Polymer Testing 14 (1995) 45-84
© 1994 Elsevier Science Limited
Printed in Malta. All rights reserved

. 0142-9418/95/$9.50
ELSEVIER

Alternate Instrumental Methods of Measuring
Scorch and Cure Characteristics*

John S. Dick, Henry Pawlowski

Monsanto Co., 2689 Wingate Ave., Akron, Ohio 44313, USA
&

Erwin Scheers
Monsanto Europe SA, Rue Laid Burniat, B-1348 Louvain-La-Neuve, Belgium

(Received 28 February 1994; accepted 9 April 1994)

ABSTRACT

After the development of the oscillating disk curemeter over 30 years ago, standard
conditions for measuring scorch times (time till the onset of vulcanization) were
developed. 1SO 3417 and ASTM D2084 describe t 1 and t,2 test parameters which
are accepted by the rubber industry as a method for measuring scorch times. t,l is
the time until one torque unit rise above minimum torque and t,2 is the time until
two torque units rise above minimum torque. These parameters are arbitrary and do
not measure the ‘true’ scorch time. Also t, and t,2 may not be an accurate
comparison for compounds which differ greatly in their state of cure. Experience has
shown that some rotorless curemeter designs are far more sensitive to physicochemi-
cal changes occurring during the cure process than the conventional oscillating
curemeters. The MDR 2000® rotorless curemeter (MDR) and the RPA 2000™
Rubber Process Analyzer (RPA ) measure subtle changes in viscoelastic properties

*Presented at a meeting of the Rubber Division, American Chemical Society Orlando, Florida, USA,
26-29 October 1993.

While this information is presented in good faith and believed to be accurate, Monsanto Company
does not guarantee satisfactory results from reliance upon such information and disclaims all liability
for any loss or damage arising out of its use. Except for the limited warranty set forth in Monsanto’s
standard sales contract for its rubber instruments and equipment, Monsanto makes no express or
implied representations or warranties as to the fitness, merchantability, or any other matter with respect
to the information contained in this paper, or any product, equipment or system referred to herein.
Nothing contained herein is to be construed as a recommendation to use any product, equipment,
system or process is conflict with any patent. The data from which figures are derived are based on
samples tested and are not guaranteed for all samples or applications.

45

Zhuhai CosMX Battery Co. - EX1027
Zhuhai CosMX Battery Co. v. Ningde Amperex Tech. Ltd.



46 John S. Dick, Henry Pawlowski, Erwin Scheers

during the curing process. This paper discusses the feasibility of using the time until the
viscous torque (S”) peaks (tmaxs) to more accurately measure the ‘true’ scorch time.
Other techniques for measuring cure characteristics are also reviewed for comparison.

INTRODUCTION

Scorch time is defined by ASTM as the time to incipient cure crosslinking
under specified isothermal conditions.! Scorch time is also referred to as
‘time to scorch’, ‘scorch delay’ or ‘induction time’. At scorch, the mixed
stock becomes partially vulcanized (the onset of vulcanization). At this
point the stock also loses its plastic quality thus preventing the stock from
being processed further.?-3

The scorch time of a batch of stock depends on the stock’s heat history.
Higher process temperatures and/or longer process time reduce the scorch
time. Likewise, higher bin storage temperatures and/or longer bin storage
times reduce the scorch time of a mixed stock.*

Effective measurement of the scorch time of a mixed stock predicts any
premature vulcanization in ‘downstream’ processes (such as extrusion and
calendering) prior to the final cure stage. If scorch frequently occurs before
the stock passes through these ‘downstream’ processes, high scrap rates
result. Therefore, a stock’s scorch time is very important for factory quality
assurance. The following are test methods which can be used to measure
scorch time.

MOONEY: TIME-TO-SCORCH (t5)

The Mooney viscometer has been used to measure time to scorch since the
1940s.°> The Mooney viscometer measures the viscosity of a mixed rubber
stock from the torque required to rotate a disk at 2 rpm while embedded
in a rubber specimen within a sealed cavity at a constant temperature. It
was the first instrumental method used to measure scorch safety of a
mixed stock. ASTM D 1646 describes the manner in which Mooney
time-to-scorch is to be reported. Mooney scorch is generally reported for a
large rotor at the time required for the viscosity to rise 5 Mooney units
above the minimum. This is generally denoted as 5. Figure 1 shows how
this property is measured.

CUREMETER: SCORCH TIME (z51)

The oscillating disk curemeter was developed in the early 1960s.° This
instrument measures the torque required to oscillate (not rotate) a biconi-
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Fig. 1. Typical measurement of 15 Mooney scorch time in accordance with ASTM D 1646.

cal disk while embedded in a rubber specimen. This disk oscillates through
a preset shear strain (rotational amplitude) at a constant frequency and
temperature. Not only can the oscillating disk curemeter measure scorch
and cure characteristics, it also measures the stiffness of a fully cured
compound which a Mooney viscometer cannot. ASTM D 2084 describes
this test method.!

Curemeter scorch time is commonly reported at the one degree arc
setting as the time required for the torque to rise one torque unit (either in
dN-m or in-1b) above the minimum elastic torque M. One problem with
this t,1 scorch parameter is that it is dependent on which torque units
are being used. Another problem with ¢,1 occurs when comparing com-
pounds with greatly different maximum elastic torque values (My). A one
unit rise for a compound with a low My represents a much larger percent
of the ultimate state of cure than for a compound with a relatively high
My.

This curemeter scorch measurement is analogous to the Mooney scorch
measurement described earlier. However, curemeter scorch times and
Mooney scorch times do not always correlate exactly. This may be
because the curemeter measures elastic torque (S') or the torque response
that is in-phase with the applied strain. (The viscous torque (S”) is
90° out-of-phase with the applied strain and complex torque (S*) is
related to S’ and S” as follows: (S*)? =(S')* +(S")%.) Decker et al. reported
in 1963 that when the complex torque (S*) is substituted for the elastic
torque (S') and the curemeter oscillation frequency is increased, better
correlations were achieved between the Mooney scorch and curemct:
scorch tests.”
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Rotorless curemeters were introduced in the 1980s. These instruments
are replacing the oscillating disk curemeters because of their faster
temperature recovery, improved test sensitivity and better precision.®®
ASTM D 5289 describes how t,1 can also be applied to the rotorless
curemeter for measuring scorch time.

The use of ‘one unit rise’ is somewhat arbitrary; however, scorch cannot
be accurately determined from the time where minimum S’ torque occurs
(tmins) because it does not correlate with true scorch.

