727, 728
inhibitor  4, 583
initial fatigue property  587
injection  214
injection molded  435
injection molding  23, 24, 31, 260, 292
injection molding performance  567
ink-jet printer  313
in-line skates  313
innerliner  6, 12, 23, 605
innerliner compound  213, 523
innerliner compounding  445
innersole footwear  7
innertube  6, 12, 605
inosilicates  464
insoluble gel  558
insoluble sulfur  99, 644, 675
insulating properties  250
insulation  209, 686
interaction matrix  123
interdiffusion of molecular segments  363
interfacial adhesion  672
interlaboratory crosschecks  66
interlocking nature  720
interlocking rotor internal mixer  733
intermediate bulk container  426
intermediate mix  733
intermeshing  725
intermeshing process  719
intermeshing rotor  719
intermeshing rotor type  720
intermittent belt test  667
Intermix  719
internal mixer  20, 718, 725, 729, 732, 735
International Institute of Synthetic Rubber 

 Producers  13, 172
International Rubber Conference (IRC)  16
International Society of Automotive Engineers  13
International Tire Exposition and Conference (ITEC)  

16
interpenetrating network of polymers  731
intimate molecular contact  363
intrinsic flaw size  388

introduction  1
ioctyl (2-ethylhexyl) sebacate  573
iodine adsorption  421
iodine number  422
IOES  553, 572
ion exchange capability  509
IR  149, 150, 153, 193, 651, 721
IR group  198
IRHD  55, 318
IRP  432
IRP applications  445, 446
IRP products  434
ISO 34  69
ISO 36  67
ISO 37  45, 56
ISO 133  71
ISO 188  74
ISO 289  26
ISO 289, Part 2  39
ISO 812  63
ISO 813  67
ISO 814  67
ISO 815  66
ISO 816  69
ISO 1399  67
ISO 1431  76
ISO 1432  63
ISO 1434  9
ISO 1827  58, 67
ISO 1867  9
ISO 1868  9
ISO 2000  9
ISO 2285  66
ISO 2528  67
ISO 2782  67
ISO 2856  59
ISO 3384  66
ISO 3417  39, 43, 46
ISO 4647  68
ISO 4649  78
ISO 4652-2  422
ISO 4662  61
ISO 4664  61
ISO 4665  76
ISO 4666  73
ISO 5600  67
ISO 5603  68
ISO 5794/3  10
ISO 5795/3  10
ISO 5796  10
ISO 6133  67, 70
ISO 6179  67
ISO 6472  5
ISO 6502  40, 44
ISO 6505  68
ISO 6810  422
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ISO 6914  74
ISO 6943  72
ISO 7323  31
ISO 7619  55
ISO 7743  58
ISO 8013  66
ISO 9026  47
isobutylene-isoprene  593
isobutylene polymerization  204
isocyanate type  298
iso decyl  537
isodecyl diphenyl phosphate  572
Isogrip  178
isolators  11
iso nonyl  537
isooctyl  537
isooctyl epoxy stearate  572
isoprene  204, 211
isoprene copolymers  173
isoprene rubber  651
isotactic  170
isotactic 1,2  170
ITEC Select  16

J
jacketing material  714
jackets  11
Journal of Elastomers and Plastics  14
JSR  172

K
K*  59
K'  189
K"  189
“K” (Internationale Messe Kunststoff +  

Kautschuk)  16
kaolin  458, 463
kaolin clay  452, 460, 463, 464
kaolinite  464, 509
Keltan  638
Kelvin  24
Ker  173
ketone peroxides  611
ketones  308, 661
kick  152
knitting  605
Kosyn  172
Krasol  172
Kraton polymers  173
krypton BET  351
krypton BET surface areas  352
krypton multipoint BET adsorption isotherm  352, 

358

L

“labeled” naphthenic oils  2
labile hydrogens  632
Laboratoire de Recherches et de Controle du 

 Caoutchouc et des Plastiques  14
laser diffraction spectroscopy  351
laser particle size analysis  351
laser particle size analyzer  349
latex  11
laundry equipment  311, 312
lauric  536
layered double hydroxide  512
layered silicate nanocomposites  510
layered silicates  457, 464, 508
lb-volume cost  82
LCM  697
L/D  27, 41, 335
LDPE  634, 694
L/D ratio  570
lead  2
lead oxide  160
leakage  734
light  76, 657
light calcium carbonate  461
light-colored stocks  654
light-sensitive  659
LIM  296
limestone  460
linear alcohol esters  556
linear alcohols  546
linearity  232
linearly “ramp”  41
linear (mixed normal alcohol) trimellitate  573
linear polymer  171
liner release  24
linings  11
linoleic  535, 536
liquid chlorinated paraffin  701
liquid curing medium  697
liquid exposure  77
liquid injection molding  296
liquid nitrogen  342
liquids  77
lithium  171
lithium-alkyl-catalyzed types  152
lithium BR  180
living polymerization  171
“living” polymers  176
LLDPE  630, 631
loadability  432
load bearing  304
load bearing ability  287, 304, 312
loading  421, 431, 441
loading door  737
loading of carbon  447
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loading/reinforcement/cost  446
load up  446
log-log plot  384
Lonzacure MCDEA  300
loose carbon black  428
loss compliance  438
loss modulus  60, 195, 438
loss shear modulus  30
loss shear modulus G"  59
low-ACN content NBR  539
low-ACN NBR  541
lower loadings of high structure carbon blacks  

442
low molecular weight  214
low rolling resistance  645
low set  595
low set EPDM  599
low smoke cable  714
low-structure carbon blacks  427
low sulfur cure systems  583
low temperature  212, 227, 241, 540, 541, 544, 

546, 550
low temperature ACM  239, 241
low temperature applications  246
low temperature cracking  310
low temperature flexibility  154, 158, 261, 272, 546, 

547
low temperature performance  239, 253
low temperature properties  61, 237, 249, 252, 291, 

309, 436, 540, 553, 554, 706
low temperature resistance  307
low temperature uses  154
low viscosity plasticizers  554
LTM  573
lubrication  562, 566
lubricity  435
lumps  729, 731
lumpy stocks  24
Lunaire Limited Oven, Model # CE210  380
Luperox  630
Luperox P  623
Lupke Pendulum  61

M
macro instruction  738
macrostructure  169, 171, 176, 193, 229
macro surface  421
magadiite  509
Maglite D  551
magnesium carbonate  713
magnesium carbonate-treated sulfur  600
magnesium hydroxide  703, 710
magnesium oxide  160, 162, 211, 216, 220
magnesium sulfate  229
major curatives for polyurethane  300

Malaysian Rubber Board  14
Malaysian Rubber Research and Development 

Board  14
maleic anhydride  536
maleimide type  634
mandrel release  24
manganese  661, 668
manifold gaskets  160
marble  460
marching modulus  45
Marks, Arthur  339
mass strength  426
masterbatching  498
 – masterbatch advantage  500
 – sol-gel process  499
 – wet emulsion process  499

masterbatch mixing  729
masterbatch mixing stage  730
masterbatch stage  728
masticated rubber  559, 560
mastication  729
mastication of rubber  557
Materie Plastiche ed Elastomeri  15
maximum storage temperature  613, 615
maximum torque  43, 619
Maxwell model  64
MBCA  300
MBCA-cured TDI esters  303
MBCA (methylene-bis-orthochloroaniline)  300
MBI  670
MBM  634, 635
MBS  579, 585, 591, 651
MBS accelerator  644
MB second stage  736
MBT  181, 221, 576, 585, 591, 593, 606, 610, 651
MBT accelerator  646
MBT (mercaptobenzothiazole)  208
MBTS  219, 579, 581, 610
MBTS accelerator  647
MBTS/DPG  581
MC  600
MCDEA  301
MCT  722
MCTD  722
MC treated sulfur  600
MDA  300
MDI  298–300, 309
MDI-based prepolymers  301
MDI ether  309
MDI polymers  301
MDI prepolymers  299, 303, 308
MDI PTMEG ether prepolymers  311
MDI urethanes  308
MDR  40, 44, 46, 47, 49
MDR2000  228
MDR-P  50
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measurement uncertainty  110
median force  70
medium ACN NBR  544
medium acrylonitrile-content NBR  542
medium-high ACN-content NBR  547
medium-high acrylonitrile  543, 544
medium radial truck treads  445
MEK  308
melamine resin  673
melting point  317, 327, 335
melt strength  632
Melvin Mooney  26
memory  290
mercaptobenzimidazole  212, 659, 670
mercaptobenzothiasole disulfide  610
mercaptobenzothiazole  576, 579, 591, 610, 638
mercaptobenzothiazole disulfide  591, 651
mesh  347
metal dithiocarbamates  256
metallic-carboxyl reactions  233
metallic corrosion  68
metallic oxides  234
metallic salts  234
metallocene-based  637
metal oxides  577
metal poisoning  668
methacrylate type  634
methoxy ethyl acrylate (MEA)  238
methylchloride  211
methylene-bis-orthochloroaniline  300
methylene dianiline  300
methylene donor  3, 641, 643, 673
methylene donor resins  649
methylol  216
methylol group  210, 212, 648
Metravib DMA  391
Mg carbonate  714
MH  43, 46
mica  458, 472, 523
micelles  563
microcrystalline  663
microcrystalline waxes  663
microorganism resistance  304
microscopes  190
microstructure  170, 178, 181, 197
microwave ovens  697
migration  657
mild steel  68
mill  730, 735
millable gums  287, 291, 313
millable PU  161
mill bagging  180
mill gap  357
milling  24
milling rpm  357
mill mixes  213

mill nip  267, 724
mill roll temperatures  267
mills  718
mineral fillers  211, 460, 522
mineral filler systems  234
mineral oil  563, 691, 714
mineral rubber  99, 212
minimum cure time  614
minimum torque  43
mining belt compound  705
mis-compounding  49
mix cycle  20, 728, 734, 738
mixed fatty acid  228
mixed rosin  228
ML  43
moles of peroxide  630
molybdenum disulfide  304
monesters  555
monobasic acid  535
monobasic carboxylic acids  534
monocarboxyl acids  535
monoesters  535
monomeric  552
monomeric coagents  634
monomeric dihydroquinolines  661
monomeric esters  549
monomeric pentaerythriol ester  572
monoperoxycarbonate peroxides  623
mono-sulfidic bonds  637
mono-sulfidic crosslinks  583
mono-sulfidic linkages  345
Monsanto Compounderʼs Pocket Book  12
Monsanto FTF  198
Monsanto processability tester  37
montmorillonite  458, 465, 506, 508, 509, 511, 512
Mooney  595
Mooney machines  228
Mooney scorch  39, 216, 552, 567, 581, 582, 587, 

595–600, 604–606, 620
Mooney stress relaxation  35
Mooney Units (MU)  26
Mooney viscometer  26, 39, 568
Mooney viscosity  175, 179, 204, 210, 225, 236, 

433, 543, 560, 635
morpholine  586
morphology  319, 324, 329, 356, 456, 458, 459, 

704
motorcycle  12, 313
motorcycle belt driving  313
motor mounts  438
Moving Die Rheometer (MDR)  40
m/p Di (t-butylperoxy) diisopropylbenzene  618
MPT  228
MQ  150
MQ, VMQ, PMQ  149
MS  212, 220
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Mullins effect  190
multi-cell oven  74
multi-cut transfer  722
multifactor experiments  116, 121, 130
multi-lithium initiators  171
multipoint krypton BET absorption isotherm  349
multi-treatment comparisons  115, 130
MVX  721
MW  225
MWD  171, 179, 194, 225, 230

N
N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylene-

diamine  651
N-(1,3 dimethylbutyl)-N"-phenyl-p-phenylene-

diamine  670
N-(1,3-dimethylbutyl)-N-phenyl-paraphenylene-

diamine  610
N134  440
N134 type  436
N220  440, 442
N220 grade  440
N231  442, 445
N234  440, 443
N-234 black  727
N326  445
N330  434, 648
N330 carbon black  208, 435, 648
N339  434, 440
N351  440
N550  595–602, 628
N550 carbon black  221
N660  434, 638, 645
N660 carbon black  207, 220
N660 type  435
N700 type  436
N-762  599
N762 carbon black  208, 264
N762/N774  434
N-770  600
N772  568
N774  628, 635
N-990  604, 628
N990  434
nano-CaCO3  505, 507, 508
nanoclay  509
nanocomposites  505
nano-precipitated CaCO3  462, 505
nanosized CaCO3  451, 457, 505
nanosized calcium carbonate  505
nanosized fillers  457
naphthenic  437
naphthenic acid  212
naphthenic oil  176, 645, 647
naphthenic petroleum oils  538

naphthenic plasticizer  267
naphthylene diisocyanate  299
Natsyn  178
natural  439
natural rubber  9, 100, 149, 166, 169, 179, 181, 197, 

207, 219, 439, 442, 444, 445, 538, 557, 566, 
577, 578, 581, 584, 586, 589, 593, 609, 651, 
665, 670, 727, 730

natural rubber grades  168
natural rubber mastication  729
natural rubber SMR20  644
NBC  659, 663, 670
NBR  149, 150, 226, 234, 267, 434, 538, 543, 568, 

593, 600–602, 646, 651, 659, 670, 711, 721
NBR (35 % ACN)  100
NBR/PP  331
NBR/PVC  327, 694, 698
NBR/PVC foam  712
NBR/PVC polyblends  549
NBR/PVC TEOs  328
NBS abrader  78
NBS smoke chamber  700
n-butyl-4,4-di(t-butylperoxy)valerate  617
NCV  725
N-cyclohexyl-2-benzothiazolesulfenamide  590, 

610, 651
N-cyclohexylthiophthalimide  240, 583, 590, 604, 

610, 670
Nd-BR  198
N-dicyclohexyl-2-benzothiazole-sulfenamide  590
neodymium  152
neodymium-catalyzed products  171
neopentyl  537
neoprene  307, 436, 541, 661, 663
neoprene blend  541
Neoprene FB  246
Neoprene “G” Family  246
Neoprene GNA  247
neoprene rubber  330
Neoprene W  604
Neoprene “W” Family  247
Neoprene WHV  247, 567
Neoprene WRT  567
nerve  35, 153
nesosilicates  464
net chamber volume  725
Newtonian  31
nickel  170, 661
nickel-based catalysts  171
nickel dibutyl carbamate  670
nickel dibutyldithiocarbamate  659, 662, 663
nip  214, 428, 719, 724
Nipol  172
nitrile  307, 663, 688
nitrile-butadiene (NBR)  165
nitrile elastomers  549