CUREMETER: 10% CURETIME (z10)

ASTM D 5289 also permits tc10 to be used as another method for
measuring scorch. t:10 is the time to reach a 10% state of cure. It is
defined as the time required to reach the elastic torque value of
(My+0-10(My— My )) where My represents the maximum elastic torque
and M; represents the minimum elastic torque (Fig. 2). One advantage
of using t-10 over t,1 as a measure of scorch time is that it is indep-
endent of what torque units are selected. By definition, ¢c10 occurs at
10% of the distance from M, to My. Therefore, t-10 may be pre-
ferred when comparing scorch characteristics of different compounds
which vary significantly in maximum torque values. However, ¢:10
still cannot indicate exactly at what point a material will no longer
process.
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Fig. 2. Typical measurement of curemeter 7. 10 curetime in accordance with ASTM D 2084.
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Fig. 3. (a) Nlustration of the t; incubation time in accordance with DIN 53529, (b)
Determination of ¢; incubation time from log of conversion (1 —x) versus time for a
first-order reaction in accordance with DIN 53529.

CUREMETER: INCUBATION TIME (t;) FROM
REACTION KINETICS

Some curemeters have the isothermal conditions necessary to measure the
incubation time (¢;) using reaction cure Kinetics principles cited in the
German standard DIN 53529 (Fig. 3). Software programs are available for
use with some curemeters to automatically calculate the t; values.1®!! As
part of the calculations, a conversion rate constant at the cure temperature
is determined from the slope in a plot of log of conversion (log(1— X))
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versus time for a first-order reaction where X is the fraction converted or
reacted. By extrapolating to X =0, ¢, can be determined. This incubation
time (¢;) includes the time lag attributed to chemical processes as well as
the instrument thermal lag. A more isothermal rotorless curemeter mini-
mizes the time for a new sample to reach the test temperature and
improves the accuracy of ¢;.

CUREMETER TIME TO PEAK VISCOUS TORQUE (tmaxs’)

The development of the rotorless curemeter also led to the precise
measurement of viscous torque (S”) during a test in addition to the
usual elastic torque response (S') which is also obtained from the oscillat-
ing disk curemeter. Sinusoidal deformation is an ideal way to meaure the
elastic and viscous torque responses from a rubber sample. In the
MDR 2000® rotorless curemeter (MDR), the lower die oscillates while the
transducer measures the torque response at the upper die to minimize
noise. The elastic torque response (S') is in-phase with the applied strain
and a viscous torque response (S”) is 90° out-of-phase with the applied
strain. This relationship is illustrated in Fig. 4. Oscillating disk curemeters
cannot measure S” with precision because of friction associated with the
rotor.

The shape of a typical S” cure curve from a rotorless curemeter is very
different from the conventional S’ cure curve in either an oscillating disk
curemeter or a rotorless curemeter. Figure 5 shows the shape of a typical
S” cure curve along with the corresponding S’ cure curve. On approaching
the onset of vulcanisation, the viscous torque (S”) typically starts to rise early
in the cure process and reaches a maximum level shortly after the ‘scorch
time’ is reached. The S” curve then falls as the crosslink density increases to
the ultimate state of cure. The cured viscous torque usually levels off at a
significantly lower level. This is a characteristic pattern observed repeatedly

~.
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Time

Fig. 4. RPA 2000™ torque responses to a given sinusoidal applied strain.
P
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Fig. 5. Typical elastic torque (S') and viscous torque (S”) cure curves generated from a
rotorless curemeter.

in a wide variety of formulations. The peak in S” during cure has also been
observed with other dynamic mechanical rheological testers.'?

The time at which the peak in S” occurs (t,,,s) during cure is usually
shortly after the scorch time is reached. This paper presents data from our
studies on the feasibility of using the ¢,,,s as a measure of scorch time.

NATURE OF tgaxs

Most rubber compounds during cure show a peak in the S” cure curve. After
reviewing curemeter test results from a wide variety of compounds, an S”
peak usually occurred shortly after incipient cure (usually occurring between
tcl and t-40). These compounds included a wide spectrum of formulations
using general purpose elastomers (such as NR, SBR and BR) and speciality
elastomers (fluoroelastomers, IIR and NBR). In some cases, the S” peak was
sharp and well defined. In other cases, the S” peak was broad and not as well
defined. Sometimes there was just a ‘bulge’ or distortion where the S” peak
might normally appear. However, an S” peak usually appeared in some form.
There were two broad classes of rubber compounds which did not show any
sign of an S” peak. One class was natural rubber compounds with low filler
loadings. This is illustrated below in an experiment with six natural rubber
isolator stocks. The second class was represented by rubber compounds with
extremely high loadings of filler (in excess of 600 total parts per hundred
(phr)). This latter group of compounds have relatively low rubber content.
These compounds are discussed in the last section of this paper.
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Table 1 gives the formulations for the six natural rubber isolator stocks
which differ in Carbon Black and oil loadings. These compounds were tested
for cure characteristics on a Monsanto RPA 2000™ Rubber Process
Analyzer (hereafter referred to as ‘RPA’) at 0-1° arc strain, 50 cycles per
minute (cpm) and 140°C. Figure 6 shows the S" and S” cure curves for
compound number 1. As can be seen, the S’ and S” cure curves are almost
mirror images of each other with no visible S” peak. There was also no S”
peak for compounds 2 and 3. Only at higher loadings of Carbon Black and
oil do we start to see the S” peak appearing at incipient vulcanisation. Thus, a
natural rubber vibration isolator compound with low loadings of Carbon
Black and oil does not give an S” peak during the curing process. Other
examples of compounds with no S” peak will be discussed later.

TABLE 1
Vibration Isolator Stocks (Parts Per Hundred)

Ingredients Compound number

1 2 3 4 5 6
SMR 10, NR 100 100 100 100 100 100
Zinc oxide 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
N330, HAF 10 30 50 25 45 75
Calcium carbonate 20 20 20 20 20 20
Aromatic oil 5 25 45 5 25 45
6PPD 2 2 2 2 2 2
CBTS 05 05 05 05 05 05
Sulphur 1-5 1-5 1-5 15 1-5 1-5
Total 1460 186-0 2260 161-0 201-0 251-0
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Fig. 6. Elastic torque (S) and viscous torque (S”) cure curves of vibration isolator compound
with only 10 phr N330 and 5 phr oil. Test conditions: +0-1° arc, 50 cpm, and 140°C.
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The exact reason for the S” peak during cure is not known. It is possible
that the viscous torque S” rises as it approaches the onset of vulcanisation
because of crosslinks forming among rubber chains before an overall loose
crosslinked matrix is established. Another possibility is that the rise is due to
formation of rubber—S,-Ac pendent groups which form during the cure
induction period before the scorch time.'* These polysulfide groups could
restrict flow, hindering the movement of rubber chains past one another. On
the other hand, at some point during the vulcanization process, the S” falls as
a crosslinked matrix is established.

EFFECT OF OSCILLATION FREQUENCY on tmaxs-

An experiment was conducted to determine what effects changes in test
oscillation frequency have on the §' and S” cure curves. A model SBR
formulation with 50 phr N330 Carbon Black was selected for this study
(Table 2). The RPA was used to conduct cure tests at different preselected
oscillation frequencies.

Figure 7 shows the S’ and S” cure curves resulting from performing the
cure tests on the RPA at different frequencies of oscillation. As the frequency
of the cure test increases, the scorch time as indicated by the S’ curve and ¢,1
does not change greatly. However, as frequency of the cure test rises, the
tmaxs’ time becomes shorter and shorter. At 2 ¢cpm the t,,,,s occurs where S’
reaches t:50. However, when the same cure test is conducted at 100 cpm, the
tmaxs+ Occurs where S’ reaches ¢-20 and at 1000 cpm the t,,,,s- Occurs at tc5.
Normally cure tests conducted with most curemeters are performed at
100 cpm. As can be seen from the results of this experiment, the f,,.s

Table 2

Model SBR Formulation
Ingredients Parts per hundred
SBR 1500 100
Carbon Black 50
Aromatic oil 20
Zinc oxide 3
Stearic acid 1-5
TMQ 10
TBRBS® 1-25
Sulphur® 20
Total 17875

¢ Curatives added on the mill.
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Fig. 7. Changes in the viscous (S”) and elastic (S') cure curves from changes in frequency in
testing the model SBR compound with 50 phr N330 Carbon Black. Test conditions: +0-5°
arc and 170°C.

approaches the ‘true scorch time’ as the test frequency of oscillation is
increased.

The before-cure S’ and S” torque responses are more sensitive to
changes in frequency than the after-cure S’ and S” torque responses.
This is somewhat analogous to what H. H. Winter reported for the
behaviour of uncured and cured G’ and G” (before and after gel) for
thermosets.'4-16

As stated earlier, the scorch time as indicated by the S’ curve did not
change greatly under the conditions of this experiment (170°C and
+0-5°arc). A +0-5°arc strain is a relatively low deformation (+7%).
Therefore, the amount of heat energy added to the cavity is relatively small
and easily dissipated with the rotorless curemeter die design. However, if a
similar experiment were conducted with an oscillating disk curemeter at a
+3%arc (+42% strain), the heat energy generated from the oscillat-
ing disk at increasing frequencies would effect scorch. Oscillating
disk curemeters generally cannot dissipate heat as quickly as a rotorless
curemeter design such as the MDR or the RPA. Also an oscillating disk
curemeter has 50% more sample mass than a rotorless curemeter. In fact
the annex to the ASTM standard for the oscillating disk curemeter
(D 2084-92) documents the heat dissipation effect for +3°arc and fre-
quency variations from 10 to 900 cpm.
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EFFECT OF TEMPERATURE ON tnaxs

Another experiment was conducted with the same formulation given
previously in Table 2. Cure tests were conducted with this compound using
the RPA at different cure temperatures at 100 cpm and +0-5° arc strain.
Figures 8(a) and 8(b) compare the S’ and S” cure curves at 150 and 200°C,
respectively. At 150°C, the t,,., s occurs at tc12 while at 200°C, the t,,, s
occurs at tc40. Figure 9 shows the percent state of cure from the S’ cure curve
at which t,,,, s occurs versus the cure temperature. As the cure temperature is
lowered, tn..s- approaches the ‘true scorch time’. This is similar to what
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Fig. 8. Elastic (S') and viscous (S”) cure curves from testing at (a) low temperature, and (b)
high temperature the model SBR compound with 50 phr N330 Carbon Black. Test
conditions: +0-5 arcs 100 cpm and 150°C for 60 min.
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Fig. 9. Bar graph of the % state of cure from the S’ curve curves at which 1.5+ occurs
versus the cure temperature for the model SBR compound with 50 phr N330 Carbon
Black. Test conditions: +0-5° arc, and 100 cpm.

occurred from the effects of increasing test frequency discussed earlier.
This is in agreement with the WLF shift!”-'® which would predict that
lowering temperature is equivalent to increasing frequency of oscillation.

EFFECTS OF STRAIN on tmaxs

One more experiment with the formulation given in Table 2 shows the effect
of different strains on the S’ and S” cure curves. Again these tests were
conducted using the RPA at different strains from +0-05°arc (+0-7%
strain) to +2-0° arc (+28% strain). These cure comparisons were made at
170°C and 100 cpm. Figures 10(a) and (b) compare the S’ and S” cure curves
at 0-05 and 2-0° arc strain. As noted from these cure curves, the t.,,,5- remains
unchanged. The t,,,,s- occurred at about the same time (3-4 min) when the
cure test was performed at 0-05, 0-1, 0-2, 0-5, 1:0, 2:0, and 3-0° arc. However,
the initial slope of the S’ curve was affected significantly by the test strain
conditions. This change in initial slope affects the calculation of t,1 values.
The possible causes of this change in initial slope from changes in the applied
strain are discussed later.

EFFECTS OF CARBON BLACK LOADING LEVELS
ON THE S” PEAK

The amount and type of Carbon Black used in a rubber compound affects
the nature of the S’ and S” cure curves. An experiment used the RPA as a
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Fig. 10. Elastic (S') and viscous (8”) cure curves from testing at (a) very low strain, and (b)
higher strain for the model SBR compound with 50 phr N330 Carbon Black.

rotorless curemeter at 100 cpm, 0-2°arc, and 170°C. The model SBR
compound given in Table 2 was used; however the N330 Carbon Black was
varied incrementally from 30 to 130 phr while keeping the aromatic oil level
at 20 phr. Figure 11 gives the S’ and S” cure curves for the model SBR
compound with increasing loadings of Carbon Black. As the Carbon Black
concentration increases, the f,,,, s values do not shift significantly (staying at
about 3-4 min). However, the shape of the S” peak changes greatly. At only
30 phr carbon black, the S” peak is relatively sharp. As the concentration of
Carbon Black increases, the width of the S” peak becomes broader and
broader. Moreover, the S” cure curve on a percent basis, drops down less and
less after the S” peak with rising Carbon Black concentration. The difference
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Variations in Carbon Black
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Fig. 11. Elastic (S') and viscous (S”) cure curves of model SBR compounds with 20 phr
aromatic oil and variations in Carbon Black loadings as indicated. Test conditions:
+0-2° arc, 100 cpm, and 170°C.