 Index760

nitrile rubber  149, 153, 593, 600, 653, 670
nitrogen  688, 695
nitrogen content  168
nitrogen gas  694
nitrogen ratio  357
nitrogen surface  425
nitrogen surface area  421
nitrosamine  586
nitrosamine type  638
nitrosating agents  586
nitrosoamines  2
nitroso anilines  662
nitroxyl compounds  659
N,N'-phenylenebismaleimide  634
N,N-dicyclohexyl-2-benzothiazolesulfenamide   

670
N,N-di-ortho-tolylguanidine  590, 610
N,N-diphenylguanidine  550, 590
N,N-diphenyl-p-phenylenediamine  705
N-nitrosamines  586
n-octyl  536
nomenclature  424
non-black fillers  48, 451–454, 456, 460, 521
non-black nanoparticles  505
non-blooming system  594
non-carbonaceous components  448
non-carbonaceous materials  421
non-crystallizing polymer  435, 436
non-discoloring  658, 694
non-discoloring antiozonant  657
nonlead cure systems  256
non-marking  304
non-migratory  661
non-Newtonian  333
non-Newtonian fluids  31
non-polar aliphatic chain  563
non-polar fluids  326
non-polarity  155
non-polar medium  563
non-reinforcing fillers  452
non-staining  304, 657, 694
non-staining, non-discoloring antioxidant  660
nonswelling  555
non-uniform replication conditions  114
non-vinyl specific  623
nonyl  537, 556
Nordel  595
normalized scatter plots  385
normal modulus E'  59
Norsorex  267
novolak reinforcing resins  649
novolak resin  641, 642, 646, 650
N-oxydiethylene-2-benzothiazole sulfenamide  591
N-phenyl-N'-1,3-dimethylbutyl-p-phenylenediamine  

662, 664
N-phenyl-N'-1,3-dimethylbutyl-p-quinone  662

N-phenyl-N-1,3-dimethylbutyl-p-quinonediimine  
670

NR  149, 150, 267, 434, 585, 593, 651, 653, 670, 
688, 721, 732

NR CBMB recipe  730
NR Technology  11
NS116  197
N-tert-butyl-2-benzothiazolesulfenamide  591, 610, 

670
N-tert-butyl-2-benzothiazolesulfenimide  585
nylon  649

O
OBSH  694
OBSH decomposition  694
OBTS  233
occluded rubber  429
octanol-2  536
octoate  690
octyl  556
octyl (2-ethylhexyl) epoxy tallate  572
octylated diphenyl amine  638
odor  153, 637, 695
odorants  4
odor-free  630
odorless  694
ODPA  638
ODR  39, 43, 44, 46, 47, 552, 574, 631
ODR cure  630
ODR rheometer evaluations  618
OE  444
OE passenger-tire treads  444
OET  553, 572
O.I.  710
oil  46, 99, 419, 435, 442, 449, 688, 734, 738
oil additions  724
oil and solvent resistance  227
oil content  442
oil-extended grades  225
oil-extended natural rubber  169
oil-extended polymer  92
oil-extended SBR  180
oil extension potential  431
oil-field applications  161
oil field components  160
oil field compound  7, 11
oil/fuel resistance  255
oil furnace  424
oil-furnace process  422, 448
oil resistance  158, 239, 262, 309, 311, 328
oil swell  241
oil treated sulfur  99
olefinic blends  164
oleic  535
oleic acid  212, 687
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one-shot  289
OO-t-butyl-O-(2-ethyl-hexyl)monoperoxycarbonate  

617, 624
OO-t-butyl-O-isopropyl monoperoxycarbonate  617
open casting  294
open cell sponge  685, 686
open cell structure  686
Opex-80  689
optical density  700
optical micrographs  353
optical microscopes  190
optimum batch size  725
optimum batch weight  725
optimum cure temperature  42
optimum loading  431, 440, 441
organic accelerators  579
organic activator  577
organic blowing agents  688
organic fillers  514
organic layer silicate  509, 510
organic peroxide  611, 612, 617
organic sulfur compounds  658, 659
organoclay  509, 510
organocobalt salt  672
organo layered silicates  451
organophosphate esters  703
organosilane bonding  735
organosilanes  4
organosilicates  509
orientation  330
orifice  722
orifice diameter  27
O-rings  157, 199, 314, 447
oscillating disk rheometer (ODR)  39
oscillating rheometer  28, 32, 43, 47
OTR tread  6, 12
outdoors  667
oven aging  539, 551
oven post cure  550
overcure  589
overcure stability  42
overloaded  432
overloaded compound  432
oxidation-reduction  612
oxidation resistance  665
oxidative attack  331
oxidative scission  557
oxidizing agent  209
oxolanyl alkanes  170
oxygen  76, 217
oxygen diffusion  74
oxygen index  706, 710
oxygen index (ASTM D 2863)  700
ozone  65, 75, 76, 151, 154, 206, 207, 219, 323, 

593, 605, 610, 653, 655, 659, 664, 667, 713
ozone attack  75

ozone belt flex test  75
ozone chamber  667
ozone cracking  305
ozone protection  663
ozone resistance  75, 152, 154, 207, 209, 304, 668

P
P-670  550, 573
P-675  573
P-7068  573
PA  549
pads  686
pale crepe  168
pan  350
PANA  660, 670
paper mill rolls  311
paraffin  663
paraffinic  436
paraffinic oil  165, 220, 595–599, 606, 638, 708
paraffin wax  212, 221, 663
parallel plates  38
paraphenylenediamines  660, 661, 664
para-phenylenediisocyanate  299
para position  658
parison  335
part cost  82
particle  420, 426
particle shapes  458
particles interlocking with polymer  358
particle size  211, 329, 421, 425, 430, 452–454, 

457
particle size determination  349
particle size distribution  342, 350
particle size distribution histogram  352
particle size population chart  388
parts  2
parts per hundred rubber  2, 432
passenger tires  444
passenger tire tread compounds  522
passenger tread  6, 12
Payne effect  60, 190
PBN  667
PBNA  660, 670
PBN/DPG  665
PBR  267
PCTP  558
PCTP peptizer  560
p-dinitroso-benzene  209
PE  631, 653
PEBA  326, 327
peeling  76
peel rubber  347
peel test  67
pelargonic  536
pelletizer  449
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pellet properties  447
pellets  424, 733
pellet size distribution  426
PE melt flow modification  632
penetration  445
pentachlorothiophenol  558
pentaerythritol  537
pentane diol  537
peptizable  244
peptization  247
peptizer  557, 728
perfluoroelastomer  149
perfluoro (methyl vinyl) ether  159
performance characteristics  53
performance tread  6
Perkin Elmer Pyris-1 analyzer  354
permanence  554
permanent set  446
Permanex ODPA  665
permeability  169, 206, 214, 218, 445
permeability resistance  431
permeability (transmission)  66
peroxide  154, 155, 160–163, 165, 174, 237, 313, 

611, 612, 617, 625, 630, 632, 633, 637, 656, 706, 
707, 712

peroxide-coagent blends  635
peroxide crosslinking  634
peroxide curative  636
peroxide cure  65, 160, 181, 216, 263, 547
peroxide cure system  223, 611, 637
peroxide decomposer  656, 659
peroxide decomposition  614, 653
peroxide/pentaerythritol/TAC  551
peroxides used in crosslinking  622
peroxydicarbonates  611, 612
peroxydisulfate  174
peroxyester  611, 623, 631
peroxyketals  611, 612, 624, 628
petrolatum  208
petroleum-derived resins  650
petroleum oils  4
petroleum waxes  662
PGd2EH  549, 550, 572
phase angle  58
phase angle δ (loss angle)  59
phase inversion  731
phase mixing  730
phenol-acetylene condensation  641
phenol-formaldehyde  209, 641
phenol-formaldehyde cure resin  648
phenol-formaldehyde novolak type  641
phenol-formaldehyde resin  212, 220, 642
phenol-formaldehyde resol type  641
phenol-formaldehyde tackifying resin  647
phenolic antioxidants  659
phenolic reinforcing resins  642

phenolic resins  4, 216, 644, 646, 711
phenolmethylol groups  209
phenols  658, 659, 661
phenylene diamine  2
phenylnaphthylamines  660
phenyl radicals  622
phenyl-α-naphthyl amine  670
phenyl-β-naphthyl amine  670
Phillips Petroleum  12
phosphate esters  703, 705, 707
phosphate plasticizer  706, 711, 712
phosphates  535, 539, 572
phosphite antioxidants  656
phosphites  658, 659
phosphoric  536
phosphorus compounds  703
phr  2, 431
phthalate  539, 545, 546, 551, 573
phthalate ester  2
phthalate polymeric  573
phthalic anhydride  536, 583
phyllosilicates  464, 465, 509
Pico abrader  78
pierced DeMattia crack growth test  388
pigment  305, 738
pigment polymer interaction  206
pin barrel extruder  722
pine tars  650
pine trees  651
pin extruders  718
pin holes  24
pins  722
pipe insulation  694, 698
pipeline pigs  311
plasticator  729
plasticity  31, 38
plasticity retention  31
plasticized PVC  154
plasticizer  2, 212, 298, 303, 546, 551, 632, 633, 

701, 728, 730
Plastics and Rubber Weekly  15
plastics modification  173
plastimeter  31, 38
platinum-based compounds  713
platy silicates  464
PLC  737
ply separations  68
PMVE  159
pneumatic springs  207
POE  149, 150, 163
polar content  436
polar elastomers  554, 555
polar functional group  563
polarity  327, 533, 545, 564
polar plasticizers  549
polyacrylate  149, 446
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polyacrylate elastomers  238, 549
polyacrylate rubber  162
polyamides  164
polybutadiene  149, 165, 169, 171, 189, 197, 198, 

566, 629
polybutadiene-based polyurethanes  299
polybutadiene resins  641
polybutadiene rubber (BR)  152, 577, 593
polycaprolactones  299
polychloroprene  149, 155, 243, 538, 567, 593, 

603, 604, 688, 699, 705, 706, 718
polychloroprene cure systems  604
polychloroprene rubber  648
polydimethylsiloxane  160
polydispersity  323
polyester  291, 298, 649
polyester types  305
polyester urethane  149
polyether  291, 303, 327
polyether-based polyurethane  305
polyetherester linkages  327
polyether soft blocks  326
polyether spine  299
polyether urethane  149
polyethylene  616, 622, 626, 707
polyethylene AC167A  221
polyethylene glycol  646, 692
polyethylene glycol di-2-ethylhexoate  572
polyethylene glycol ester plasticizer  567
polyethylene glycol with monobasic acid end   

549
poly(ethylene octene)  628
poly(ethylene octene) copolymers  637
polyisoprene  149, 153, 165, 167, 188, 199, 219,  

436
polymer/black ratio  731
polymer bound antioxidants  661
polymer compounding  16
polymer–filler interaction  399, 415, 459, 461
polymeric  552, 573
polymeric coagents  634
polymeric core-shell nanoparticles  451, 452, 457, 

514, 515
polymeric glutarate  573
polymeric nanocomposites  505
polymeric plasticizers  547, 555
polymeric polyesters  535
polymeric sebacate  573
polymerization  230
polymerization reactions  623
polymerization technology  736
polymerization temperature  175
polymerized  610, 670
polymerized dihydroquinolines  660
polymer lumps  213
polymer/polymer compatibility  195

polymers  99
polymer substitutions  91
polymer testing  15
polymethylol-phenol resin cure  208
polyoctene  149
polyol  163, 288, 289
polyolefin elastomers  163
polyols  299, 533
polyol type  298
polyphenol  658
polypropylene  670
polypropylene glycol  299
polysulfide  149, 154
polysulfide rubber  163
polysulfidic bonds  345
polysulfidic bridges  638
polysulfidic crosslinks  589
polytetramethylenether glycol  299
polyurethane  307
polyurethane elastomers  287, 294
Polyurethane Manufacturers Association  13
polyurethane rubber  161
polyurethane selection guidelines  308
polyvinyl chloride  154, 169, 317
polyvinyl-chloride resins  641
pooling  111
Porofor ADC  688
Porofor ADC-K  689
porosity  23, 24, 56, 214, 421
postcure  294, 697
pot life  293
pound/volume cost  446
powdered form  736
powdered polymer  721
powdered rubber  731
power integration  737
power law model  31
power law slopes  33
power steering  236
power-steering gears  162
power-transmission belts  437
PP  653, 659, 670
PPDI  298, 299, 314
PPDI-based  308
PPDI-based materials  309
PPDI polyethers  303
PPDI prepolymers  301
PPDs  663
PPG  298
p-phenylenediamines  4, 75, 667
p,p-oxybis(benzenesulfonylhydrazide)  689, 694
p-quinone dioxime dibenzoate  209
preactivated azodicarbonamide  689
precipitated CaCO3  452, 453, 462, 506, 508
precipitated calcium carbonate  461, 463
precipitated layered silicates  452
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precipitated silica  242, 451–453, 460, 479, 522, 
529, 530, 675

 – characterization  481
 – highly dispersible silica  487
 – properties  480

preconditioning  60
precured part  697
precure stage  696
premature crosslinking  636, 735
premature decomposition  687
prepolymer  161, 293, 298
pre-treated clays  527
prevulcanization inhibitor  583, 588
PRI  168
price  1, 150
price index  147
primary accelerators  579
primary aggregates  420
Primol 355 (white oil)  221
printing rolls  311
printing rubber  7
procedures  105
processability  227, 429, 634
process additives  556, 562, 566
process aids  256, 435
processing  1, 17, 244, 292, 298, 301, 331
processing additives  533
processing characteristics  19
processing conditions  298
processing materials  4
processing oil  436, 442, 444
processing properties  433
processing safety  583, 588, 603
process oil  10, 435, 632, 633, 646, 709
process temperatures  614
product design  17
protective waxes  10
protein  2
PTMEG  311
PTMEG premium polyether  298
pts  574
pulsed strain  438
pure smoked blanket crepe  168
PVC  689, 694, 712
PVC modification  232
PVI  651
PVI scorch inhibitor  644
pyrophyllite  465
Pythagorean theorem  438

Q
quadruple shear test piece  58
quadruple test element  67
Quantachrome  352, 357
quaternary ammonium salt  240

quench length  448
quinolines  4
quinoline type antioxidant  631
quinone diimine antidegradants  662

R
Rabinowitsch correction  27
racing tire  437
radar chart  375
radiator hose  8
radical chain reactions  656
radical compounding  441, 442
radical fragment  616
rail pads  218
ram  725, 726, 730
ram action  738
ram pressure  729
random batch processing order  359
random deviations  109
randomization procedures  111
rape seed oil  567
RAPRA  10
RAPRA Abstracts  15
RAPRA Technology Limited  14
rebound resiliency  61
rebound test  438
recipe  2, 5
recipe optimizations  359
reclaim  340
reclaim rubber  339, 341
recycled rubber  339
recycled rubber powder  359