between the peak S” and the cured S” at My decreases with increases in
Carbon Black loading. Figure 12 shows the decrease in this difference as the
Carbon Black loading increases. The rise in S” at My is because the
compound is becoming less and less resilient in the cured state from
increasing Carbon Black loading.'®

EFFECT OF CARBON BLACK TYPE ON THE S” PEAK

Another experiment determined the nature of S’ and S” cure curves resulting
from the use of different types of Carbon Blacks at equal loadings. Grades
N121, N330 and N326 were selected to represent the ‘hard’ Carbon Blacks
(fine particle size) while N660, N683 and N762 represent the ‘soft’ Carbon
Blacks (large particle size). Table 3 lists surface area and structure for these
Carbon Blacks. These Carbon Blacks were tested in the ASTM SBR test
recipe D3191 at 50 phr each as shown in Table 4. Again the RPA was used as
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Carbon Black in the model SBR compound. Test conditions: +0-2° arc, 100cpm,

and 170°C.
TABLE 3
Standard Reference Black Surface Area and Structure Comparisons
Standard reference ASTM CTAB Compressed DBP
black (ASTM D3324) type adsorption no. absorption no.
(surface area) (structure)
A-4 N326 825 682
B-4 N330 787 86'6
C4 Ni121 1196 1089
D-4 N762 249 587
E-4 N660 36'3 756
F-4 N683 40-5 878
TABLE 4
ASTM D3191
Ingredients Parts per hundred
SBR 1500 100
Carbon Black 50
Zinc oxide 3
Stearic acid 1
TBBS 1
Sulfur 1-75

Total 156-75
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Fig. 13. Comparison of ¢, 1, t,,, s and % drop in the S” cure curves for six standard SBR test
compounds based on ASTM D3191 with 50 phr each of one of the six Standard Reference
Blacks (ASTM D3324) as indicated. Test conditions: +0-5° arc, 100 cpm, and 175°C.

a rotorless curemeter to cure these compounds at 100 cpm, +0-5° arc, and
175°C. The results of this cure comparison in Fig. 13 show the scorch
times were shorter for the ‘hard’ Carbon Blacks than those for the ‘soft’
Carbon Blacks. It was also observed that the difference between the peak
S” and the S” at My was smaller for the ‘hard’ Carbon Blacks. This
difference is somewhat analogous to the results of the previous experiment
with variations in Carbon Black loadings.

EFFECTS OF OIL LOADING LEVELS ON THE §” PEAK

An experiment measured the effects of increased oil loadings on the S’ and
S” cure curves. The model SBR formulation (Table 2) had variations in
aromatic oil loading from O to 80 phr with N330 Carbon Black constant at
70 phr. Again the RPA was used as a rotorless curemeter at 100 cpm,
+0-2° arc, and at 170°C cure temperature. As the oil concentration
increases, the t,,,s- becomes longer and the S” peak becomes broader and
less sharp. Figure 14 compares the S’ and S” cure curves for the model
SBR compound at different oil loadings.

EFFECTS OF CURATIVE VARIATIONS ON THE S” PEAK

Curative variations also affect the S’ and S” cure curves.2® The radial
passenger tread formulation given in Table 5 was used to study the effects
of curative variations on the S” curve. An MDR was used for this
experiment at 100 cpm, 0-5° arc and 190°C. Figure 15 shows the changes in
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Fig. 14. Elastic (§') and viscous (S”) cure curves of model SBR compounds with 70 phr

N330 Carbon Black and variations in aromatic oil loadings as indicated. Test conditions:
+0-2° arc, 100 cpm, and 170°C.
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Table 5

Radial Passenger Tread Formulation
Ingredients Parts per hundred
SBR 1502 80
Natural rubber 20
N299 50
Naphthenic oil 10
6 PPD 3
T™MQ 1
Wax 2
Stearic acid 1-5
Zinc oxide 5
TBBS® 1-15
Sulfur® 2:5
Total 17515

¢ All curatives added on the mill.

the 8" and S” cure curves due to variations in accelerator levels. With a
deficiency in curative (lower crosslink density), the sharpness of the S”
peak is reduced, but S” consistently peaks at the same torque value
(1-0 In-1b) even with less curative. However, the deficiency of curative
causes the S” at My (the cured S”) to be relatively higher compared to
results with compounds containing higher curative levels. This is because
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Fig. 15. Elastic (S') and viscous (S”) cure curves of radial passenger tread compounds with
variations in TBBS accelerator as indicated. Test conditions: +0-5° arc, 100 cpm, and 190°C.
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Fig. 16. Comparison of changes in percent drop in S” cure curve and M* from variations
in TBBS accelerator and sulphur in radial passenger tread formulation as indicated. Test
conditions: 4 0-5° arc, 100 cpm, and 190°C.

the compounds having a deficiency of curative have a less dense sulfur
crosslinked network and a higher viscous quality in the cured state. Figure
16 shows how the difference between the S” peak and the cured S” at My
decreases for compounds as curative concentrations are reduced. A similar
relationship was noted earlier with increasing levels of Carbon Black.
However, with the Carbon Black effect, the cured S’ and cured S” moved
in the same direction (not opposite directions) and the S” peak did not
remain the same height.

The S” peak also exists with other cure systems as well. It occurs with
conventional, semi efficient and efficient vulcanization cures as well as
peroxide and phenolic resin cures.
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As will be discussed later, the addition of N-(cyclohexylthio) phthalim-
ide to a compound based on a sulfenamide cure causes the t,,,,s- as well as
the t,1, tc10 and ¢; to increase in length.

VISCOELASTIC CHANGES BEFORE SCORCH

When measuring scorch time with a Mooney viscometer, the viscosity
usually decreases from an initial peak, ‘levels off” and then starts to rise
when it approaches the scorch time. By contrast, the oscillating disk
curemeter may display a gradual rise after allowing for the short time
necessary for the sample to reach the set temperature. The contrast of
Mooney scorch versus the oscillating disk curemeter test was reported by
Decker et al. and is shown in Fig. 17. Rotorless curemeters are even more
sensitive to viscoelastic changes which occur before the scorch time. This
gradual rise in the S’ torque before scorch will effect t,1 and t,2 scorch
times since they are defined as the time required to achieve a one unit or
two unit rise above a minimum. The gradual rise of S’ is partially
attributable to a small number of crosslinks which form very early before
scorch.?> However, other causes may also be partially responsible for this
upward drift in the S’ before scorch. These causes are discussed below.

CARBON BLACK EFFECTS ON INITIAL S’ SLOPE
BEFORE SCORCH

A comparison of Fig. 10(a) with 10(b) shows the S’ initial slope before

100F
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o
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Fig. 17. Comparison of oscillating disk curemeter S’ cure curve and Mooney viscosity
scorch curve as reported in Ref. 21.
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scorch increasing more with a lower applied strain (see ‘Effects of Strain on
tmaxs”)- Carbon Black when mixed in a rubber formulation forms an
aggregate—aggregate network which breaks up when disturbed by shear-
ing forces, but the network reforms after sufficient relaxation time.23-2°
The reformation of this network after prior shearing of a compound in the
uncured state has been measured with the RPA as an increase in S’ with
time at low strain (a time sweep). This technique was developed by
Coran? and later by Burhin.?’

Another experiment determined if the destruction and reformation of
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Fig. 18. (a) Comparison of elastic torque response (S') just after closing the RPA dies with

different strain amplitudes as indicated above for the model SBR compound with 50 phr

N330 Carbon Black and ne curatives. (b) Comparison of elastic torque response (8') just

after closing the RPA dies for the model SBR compound with N125 (small particle size

Carbon Black) versus N650 (large particle size Carbon Black) each at 70 phr with no
curatives. Test conditions: 100 cpm and 170°C.
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the Carbon Black aggregate—aggregate network might contribute to
an increase in the angle of the initial slope for S’ before scorch (as
shown in Fig. 10). The formulation used for this study is the same
model SBR compound used earlier (Table 2), but without any curatives
(no sulfur or accelerator). Again the RPA was used as a rotorless
curemeter under the same ‘cure’ conditions of 100cpm and 170°C.
Repeat tests were performed on different samples of the same mixed
stock at progressively higher strains. Since no curatives were present in
this compound, any rise in the S’ torque cannot be caused by vulcanisa-
tion.

Figure 18(a) shows the RPA S’ responses at different strain amplitudes
for the model SBR compound without curatives. The S" does rise signifi-
cantly at very low strains. As the strain amplitude increases, however,
the percent rise in S’ decreases. The rise in S’ is possibly due to the
reformation of the Carbon Black aggregate network. As the amplitude
of strain is increased, there is less chance for this Carbon Black network
to reform. Further experiments have shown that this ‘Carbon Black’
effect decreases with an increase in frequency of oscillation at +0-5°
arc strain or a decrease in temperature at +0-5° arc. Also N125 (fine
particle size Carbon Black) was compared with N650 (large particle
size Carbon Black) both at 70 phr in the SBR model compound. Figure
18(b) shows that the N650 ‘soft’ Carbon Black does not increase S’
with time under the same test conditions used before. This may be
because the large particle size Carbon Blacks do not form this aggre-
gate—aggregate network in the same manner as the ‘hard’ Carbon Black
grades.

However, this ‘Carbon Black’ effect is not great enough to fully account
for the initial S’ slope for the SBR compound with curatives. Much of the
initial rise in S’ is probably caused by chemical crosslinking.

COMPARISON OF SCORCH INDICES

A series of experiments were performed to compare the following scorch
indices:

t;l—curemeter scorch time (time for a one unit rise above the
minimum elastic torque (My))

tc10—curemeter time to 10% state of cure

t;—curemeter reaction kinetics incubation time

tmaxs» —cCuremeter time to peak viscous torque S”

tminy —curemeter time to minimum S’ torque
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SENSITIVITY TO VARIATIONS IN CTP

An experiment was performed to measure the test sensitivity of each
scorch index listed above to changes in CTP (N-(cyclohexylthio) phthalim-
ide) concentrations in selected compounds. CTP is a common scorch
inhibitor which should affect scorch indices. Four different formulations
were selected for this study. Two of the formulations (Tables 6 and 7) were
based on SBR with low and high loadings respectively of N330 Carbon
Black while the remaining two formulations (Tables 8 and 9) were based
on natural rubber with low and high loadings respectively of N220

TABLE 6
SBR Formulation with Low
Carbon Black Loading

Ingredients Parts per hundred
SBR 1500 100

N330 10

Zinc oxide 3

Stearic acid 1-5

TMQ 10
CBTS* 1-25
Sulfur® 2:0

CTP* 0-0-5

Total 11875-119-25

“All curatives added on the mill.

TABLE 7
SBR Formulation with High
Carbon Black Loading

Ingredients Parts per hundred
SBR 1500 100
N330 70
Aromatic oil 20

Zinc oxide 30
Stearic acid 1-5
T™Q 10
CBTS* 1-25
Sulfur® 20
CTP? 0-0-5
Total 198-75-199-25

2 All curatives added on the mill.
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TABLE 8
Natural Rubber Formulation with
Low Carbon Black Loading

Ingredients Parts per hundred
SMR 10, natural rubber 100
N220 10
Zinc oxide 5
Stearic acid 25
T™MQ 20

6 PPD 2
Sulfur® 1-5
MBS*® 16
CTP® 0-0:5
Total 124-6-125-1

@ All curatives added on the miil.

TABLE 9
Natural Rubber Formulation with
High Carbon Black Loading

Ingredients Parts per hundred
SMR 10 natural rubber 100
N220 60
Aromatic oil 15
Zinc oxide 5
T™MQ 2
6PPD 2
Stearic acid 2-5
Sulfur® 1-5
MBS 16
CTP° 0-0-5
Total 189-6-190-1

4 All curatives added on the mill.

Carbon Black. As reported earlier, there were some problems noted when
tmaxs” Was used to measure scorch times with natural rubber compounds.
These natural rubber formulations will determine how well t,,,,,s- can detect
changes in scorch characteristics for these ‘more difficult’ compounds.
Master batches of these four formulations were prepared using a
laboratory BR Banbury. The four master batches were then subdivided
into five weighed portions each. The curatives were added to each of these
portions on the mill along with incremental additions of CTP at 0-0, 0-05,
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0-1, 0-25, and 0-5 phr for each of the four series of mixes. An MDR was
used at 100 cpm, 0-5° arc, and 170°C to test the scorch properties for each
of the final mixes. The scorch properties recorded by the MDR were ¢,
tcl0, t;, tmaxs: and tpy,s. Each series of tests was repeated four times in
order to measure repeatability and relative sensitivity.