 – addition point  367
 – appropriate particle size/surface area  385
 – chemical properties  348
 – from non-tire rubber products  347
 – heat aging resistance  380
 – in solution SBR/silica-silane tire tread  389
 – standard particle size designation  347

recycling  331
redox  612
red sheet packing  7
references  11
refrigerator  313
regression plots  676
reinforcement  441, 445
reinforcement/hysteresis tradeoff  445
reinforcing  436, 650
reinforcing agents  4, 641, 724
reinforcing carbon black grades  422
reinforcing fillers  452
reinforcing resins  641
relative costs  83
relatively aromatic  436
relatively naphthenic  436
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relative stiffness  63
remill  725, 733
repair gum  12
replacement tread  444
replication  111
replication of batches  359
report  113
reservoir lining  251
resilience  227, 244, 291, 310, 311
resin cure  157, 209, 216, 217
resin cure systems  217
resols  648
resorcinol  2, 216, 641, 672
resorcinol-based resins  650, 672
resorcinol donors  3
resorcinol-formaldehyde  649
resorcinol-formaldehyde latex  649, 651
resorcinol-formaldehyde (RF) resin  673
resorcinolic resin  673
response model  105
retarded  610
retarder  4, 241, 583, 609
retread  12
reversion  23, 209, 583, 589
reversion resistance  47, 586
reversion-resistant cures  214
RFL  651
RF Resin/HMMM  674, 676, 679
RHC  167
rheology  225, 333
rheometer  604, 605
ribbed smoked sheet  168, 188
rice husk silica  491
Ricon  172
rigid and flexible foams  291
RIM  287, 296
rings  66
ring specimens  65
ring testing  45
rocket insulation  11
roll compound  8
roll cover  712
roller coasters  313
roller die extruders  718
rollers  313
roller skate wheels  311
rolling  214
rolling loss  189, 437
rolling resistance  176, 440, 445, 645
rolls  310, 313
roof coatings  157
roofing  12
roofing membrane  701, 714
roofs  207
room temperature cures  218
rosin  4, 650

rosin acid  180, 228, 695
rosin-based resins  650
rosin derivatives  641
rosin tackifiers  651
Ross flexing machine  72
Ro-Tap machine  349
Ro-Tap method  349
Ro-Tap procedure  349
rotational viscometer  26, 39, 42
rotor  20, 26
rotorless curemeter  39
rotor speed  729
rotor tips  429
Royalcast  305
RPA  41, 45, 46, 49
RPA2000 Rubber Process Analyzer  189
RPA tan δ  37
RRP baseline study  359
RSS #1  178
RSS cuttings  168
Rubber and Plastics News  12, 16, 17
rubber bands  7, 12
Rubber Chemistry and Technology  12
rubber coverage  676
rubber crumb  340
Rubber Division, ACS  14, 17
Rubber Division, ACS courses  16
Rubber Division, American Chemical Society  13
Rubber India  12, 15
Rubber Industry  12
Rubber Manufacturers Association  13
Rubber News (India)  12
rubber phase  327
rubber powder  340
Rubber Process Analyzer (RPA)  28, 31, 33, 34, 36, 

41
Rubber Recycling Topical Group, Rubber Division  

13
Rubber Red Book  10
Rubber Roller Group  13
rubber rolls  77
rubbers  5
rubbers for high voltage insulation  527
Rubber Technology International  14
rubber-to-fabric adhesion  67
rubber-to-metal adhesion  67
Rubber World  12, 14, 17
rubbery plateau  62
Rubbicana  10
rug underlay  686
runner area  335

S
S1500  176
S1502  176
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S1712  176
S1721  176
S1778  176
SADT  613
SADT (Self Accelerating Decomposition 

 Temperature)  614
safety  2
salicylic acid  583, 692
sampling procedure  110
sandblast curtains  311, 312
sandblasting hose  77
Santoflex  667
Santogard PVI  257
saponification value  545, 555
saponite  509
saturated elastomers  653
saturated polymer  627
saturated rubbers  577
Saytex BT-93  702
Sb2O3  711, 712
SB bromobutyl 6222  210
SB Butyl 4266  205
SB Butyl 4268  205
SB chlorobutyl 5066  210
SBR  149, 150, 170, 176, 218, 267, 307, 314, 433, 

434, 436, 444, 538, 581, 584, 585, 593, 609, 
647, 651, 659, 664, 670, 688, 694, 698, 711, 721, 
731, 736

SBR 1006  178
SBR 1500  99, 178
SBR 1502  99, 727
SBR 1606  99
SBR 1712  99, 179
SBR 1721  179
SBR 1778  99
SBR 1805  99
SBR 1848  99
SBR/natural rubber  711
SBS  173
scanning electron microscopy  354
scavenging hydrogen halide  703
Schob Pendulum  61
scorch  24, 38, 208, 216, 247, 552, 601, 636, 659, 

661, 671, 735
scorch by oscillating rheometer  39
scorch control  216
scorch delay  579
scorchiness  584
scorch protection  582
scorch retarder  216, 609
scorch safety  214, 579, 583, 585, 587, 605, 609, 

729
scorch safety time  634
scorch time  39, 431, 619, 631
scorchy  27
Scott Flexer  68, 71

scrap  331, 729
scrap rates  23, 419, 447
screener  342
screening designs  108, 113, 122
screen packs  335
screw extruder  722
sealant  12, 157, 218, 287, 292, 324
seal applications  65
sealing  686
seals  199, 314, 447, 686
seals and gaskets  12
sebacates  212, 573
sebacic  536, 556
secondary accelerators  98, 181, 581
secondary amine-based sulfenamide accelerators  

585
secondary amines  586
second-order model  107
second stage MB  731
second step tire building  24
segmented block polymers  290
self accelerating decomposition temperature  614
semi-conductive  443
semi-crystalline  223
semi-crystalline wax  655
semi-efficient  583
semi-EV  583, 586, 587, 606
semi-EV cure systems  234
semi-reinforcing fillers  452
SEM micrograph  355
sepiolite  512
serpentines  464
service life  588
service temperature  327
servo-hydraulic dynamic testing machine  72
set  63, 594, 604, 605
set resistance  601
seven-factor (1/16 fraction)  137
seven-factor (1/16 fraction B)  137
shaft seals  160, 161
shape  454, 456
Shaw  720
shear forces  566
shear rate  25, 30, 31, 335
shear stress  25
shear thinning  31
sheeting  12, 335, 435
sheeting compound  207
sheet-like clay  465
sheets  168
shelf stability  240
shock absorption  687
shock resistance  325
shoe and footwear products  529
shoe soles  77
shoe soling  287
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Shore A  222, 317, 325, 326, 330, 595–597, 606, 
643, 674

Shore A durometer  241
Shore A hardness  267, 601, 602
Shore A scale  55
Shore D  318, 330, 645
Shore D scale  55
shredded rubber  341
shrinkage  24, 38, 429, 447
SIBR  176, 197
SIBRFLEX  197
sidewalls  23, 438
sieve analysis  351
sieve shaker  349
sieve size  348
sieving technique  357
silane-modified clay  522
silane-treated clay  469, 527
silica  10, 99, 165, 221, 445, 451, 522, 524, 531, 

674, 676
silica fillers  304
Silica Pigment Formulary  12
silica surface treatment