‘Sensitivity’ was calculated by a method analogous to signal-to-noise
ratios used in the electronics industry. The ‘signal’ in this calculation is the
difference between the maximum and minimum of the test measurement
averages within a group of compound variations. The ‘noise’ is the pooled
standard deviation (SD,) of the test replicates for each compound. The
formula for this calculation is given in eqn (1):28

‘Sensitivity’=(max X —min X)/SD, (1)

A high ‘sensitivity’ value indicates the curemeter scorch parameter is
more sensitive to compound scorch changes than a scorch parameter with
a low ‘sensitivity’ value. A curemeter scorch parameter that produces a
greater ‘signal’ from a compounding change and/or has reduced ‘noise’
due to random test variation will have increased sensitivity to the
compound variation. The calculated sensitivity values were all normalized
with t,1 being assigned 100.

Sensitivity to CTP Variations in SBR—Fig. 19 compares the test
sensitivity for each of the scorch indices for both low and high Carbon
Black loaded SBR formulations. The #,1 index gave the best (highest)
sensitivity of all the scorch indices studied in both SBR formulations. ¢
consistently gave the second best sensitivity to scorch differences while

120 ( B8 ow Bik Loaded SBR Stock
mHigh Blk Loaded SBR Stock
100
5}
e
Z 80
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:g g 60
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A E 40
o
<

20

o]

tgl tj teto tmax S°* tmin '

Fig. 19. Comparison of test sensitivity of the five different scorch indices to given CTP

variations for both the low and high carbon black loaded SBR test compounds. All

sensitivity (signal-to-noise ratio) values have been normalized with ;1 being arbitrarily
assigned a value of 100. Test conditions +0-5° arc, 100 cpm, and 170°C.



Measuring scorch and cure characteristics 69

tc10 was consistently third. The t,..s- gave very good sensitivity to scorch
variations in the highly loaded SBR compound but was less sensitive to
scorch changes in the SBR compound with low loading of Carbon Black.
Also the time to minimum torque (t,;,s) was studied. This parameter was
found to have no sensitivity to changes in scorch for the SBR compounds.

Figure 20 compares the time ranking of the scorch indices for com-
pound number 1 in Table 6 (SBR with low Carbon Black loading) versus
compound number 1 in Table 7 (SBR with high Carbon Black loading).
All index times given in Fig. 20 are arranged in ascending order. As can be
seen, the relative position of ¢,1 changes compared to the other indices.
For the compound with low Carbon Black loading (and lower My torque),
the #,1 lags behind the other indices. However, for the compound with high
Carbon Black loading, the t;1 occurs much earlier. This is an example
where ¢c10 may be the preferred scorch index when comparing com-
pounds with significantly different maximum torque values (My).

s Low Black Loaded SBR Compound

Minutes

(a) tming b tero tmaxst tst

. 5High Black Loaded SBR Compound
R-Nn

a}

Minutes

o U ;
(b) tming (s‘l ti teto tmax S*

Fig. 20. Comparison of the five scorch indices in ascending order of total lapse time in
minutes for (a) the low and (b) the high Carbon Black loaded SBR test compound without
CTP. Test conditions: +0-5° arc, 100 cpm, and 170°C.
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Figures 21(a) and (b) show the correlations between t,1 and ty..s-
respectively, for the low and high loaded SBR formulations. There is some
scatter for the SBR compound with low loading of Carbon Black.
However, the correlation is nearly perfect for the highly loaded SBR
compound.

Tables 10 and 11 give the matrix of correlation coefficients for all
possible one-on-one comparisons of the scorch indices for the low load
SBR compound and the high load SBR compound.

Sensitivity to CTP Variations in NR—Fig. 22 compares the test sensitiv-
ity for the scorch indices for both the low and high Carbon Black loaded
NR formulations. The ¢,1, t;, and t-10 indices all had very good sensitivity
to scorch changes. However, the t,,.s- Was not as sensitive to changes in
scorch for these NR compounds. No ¢,,,s actually occurred for the low
Carbon Black loaded NR stock. Just a ‘bulge’ appeared where the S” peak
would be expected to appear. With the higher loading of Carbon Black,
the S” peak was observed, but it was not well enough defined to enable
scorch time values to be measured accurately.

Figure 23 compares the time ranking of the scorch indices for com-
pound number 1 in Table 8 (NR with low Carbon Black loading) versus
compound number 1 in Table 9 (NR with high Carbon Black loading). All
index times given in Fig. 23 are arranged in ascending order. Again the
relative position of these indices is in the same order as noted in the earlier
SBR experiment. Similar to the SBR compounds, the relative position of
t,1 changes compared with the other indices when going from the low
Carbon Black loading to the high Carbon Black loading NR compounds.
Again t:10 may be the preferred scorch index when comparing com-
pounds with significantly different maximum S’ torque values (My).

Tables 12 and 13 give the correlation coefficient matrix for all possible
comparisons of the scorch indices for the low and high loaded NR
compounds, respectively.

COMPARISON OF S” PEAK IN A VARIED SELECTION OF
RUBBER COMPOUNDS

The purpose of this experiment was to determine how the nature of the S”
peak changes when going from one production compound to the next. To
make this a ‘real world’ comparison, 14 different generic tire compounds?®
and 26 general products compounds?®~** were randomly selected from the
literature. Tables 14 and 15 give a general description for each of these
compounds as well as noting the nature of the measured S” peak. A MDR
at 100 cpm, +0-5° arc, and 170°C was used to measure the S” peak.
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Fig. 21. Scatter plot of t,,, s versus t,1 for CTP variations in (a) the low loaded and (b) the
high loaded Carbon Black SBR test compound. Test conditions: +0-5° arc, 100 cpm, and

170°C.
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TABLE 10
Correlation Matrix of Scorch Indices for Low Black Loaded SBR Compound
tsl tclo ti tmax 5 tmin s
t,1 1
t.10 0-994 1
L 0-999 0999 1
Fmax &7 0971 0-984 0977 1
min & 0-303 0-294 0311 0267 1
TABLE 11
Correlation Matrix of Scorch Indices for High Black Loaded SBR Compound
tsI tclo ti tmnx S tmin s
t,1 1
t.10 0-999 1
4 0-999 0-999 1
Imax s 0-997 0-998 0-999 1
Lmin & —063 —0-62 —063 —0-61 1

BR Low Bik Loaded NR Stock

120 )
EHigh Blk Loaded NR Stock

100

@
o

Sensitivity (S/N)
3

(Normalized, tg1 =100)
H
)

n
(=]

0

tgl ti te1o tmax s* tmin s

Fig. 22. Comparison of test sensitivity of five different scorch indices to given CTP

variations for both the low and high carbon black loaded natural rubber test compounds.

All sensitivity (signal-to-noise ratios) values have been normalized with t,1 being arbitrarily
assigned a value of 100. Test conditions: +0-5° arc, 100 cpm, and 170°C.

All the tire formulations, with the exception of the apex compound,
displayed an S” peak. The Apex compound may not have had an S” peak
because it contained 12 phr of a reactive phenolic reinforcing resin. By
contrast, six of the 26 general product compounds were found to either not
display an S” peak during cure or only show a ‘bulge’ where the S” peak
should have appeared. In almost every case, these compounds were either
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Fig. 23. Comparison of the five scorch indices in ascending order of total lapse time in
minutes for (a) the low and (b) the high Carbon Black loaded natural rubber test

TABLE 12

compound without CTP. Test conditions: +0-5° arc, 100 cpm, and 170°C.

Correlation Matrix of Scorch Indices for Low Black Loaded Natural Rubber Compound

tsl tc10 L tmax s tml’nS
t1 1
.10 0999 1
t 0999 0999 1
Lmax §” - - - 1
tmins 0964 0-966 0-968 — 1
TABLE 13

Correlation Matrix of Scorch Indices for High Black Loaded Natural Rubber Compound

tsl tf-‘lo L Umax s Emin §
t1 1
t.10 0-999 1
t 0-999 0-999 1
Emax s 0-824 0818 0-811 1
Lain s’ 0-325 0-310 0-302 0514 1
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(i) very highly loaded compounds in excess of 500 total phr (such as the red
sheet packing, the low cost’ EPDM sheet stock or the highly loaded
EPDM radiator hose), or (ii) natural rubber compounds with very low
filler loadings (such as rubber band stock or NR gum stock). It is
interesting to note that when the ‘high damping, low creep NR compound’
is based on 100 phr natural rubber, the S” peak is ‘weak’. However, when
25 and then 50 phr of NBR is partially substituted for the NR in to this
compound, the S” peak becomes very sharply defined. The rest of this very
diverse selection of compounds gave S” peaks during cure. These included
compounds based on non-sulfur cure systems (peroxide and resin cures)
and speciality rubbers such as fluoroelastomers.

The tables also give a general description of the shape of the S” peak, the
% S’ state of cure at which the S” peak occurs, and the % S” drop from the
S” peak (Sp.x) to the cured S”"@ My as calculated from eqn (2) below:

% S” drop =100 X (Smax—S"@Mu)/Stax ()

Directionally, the higher the total phr loading of a compound, the
broader the S” peak and the smaller the % drop in S”. Also the base
elastomer has a large effect on the % S” drop with higher T, (less resilient)
elastomers such as NBR, fluoroelastomers and butyl giving a lower %
drop in S” after the peak. Again, compounds based on less resilient
elastomers (having a higher glass transition temperature T) also have their
peak S” occurring at a higher percent state of cure as measured by S’ than
the more resilient rubber based compounds. Figure 24 illustrates how the

% S State of Cure @ tmax 5" (tc X)
80 - Z3% Drop in 8" Cure Curve*

60L

% 40|

20 -

.

N

NR 100 phr
100 x(Peak S* - S“@ My, )/Peak S’

R 75 phr, NBR 25 phr phr, NBR 50 phr

Fig. 24. Bar chart comparison of changes in percent drop in S” cure curve and percent S’
state of cure @tm. s from changes in the NBR content in the high damping, low creep
compound. Test conditions: 0-5° arc, 100 cpm, 170°C.
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TABLE 16
High Damping, Low Creep Compound

Ingredients Parts per hundred, rubber
compound number

1 2 3
Natural rubber 100 75 50
NBR (33% ACN) 0 25 50
N762 Carbon Black 25 20 20
Zinc oxide 5 5 5
T™MQ 2 2 2
Sulfur® 06 06 0-6
MBS 1-4 1-4 1-4
TMTD* 06 06 06
Total 1346 129-6 1296

4 Curatives added on the mill.

% S” drop decreases and the percent state of cure at the occurrence
of the S” peak increases as the concentration of NBR is increased and
the NR is decreased for the compound given in Table 16. The T, of the
base rubber appears to have a great effect on the nature of the S” cure
curve.

CONCLUSIONS

The t,.xs- can be used as a valid alternative test parameter for measuring
scorch time for many rubber compounds.

The tmaxs: approaches the ‘true’ scorch time when measured with a
higher curemeter oscillation frequency or a lower temperature. AlSO £,y s
occurs closer to the ‘true’ scorch time for compounds based on elastomers
with low T, values such as natural rubber as opposed to elastomers with
high T, values such as NBR or FKM.

Increasing filler loadings cause the % drop in the S” cure curve after
cure to decrease and the shape of the S” peak to broaden (become less
sharp). As curative concentration increases in a rubber compound, the %
drop in the S” cure curve increases.

The initial slope (before scorch) of the S’ cure curve is affected by both
vulcanization chemistry before scorch and possibly the physical reforma-
tion of a Carbon Black aggregate—aggregate network shortly after closing
the die cavity.
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Only two types of rubber compounds did not show an S” peak. These
two types of compounds were as follows:

(a) rubber compounds which contain extremely high loadings of fillers
(total phr in excess of 500); and

(b) compounds based solely on natural rubber and with very low
loadings of fillers (such as NR gum stock).

The tc10 may be preferred over the t,1 when comparing scorch
characteristics of compounds which differ greatly in their maximum S’
torque (My) values.

This study has also shown that the S” cure curve of the RPA 2000™
analyzer or the MDR 2000® curemeter contains useful information on the
base polymer, filler, and cure systems of the compound.

ACKNOWLEDGEMENTS

The authors wish to extend special thanks to Mike Merzweiler and Larry
Bardwell for their contributions in mixing. Also the authors are grateful to
Eric Phifer for his contributions in the physical testing of experimental
compounds.

REFERENCES

1. ASTM, 1992 Annual Book of ASTM Standards, Vol. 09.01, Rubber, Natural and
Synthetic-General Test Methods: Carbon Black, ASTM, Philadelphia, PA, USA,
D2084.