 – in situ modification  493
 – pre-treated silica  498
 – silane bonding sequence  495
 – types of silanes  495

silicates  451, 453, 465
silicone  149, 160, 165, 276
 – HCR  277, 278
 – LSR  277
 – peroxide  283
 – platinum  284
 – reinforcing fillers  280
 – RTV  286

silicone elastomer  17, 713
silicone oils  304
silicone rubber  530, 531, 615, 623, 630
silicone-rubber compounding  530
silicon tetrachloride  171, 176
simple treatment  113
single charged  229
single-cycle mix  732
single-ply  251
single-stage mix  732
sinusoidal deformation  30
sinusoidal strain  30
SIR  173, 178, 188, 189, 195
SIR-20 NR  645
SIS  173
six-factor (1/4 fraction)  136
sliding abrasion  310
sliding gate  720
slippage  58, 440
slope  36
slurry  736

S/MBT/ZBPD/TBBS  609
smectics  464
smoke  699, 705
smoke development  700
smoke suppressant  702
smoothness  446, 447
SMR  558, 560, 647
SMR 5  168
SMR 5L  558
SMR 10  168
SMR 20  168
SMR 50  168
SMR L, CV  168
snow traction  60
soap  228
soap-sulfur  162
soda  687
sodium bicarbonate  685–687
sodium carbonate  687
sodium stearate  240
soft clay  466, 467, 470, 706
soft domains  321
softeners  724, 728
softening phenomenon  190
soft-flavor pellets  426
soft (rubbery) phase  322
soft segment  288, 290, 321, 324, 327
solid  12
solid chlorinated paraffin  701
solid tires  445
soling  7
Solprene  172, 173
solubility  48, 565, 654
solubility parameters  8, 566
solution elastomers  659
solution polymerization  170, 194
solution SBR  100, 151, 179, 444
solvating plasticizer  547
solvent resistance  165, 271, 310, 311
sorbitol  537
sorosilicates  464
sound insulation sheets  264
SP-1055  210
specialty elastomers  147, 203
specifications  9
specific gravity  81, 84, 86, 251, 260, 307, 331
specific surface  421
speed  737
spiral mold  568
spiral moldings  570
splice  605
sponge  225
sponge rubber  686
sporting goods  324
sportswear soling  529
spraying  296
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spread fabrics  12
spring rates  59
springs  12
SR-350  636
SSBR  175, 176, 197
stability  217, 218, 585
stability of halobutyl crosslinks  217
stabilizer  229
staining  654, 657, 660
staining/discoloring antioxidants  660
standard error  122
standard operating procedures (SOPs)  103
star  205
star-branched butyl  211
star-branched halobutyl  213, 214
Stat-Ease, Inc.  370
state of cure  45
state of lowest energy  353
static outdoor exposure test  377
static ozone  75
static ozone chamber  667
static protection  664
statistical inference  111
Statistical Quality Control  108
statistical thickness surface area  422
steam  648
steam hose  157
stearate  211, 690
stearate-treated CaCO3  463
stearic  536
stearic acid  10, 165, 212, 215, 221, 240, 265, 570, 

577, 584, 595–599, 601, 638, 644, 647, 687, 
708, 724, 730, 736

steel-cord  671
steel skim compound  585
steel tire cord skim  6
steel tire cord-to-rubber adhesion  68
stem seals  160
stereo-specific catalysts  151
stereospecificity  151
stickiness  48, 559
sticky slabs  24
stiffening  262
stiffness  63, 653
stock bin storage  24
stock storage stability  49
stock temperature  729
stoichiometric chemical reaction  293
stoichiometry  301
storage modulus  60, 438
storage shear modulus  30, 59
storage stability  49, 244
storage tanks  449
strain  669
strain amplitude  60
strain-induced crystallization  188

stress-raising flaws  364, 413
stress relaxation  35, 63, 65, 214, 328, 567
stress relaxation, creep, and set  64
stress relaxation test  37
stress softening  57
stress–strain  56, 57, 188, 435, 545, 595–602, 

606
stress–strain curve  438
structure  211, 421, 431, 435, 456, 459
structure of clay  464
STSA  422
styrene  173
styrene-acrylonitrile  641
styrene butadiene copolymer  205
styrene butadiene rubber  149, 151, 165, 577, 651, 

670
styrene-isoprene copolymer  173, 205
styrene resins  641
styrenic block copolymers  164, 323
sub-ambient temperatures  62
substituted hydroquinones  659
substituted paraphenylenediamines  660, 662
substituted phenols  4
succinic  536
sulfate  424
sulfenamide  152, 154
sulfenamide accelerator  578, 583
sulfenamides  3, 579, 638
sulfenamide/thiuram  600
sulfenimides  580
sulfonamide derivative  240
sulfonyl chloride  707
sulfonyl hydrazides  4, 689, 694
sulfur  10, 207, 233, 313, 424, 575, 578, 581, 584, 

587, 588, 593, 598, 606, 638, 732
sulfur–accelerator optimization with recycled 

 rubber powder  369
sulfur content  251
sulfur cure  215, 600, 601, 638
sulfur/DCBS  676
sulfur dioxide  707
sulfur donor  98, 583, 601, 609
sulfurless cure  602
sulfurless cure systems  220
sulfur–sulfur type bonds  637
sulfur vulcanization  165, 208, 637
sunlight  162
Sunpar  629
Sunproof Improved  663
super clay  712
surface  562
surface activated  690
surface activity  421, 423, 440, 456, 459
surface area  351, 421, 431, 438, 440, 441, 453, 

454, 456, 457
surface area determination  352
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surface cracking  76
surface energy  459
surface lubricant  565
surface lubricity  565
surface modification  507
surface modified CaCO3  463
surface treatment  462, 704
surfactant micelles  564
surfactant process additives  566
surfactants  563
surfactant technology  563
surfactant-type  563
swell  37, 157, 308, 545
swelling  77, 305, 328
Synaprene Formulary  12
syndiotactic  170
synergist  659, 702, 705, 707, 708
synergistic effects  711
synthetic-based soaps  228
synthetic calcium carbonate  461
synthetic natural rubber  153
synthetic rubber  9
Synthetic Rubber Manual  13, 172, 175
synthetic silica  476
 – fumed silica process  478
 – precipitated silica process  477

S/ZBPD/TBBS  609

T
T  149, 150, 163
T3000  259
T3102  259
T3105  259
Taber abrader  78
TAC  635, 636
TAC/EGDM  635
tack  48, 151, 363, 642, 650, 735
tackifiers  4, 641
tackifying resin  212, 641, 647
tackiness  47
TAIC  636, 637
Taipol  173
Taktene  172, 178
talc  99, 211, 221, 451, 452, 458, 460, 465, 470, 

471, 523, 524, 704, 708
t-alkyl peroxyesters  612
tall oil  643
tall oil derivative  641, 650
t-amylperoxy-2-ethylhexanoate  615
t-amyl type peroxides  631
tandem mixing  733
tangential  725
tangential design  734
tangential rotor type  719, 720
tank linings  218

tank tracks  12, 446
tan δ  36, 47, 189, 193, 194, 438
tan δ (loss factor)  60
tape  12
TBBS  219, 579, 581, 584, 587, 589, 591, 594, 