2. Morton, M., Rubber Technology (2nd edn). Van Nostrand Reinhold Co., NY, USA,
1973, p. 88.

3. Dick, J. S., Compounding Materials for the Polymer Industries. Noyes Publications, NJ,
USA, 1987.

4. Eirich, F. R., Science and Technology of Rubber. Academic Press, NY, USA, 1978, p.
393.

5. Symposium of Rubber Testing, Special Technical Publication No.74 Fiftieth Annual
Meeting of ASTM, Atlantic City, NJ, USA, June 16-20, 1947, pp. 47-9.

6. Morton, M., Rubber Technology (2nd edn). Van Nostrand Reinhold Co., NY, USA,
1973, p. 99.

7. Decker, G. E., Wise, R. W. & Guerry, D., An oscillating disk rheometer for measuring
dynamic properties during vulcanization. Rubber Chem. Technol., 36 (1963) 451.

8. Sezna, J. A. & Dick, J. S., The use of rheometers for process control. Rubber Plastics
News, April 13 and 27, 1992.

9. Dick, J. S., The Optimal Measurement and Use of Dynamic Properties from the
Moving Die Rheometer for Rubber Compound Analysis. Meeting of the ACS Rubber
Division, Spring, 1992.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

Measuring scorch and cure characteristics 83

Burhin, H. G., Testing of Cure Kinetics—a Tool to Improve Tire Quality. Tyretech
90, November 1990, November 5-6, 1990.

Sezna, J. A. & Woods, W. C., Thick Article Cure Prediction. 138th Meeting of the
Rubber Division, Washington, DC, USA, Fall, 1990.

Hill, H. E., Characterization of rubber cure with the rheometrics mechanical spec-
trometer. Rubber World, December, 1990.

Eirich, F. R., Science and Technology of Rubber. Academic Press, NY, USA, 1978, p. 303.
Holly, E. E., Venkataraman, S. K., Chambon, F. & Winter, H. H., Fourier transform
mechanical spectroscopy of viscoelastic materials with transient structure. J. Non-
Newtonian Fluid Mechanics, 27 (1988) 17-26.

Winter, H. H.,, Can the gel point of a cross-linking polymer be detected by the G'—G”
crossover? Polym. Engng. Sci., 27(22) (1987).

Winter, H. H., Gel point. Encyclopedia of Polymer Science and Engineering. John Wiley
& Sons, Chichester, UK, 1989.

Ferry, J. D., Viscoelastic Properties of Polymers. J. Wiley & Sons, Inc., Chichester, UK,
1961.

Dick, J. S. & Pawlowski, H. A., Applications of the Rubber Process Analyzer in
Predicting Processability and Cured Dynamic Properties of Rubber Compounds.
Meeting of the ACS Rubber Division, Denver, CO, USA, Spring, 1993, p. 8.

Dick, J. S. & Pawlowski, H. A., Applications of the Rubber Process Analyzer in
Predicting Processability and Cured Dynamic Properties of Rubber Compounds.
Meeting of the ACS Rubber Division, Denver, CO, USA, Spring, 1993, pp. 6-7.
Dick, J. S, The Optimal Measurement and Use of Dynamic Properties from the
Moving Die Rheometer for Rubber compound Analysis. Meeting of the ACS Rubber
Division, Louisville, KY, Spring, 1992, pp. 12-14.

Decker, G. E., Wise, R. W. & Guerry, D., An oscillating disk rheometer for measuring
dynamic properties during vulcanization. Rubber Chem. Technol., 36 (1963) 451.
Coran, A. Y., Vulcanization. Part VI. A model and treatment for scorch delay kinetics.
Rubber Chem. Technol., 37 (1964) 695.

Payne, A. R, The dynamic properties of Carbon Black-loaded natural rubber
vulcanizates. Rubber Chem. Technol., 36 (1963) 532.

Medalia, A. I, Effects of Carbon Black on dynamic properties of rubber vulcanizates.
Rubber Chem. Technol., 51 (3) (1978) 457-65.

Dick, J. S., Applications of the Rubber Process Analyzer in Predicting Processability
and Cured Dynamic Properties. Meeting of the ACS Rubber Division, Denver, CO,
USA, Spring, 1993, pp. 8-9.

Coran, A. & Donnet, J. B., Rubber Chem. Technol, 65(5) (1992) 1037.

Burhin, H. G, Improved Techniques For Characterization Polymer and Compounds,
Before, During, and After Cure. Presented at Brighton, East Sussex, UK, 1992.
Mandel, J. & Stiehler, R. D., Sensitivity—A criterion for the comparison of methods of
test. J. Res. Nat. Bur. Standards, 53(3) (1954) 155-9.

Dick, J. S. & Pawlowski, H. A., Applications for the rubber process analyzer. Rubber
and Plastics News, April 26 and May 10, 1993.

Allen, R. D., Fundamentals of compounding EPDM for cost/performance. Rubber
World, 1982, p. 39.

Anon., Compounders’ Pocket Book, Monsanto, 1981.

Anon., Stereo Rubber. NR Technol., 1971, No. 10.

Anon,, Engineering components—high damping low creep rubber formulations. NR
Technol., 7(3) (1976).



84

34.
35.

36.

37

38.

39.

40.

41.

42,

43.

45.

John 8. Dick, Henry Pawlowski, Erwin Scheers

Anon., Rubber World, April 1985, p. 23.

Babbit, R. O., The Vanderbilt Rubber Handbook. R. T. Vanderbilt Co., Norwalk, CT,
USA, 1978.

Anon., Hot water bottles—Formulations for injection molding. NR Technol., 7(4)
(1976).

Allen, R. D., Fundamentais of compounding EPDM for cost/performance. Rubber
World, Sept. 1982.

Moakes, C. A., New developments in rubber products based on polysar bromobutyl
rubber. Rubber India, Feb. 1981.

Horvath, J. W., High performance nitrile rubber automotive fuel hose. Rubber Chem.
Technol., 52 (1979) 887.

Werner, A. F., SBR polymers help users in solving rubber compounding problems.
Rubber and Plastics News, Aug 16, 1982, p. 20.

Anon., Pipe sealing rings—Micro-biological resistant formulations meeting BS 2494,
NR Technol., 9(1) (1978).

Barbour, A. L., New clays improve compound properties. Rubber and Plastics News,
Aug. 24, 1987.

Anon., Erasers—pencil and ink eraser formulations. NR Technol., 14(2) (1983).
Anon., Synaprene Formulary. Bombay, India, 1967, p. 171.

Railsback, H. E. & Stumpe, Jr, N. A,, Medium vinyl polybutadiene/SBR blends.
Rubber India, November (1976) 14.