600–603, 606, 610, 670
TBBS accelerator  644, 645
TBCP  625
TBEC  617
TBIC  617
TBPA  617
TBPB  617, 623
TBSI  580, 585, 591
t-butyl cumyl peroxide  625
t-butyloxy radicals  631
t-butylperbenzoate  617, 623
t-butylperoxyacetate  617
t-butylperoxyketals  612
t-butyl type peroxides  631
TBZTD  580, 591
tC10  39
tC50  43
tCx  43
TDEDC (tellurium diethyldithiocarbamate)  208
TDI  289, 299, 301, 309
TDI ester  309, 311
TDI ester prepolymers  301
TDI prepolymers  300
TDI/PTMEG prepolymer  301
TDI urethanes  308
TEA  694
tear  165, 233, 291, 430
tearing energy  69, 72
tear properties  701
tear resistance  45, 68, 153, 287, 307, 311, 312, 

314, 431, 588, 637, 644
tear strength  160, 167, 244, 253, 309, 421
tear values  241
technically specified grades of natural rubber  168
technical organizations  13
technical project  102
tectosilicates  464
TEDC  594, 610
TeEGEH  572
Teflon  304
TeGDEH  543
Tel-Tak tackmeter  48
temperature  447
temperature control  737
temperature flexibility  152, 262
temperature limits  730
temperature of service  655
temperature properties  189
temperature recovery  42
temperature sweep  46, 195
tennis shoe soles  530
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tensile  175, 188, 189, 224, 227, 233, 429, 442, 
595, 598, 600, 601

tensile strength  56, 147, 150, 151, 156, 188, 211, 
217, 222, 241, 269, 309, 328, 421, 433, 567, 632, 
634, 653, 668, 708

tensile strength vs. RRP surface areas
 – scatter plot  387

tensile stress  56
tensile stress–strain  56
tensile/tear  445
tension adhesion  67
tension set  66, 328
TEO  321
terpene  650
terpene derivatives  641
terpene-phenolic  650
terpolymer of ECH/EO/AGE  255
terpolymers  173
terpolymers of vinylidene fluoride  159
tert-alkyl hydroperoxides  612
tertiary benzylic hydrogen atoms  653
TESPT  440
TESPT silane  570
test error  108
testing  17, 19, 53
testing of rubber processability  16
test instruments  105
test machines  437
test tube aging method  74
TETD  580–582
tetrabenzylthiuram disulfide  591
tetrabutylthiuram disulfide  240
tetraethyldithiocarbamate  610
tetraethylene  537
tetrafluoroethylene  159
tetrafluoroethylene/propylene  159
tetramethylthiuram disulfide  577, 591, 610, 651
tetramethylthiuram monosulfide  610
texanol isobutyrate  572
textile cord adhesion  68
textile cord-to-rubber adhesion  68
TEXUS flex tester  72
Tg  62, 166, 189
theory of crack tip blunting  366
thermal aging  589
thermal black  422
thermal conductivity  431
thermal decomposition  448, 690
thermal degradation  23
thermal oxidative aging  65, 587
thermal properties  687
thermal stability  206, 630, 713
thermoforming  331
thermogravimetric analysis  354
thermoplastic  17, 291, 694
thermoplastic elastomer  5, 17, 149, 163, 317, 714

thermoplastic elastomeric olefins  321
thermoplastic polyolefins  327
thermoplastic polyurethane elastomers (TPU’s)  

287
thermoplastic polyurethanes  314, 325
thermoplastic urethanes  164, 292
thermoplastic vulcanizates  321, 328
thermoreactive resins  648
thermosetting  643
THF  170
thiazole  208
thiazole accelerator  208
thiazoles  3, 154, 579
thiazole/thiuram  600
thick blanket crepe  168
thiocarbanilide  604, 610
thioureas  610
thiuram  3, 157, 208, 580, 586, 600, 609, 638
thiuram disulfide  247
thiuram-type  152
three-factor (3 blocks – 20 runs)  141
three-factor (18 runs)  140
three-factor (one block) no aliases  132
three-factor (two blocks)  133
three-stage mix  733
throughput  726
Ti-BR  189, 198
TIDM  548
TIDTM  573
time-dependent viscoelastic characteristics  64
time to scorch  38
timing belts  287
tin-coupled polymer  176
tin tetrachloride  171
TINTM  573
TIOTM  552, 553
TIPA (trisopropanolamine)  300
tire building  47
tire companies  172
tire-curing bags  218
tire handling properties  645
tire inflation pressure  220
tire innerliner  220, 524
tire mechanics  16
tire mold  23
tire molding  24
tire press  23
tires  521, 668
tire sidewall compounds  438
Tire Society  13
Tire Technology International  15
tire tread  169, 189
tire tread compounds  437
tire tubes  218
tire whites sidewall  525, 526
titanates  4
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titanium  170
titanium catalyst  171
titanium dioxide  4, 10, 99
titanium tetrachloride  166
Tm  170, 188, 317
TMEDA  170
TMP  301
TMPTM  635
TMP (trimethylolpropane)  300
TMQ  568, 595–597, 600–602, 604, 635, 665, 

668–670
TMQ antioxidant  645, 668
TMTD  217, 219, 233, 567, 568, 577, 579, 581, 587, 

591, 594, 598, 599, 601–603, 606, 610, 651
TMTD accelerator  646
TMTM  579–581, 591, 600, 604, 610, 638
TMTM/DOTG/sulfur  604
TNODTM  573
TNONDTM  548
tolerances for variation  727
toluene  308
tolylene diisocyanate  289
tolylimidazoles  659
total parts per hundred rubber (tphr)  727
TOTM  260, 535, 543, 552, 553, 573
toxicity of gas  700
TP-301  178
TPE  149, 317, 327, 330, 631, 642, 714
TPE extrusion  335
TPEs and thermoset rubbers  331
TPE-type material  549
TPO  327
“T” polychloroprenes  156
TPU  314, 326
TPV  321, 329, 631
trace  67
traction  151, 165, 440, 444
tradeoff  291, 441, 444, 445, 588, 634
tradeoff in wear/abrasion and hysteresis  441
TrAF  543, 573
trans  167, 170, 180, 181
trans content  167, 169–170
transducer  27
transesterification  533
transfer molding  23, 296, 435, 568, 619
trans-IR  188
transition temperatures (Tg)  195
translucence  304
transmissibility  60
trans polybutadiene  180
trans-polyisoprene  178
trapped air  24, 696
tread  445, 732
tread compound  522, 644, 734
tread grades  422
treads, truck  12

treadwear  432, 443
treated calcined clay  470
treated clay  99, 469, 470
treated clay (light color)  99
treated recycled rubber  346
treatment comparisons  113
treatments  112
TrEGCC  543, 548, 572
TrEGEH  572
trend lines  387
TrGDEH  543
tri(2-ethylhexyl) trimellitate  535
trialkyl aluminum  166
triallyl cyanurate  634, 707
triaryl phosphate  573, 703
triazine  162
tribasic acid  535
tricresyl phosphate  2
tridecyl  537, 556
triesters  535, 555
triethanolamine  694
triethylene  537
triethylene glycol caprate caprylate  572
triethylene glycol di(2-ethylhexoate)  535, 572
tri-isodecyl trimellitate  573
tri-isononyl trimellitate  573
trimellitate  237, 552, 573
trimellitic  536
trimethacrylate coagent  635
trimethylolpropane triacrylate  634
trimethylolpropane trimethacrylate  634, 636
trimethyolpropane  537
trimming  294
tri-n-octyl n-decyl trimellitate  573
trioctyl (2-ethyhexyl) trimellitate  573
trioctyl trimellitate  260
triol curatives  301
triol-cured MDI  303
triols  301
triple  594–597
triple 8  594–598
tris (nonylphenyl) phosphite  659
Troester  570
Trouser  68
Trouser test  69
truck-cab mounts  218
truck tire  560
truck tread  6
truck undertread  6
“true” shear rate  27
“true” shear stress  27
tS1  39
tS2  39
tube  11, 630
tubeless tires  207
tubing  296, 335, 701
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two-factor (hexagonal design – 8 runs)  139
two-factor – no aliases  131
two-factor (square + star – 13 runs)  139
two-level factorial designs  116
two-level screening designs  117
two roll mill  19
two-stage mix  561, 732
two-wing  725
TXIB  548, 572
type  436
type 101  436
type 104  436
Tyrin 3611P  249
Tyrin 4211P  249
Tyrin (CM)  249
Tyrin CM0136  249
Tyrin CM674  249
Tyrin CM0730  249
Tyrin CM0836  249
Tyrin CM2136P  249
Tyrin CM2348P  249
Tyrin elastomers  249

U
Ubepol  173
UL  700
UL 94 (vertical)  700
ultimate crosslink density  45
ultimate dispersion  736
ultimate elongation  56, 217, 261
ultimate state of cure  45
ultimate tensile strength  56
ultra accelerator  234
ultrafine ground CaCO3  461
ultrafine precipitated CaCO3  461, 505, 506
ultrafine precipitated calcium carbonate  452
ultrasonic and light microscopy technique  349, 

351
ultraviolet protection  76
ultraviolet resistance  305
unaged adhesion  674, 679
uncertainty  108
undecyl  537
underloaded  433
under-the-hood applications  260
undertread  12
Unicell D  688
Unicell DX  689
Unicell OH  689
uniformity  9, 24
uniform replication conditions  114
Uniroyal  547
University of Wisconsin, Milwaukee, courses  17
unmasticated SMR  560
unsaturated bonds  653

unsaturated elastomers  653
unsaturated fatty acid  560
unsaturation  207
unsmoked sheet  168
upside down mix  734
urea  690, 692
urea compound  240
urethane elastomers  287
urethane foam  685
urethane linkages  325
uTM  573
UV stability  714
UV-stabilizer  305

V
vacuum casting  295
vacuum degassing  293
validating the model  106
Vamac D  263
Vamac DLS  263
Vamac G  263
Vamac GLS  263
Vanderbilt Rubber Handbook  12
Vanfre AP-2  221
Vanwax H  663
vapor permeability  67
vapor phase  448
variable internal clearance mixer  720
variables  104
variable speed drive  734
variable speed mixing  734
variable temperature analysis  41
V-belt friction oil  7
vector analysis  59
vector force analysis  438
venting  335, 721
vent problems  24
V/E ratio  35, 37
vermiculite  464, 465, 509
versatility  304
VGC  436
Vibracure A 120  301
Vibracure A 122  301
Vibracure A 125  301
Vibracure A 157  300
vibration-absorbing devices  151
vibration damping  157, 206
Vinyfor AC  688
vinyl contents  170
vinyl groups  713
vinylidene fluoride  159
vinyl silane  707, 714
vinyl specific  623
vinyl stabilizers  690
viscoelastic models  64



Index 773

viscosity  25, 30, 167, 178, 211, 225, 228, 249, 298, 
427–429, 431, 435, 447, 547, 554, 557, 562, 
566, 659, 671, 704, 725, 730, 737

viscosity control of natural rubber  557
viscosity control of synthetic rubber  562
viscosity-gravity constant (VGC)  436
viscous behavior  437
viscous heating  153
viscous modulus component  567
viscous normal modulus  59
viscous shear modulus  59
viscous torque  29, 40
Vistalon  595
VMQ  619, 623
voids  56
void volume  421
Voigt model  64
volatile liquids  67
volatile matter  168
volatility  654
volume loss  77
Vulcacel BN  695
vulcanizate physical properties  53
vulcanization  575
vulcanization activators  98
vulcanization productivity  97
vulcanized vegetable oil  547
vulcanizing agent  5, 577, 603, 609
Vulkalent E/C  257

W
Wallace plasticity  168
Wallace rapid plastimeter  31
washing machine  313
water  303, 540, 544, 548, 687
water absorption  686
water agings  539
water-ground limestone  461
water jet grinding method  340
water jet milling  343
water resistance  233
water swell  229
water vapor permeability  218
water-washed clay  99, 463, 467, 468
wax  617, 644, 647, 663, 664, 688
wax film  663
waxy protective surface  656
waxy surface barrier  656
wear  161, 175, 189, 440, 444
wear resistance  77, 440
wear rings  737
weatherability  155
weathering  593, 605, 713
weathering resistance  76, 206, 207, 261

weathering resistance with recycled rubber powder  
377

weatherproof windows  645
weather resistance  713
weather strip  12
weather-stripping profiles  645
weather strips  698
Weibull mean life  199
weight average molecular weight  167, 199
wet ground clays  453
wet out  426
wetted  428
wetted carbon black  428
wetting  435, 671
wetting factor  427
wet traction  169, 189, 190, 195
wheels  299
white compounds  89
white sidewall  6, 12, 527
white sidewall compounds  524
whiting  2, 221, 453, 460, 529, 530
whole tire recycled rubber powder  347
Williams, Landel, and Ferry (WLF) equation  60
Williams plastometer  31
windshield wipers  12
wire adhesion  671, 681
wire and cable  699, 708, 711, 714
wire and cable applications  714
wire and cable insulation  314
wire coat or skim stocks  445
wire interface  674
wire pullout adhesion tests  676
wire reinforcement  671
wire-rubber interface  671
wires and cables  526
wire-to-rubber adhesion  674
wollastonite  458
wood rosin resins  650
“W” type  156
W-type  244, 604

X
XLPE  708
XNBR  154, 233
XNBR recipe base  233
XPS  353, 358
X-ray photoelectron spectroscopy  352, 358

Y
Yerzley Oscillograph  61
York, M.  390
Young’s modulus  56
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Z
ZBDC  594
ZBPD  580, 582, 586, 587, 591, 599, 608–610
ZDBC  580–582, 591, 599, 610, 651
ZDBC accelerator  646
ZDEC  581, 598, 610
ZDMC  579, 580, 582, 591, 599, 610
ZDMDC (zinc dimethyldithiocarbamate)  208
Zeiss scanning electron microscope  354
Zerbini pendulum  61
Ziegler-Natta catalysts  170
zinc  639, 690
zinc-2-ethyl hexanoate  565
zinc 2-mercaptotoluimidazole  639
zinc activation  691
zinc and potassium soaps  570
zinc borate  699, 701, 702, 705, 706, 708, 711, 713
zinc compounds  638
zinc diacrylate  634
zinc dialkyldithiocarbamate  598, 610, 659

zinc dibutyldithiocarbamate  591, 651
zinc dimethacrylate  634
zinc dimethyldithiocarbamate  591, 610
zinc dithiocarbamates  609
zinc-free cures  215
zinc mercapto benzimidazole  670
zinc-O,O-di-n-butylphosphorodithioate  586, 591, 

606, 610
zinc oxide  2, 5, 7, 10, 160, 165, 207, 208, 212, 215, 

220, 221, 233, 576, 577, 584, 595–602, 606, 
628, 638, 644, 647, 676, 690, 708, 709, 724, 
730, 736

zinc oxide/stearic acid  676
zinc/potassium soap  559
zinc soap  559, 564
zinc stearate  212, 240, 714
Zisnet F-PT  259
ZMBI  659, 670
ZMDC  579, 594
ZMTI  639
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