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Abstract
In aerospace and military applications as well as many 
industrial applications, rubber-to-metal bonded parts 
must exhibit good environmental resistance. Diene 
rubber vulcanizates contain free double bonds which 
are sensitive to attack by molecular oxygen and ozone. 
Natural rubber (NR), polybutadiene (BR), and blends 
thereof are generally formulated with active antiozon-
ants, both to protect against the degrading effects of 
environmental ozone and to improve fatigue resistance. 
The presence of antiozonants in these elastomers has 
been shown in a previous paper to have an impact on 
rubber-to-metal adhesion of compounds containing them. 
This paper continues the investigation into the effect of 
antiozonant level and type on adhesion of an NR/BR 
compound to metal. The effect of antiozonants on adhe-
sion is complex and not easily reduced to generalized 
conclusions. This paper investigates both a conventional 
high-sulfur cure system and a low-sulfur soluble cure 
system and includes an evaluation of the environmental 
robustness of the bond using stressed boiling water 
testing.

Introduction
In aerospace and military applications as well as many 
industrial applications, rubber-to-metal bonded parts 
must exhibit good environmental resistance. Diene elas-
tomers such as natural rubber (NR) and polybutadiene 
(BR) are commonly used in dynamic applications such 
as tires, belts, isolators, and dampers. Blends of the two 
have been proven to be particularly favorable in many 
dynamic applications. All diene rubber vulcanizates 
contain free double bonds which are sensitive to attack 
by molecular oxygen and ozone. To reduce this sensi-
tivity, they are usually formulated with active antiozonants, 
both to protect against the degrading effects of ozone 
and to improve the resistance to fatigue in dynamic appli-
cations. In a previous paper[1], certain antiozonants were 
shown to have an impact on the adhesion of compounds 
containing certain them. The paper attempted to answer 
certain questions including:

• Are all adhesives equally affected?
• Do all antiozonants affect the bond equally?
• Does the choice of cure system play a role?
• Does the cure temperature have an impact?

In that paper, it was concluded that primary adhesion 
is affected by the type of adhesive system, the type 
and level of the antiozonant, and by the type of cure 
system in the rubber compound. It was shown that at 
lower curing temperatures, some adhesive systems were 
more sensitive to the presence of 6PPD antiozonant than 
other adhesive systems. At higher curing temperatures 
with compounds containing a high-sulfur cure system, 
these differences were indistinguishable. A low sulfur 
cure system was signifi cantly more sensitive than the 
equivalent high sulfur cure system (same accelerator) to 
the presence of the 77PD antiozonant as evidenced by 
signifi cant loss in bond strength.

Because of the widespread use of antiozonants in 
bonded mounts and the potential impact on adhesion 
from their inclusion in the formulation, a more detailed 
study of the effect of antiozonants was undertaken. 
Antiozonants are used in compounds to increase envi-
ronmental resistance. Previous work[1] focused only on 
primary bond strength. However, emerging evidence 
suggests that antiozonants may also degrade the bond’s 
environmental resistance. Primary adhesion is only a 
fi rst indicator of bond integrity. Having a good primary 
bond does not guarantee that the bond will withstand 
degrading environmental conditions during extended 
service. One accelerated test that has been used tradi-
tionally to evaluate secondary adhesion (environmental 
robustness) of bonded parts in a lab setting is a stressed 
boiling water test.

Experimental
Primary adhesion was evaluated using ASTM D 429 
Method F buffer specimens. A generic natural rubber/
polybutadiene formulation was chosen for the study with 
all compound variants being approximately 55 to 60 
durometer Shore A. For the fi rst portion of the study, two 
solvent-based adhesive systems and one aqueous adhe-
sive system were chosen. All three systems employed 
a primer and an adhesive covercoat. The two solvent-
based adhesives represent fi rst and second generation 
technologies. The aqueous adhesive system is experi-
mental and represents newly-developed third generation 
technology. Both of the solvent-based adhesive systems 
use Chemlok® 205 as the primer. The fi rst generation 
solvent-based adhesive covercoat is Chemlok 6125 
and is identifi ed in the paper as “Cover 1”. The second 
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generation solvent based adhesive cover-coat is 
Chemlok 6411 and is identifi ed in the paper as “Cover 2”. 
The aqueous adhesive system (primer and covercoat) is 
simply referred to as “Aqueous”. Commercially available 
materials were used in compounding the formulations 
used in this study. Table 1 shows the chemical identifi ca-
tion of the antiozonants along with the specifi c commer-
cial materials used in the study. The formulations used in 
the fi rst study for this paper contained:

Ingredient phr

Natural Rubber CV60 75.0
High-cis polybutadiene 25.0
Zinc Oxide 5.0
Stearic Acid 1.0
2,2,4-Trimethyl-1,2dihydroquinoline polymer (TMQ) 1.0
N650 Carbon Black 45.0
Antiozonant variable
Sulfur 2.5
N-cyclohexyl-2-benzothiazole sulfenamide (CBS) 0.7
N-(cyclohexylthio) phthalimide 0.2

The second study in this paper was based on a well-
known soluble cure system that uses a low level of sulfur, 
a soluble accelerator system, and zinc soap in place of 
stearic acid. The formulation consisted of:

Ingredient phr

Natural Rubber CV60 75.0
High-cis polybutadiene   25.0
Zinc Oxide 5.0
Zinc-2-ethylhexanoate 2.0
2,2,4-Trimethyl-1,2dihydroquinoline polymer (TMQ) 1.0
N-Isopropyl-N’-phenyl-
  p-phenylenediamine (IPPD) 0.0, 3.0, or 6.0
N650 Carbon Black 45.0
Sulfur 0.6
2-(4-Morpholinothio)-benzothiazole (MOR) 1.44
Tetrabutylthiuram disulfi de (TBTD) 0.6

All compounds were mixed in a BR1600 lab Banbury 
using the following mix procedure:

First Cycle
0 seconds load natural rubber
30 seconds or 80°C load polybutadiene and 1/2 black 
100°C load 1/2 black and all chemicals
115°C sweep
125°C sweep
135°C dump

Second Cycle
0 seconds load fi rst cycle masterbatch and  
   curatives
30 seconds or 95°C  sweep
60 seconds or 105°C  dump

All antidegradents were added in the fi rst cycle while 
sulfur and accelerators were added in the second cycle. 
Final dispersion was accomplished on a 15 x 30 cm 
two-roll mill. Testing was performed per the following 
specifi cations:

Hardness ASTM D 2240
   Shore A

Tensile, elongation and modulus ASTM D 412
   Method A

Adhesion ASTM D 429
   Method F or
   Method B

The Method F buffer test was chosen as the primary 
adhesion test because it is representative of the geom-
etry of many mounts. Method B peel specimens were 
used for the stressed boiling water test. In the stressed 
boiling water test, ASTM D429 Method B coupons are 
stressed with a 2.2 kilogram weight while submersed in 
boiling water. The weight is attached to the “tail” of the 
bonded part via two pulleys. The angle formed between 
the stressed “tail” and the metal coupon is 135 degrees. 
This exposure test was run for two hours. Although this 
test is not representative of actual service conditions, it 
has been used as an accelerated test to evaluate envi-
ronmental robustness of bonded mounts.

Table 1 – Chemical identifi cation of antiozonants

6PPD
N-1,3-Dimethylbutyl-N’-phenyl-p-phenylenediamine

Trade Name: Santofl ex® 6PPD from Flexsys

IPPD
N-Isopropyl-N’-phenyl-p-phenylenediamine

Trade Name: Flexzone® 3C from Chemtura

77PD
N,N’-Bis(1,4-dimethylpentyl)-p-phenylenediamine

Trade Name: Santofl ex® 77PD from Flexsys

PPD Blend
 A proprietary blend of para-phenylenediamines

Trade Name: Flexzone® 11L from Chemtura

Substituted 
Triazine

2,4,6-tris-(N-1,4-dimethylpentyl-p-phenylenediamino)-
1,3,5-triazine

Trade Name: Durazone® 37 from Chemtura

TMQ
2,2,4-Trimethyl-1,2dihydroquinoline polymer

Trade Name: Flectol® TMQ from Flexsys

Santofl ex and Flectol are trademarks for Flexsys.
Flexazone and Durazone are trademarks of Chemtura Corporation.
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Method F buffer specimens were injection molded and 
cured to 90% of rheometer cure (Tc90) plus 5 minutes. 
Method B peel specimens were compression molded 
and cured to Tc90 cure time plus 10 minutes. The metal 
components were 1020 cold rolled steel which were zinc 
phosphatized prior to primer and adhesive application. 
Both the primers and adhesives were applied by spray 
application. The primers were applied at dry fi lm thick-
nesses between 7.5-12 microns. Adhesive topcoats were 
applied at dry fi lm thicknesses between 15-19 microns. 

Discussion
Study 1: High Sulfur Cure System
The fi rst study investigated a number of commonly used 
antiozonants at the 6 phr level. Most of the antiozonants 
chosen were either dialkyl or alkyl-aryl para-phenylene 
diamines. Perhaps the three most commonly used anti-
ozonants are N-Isopropyl-N’-phenyl-p-phenylenediamine 
(IPPD), N-1,3-Dimethylbutyl-N’-phenyl-p-phenylene 
diamine (6PPD), and N,N’-Bis (1,4-dimethylpentyl)-
p-phenylenediamine (77PD). A proprietary blend of 
para-phenylenediamines sold under the trade name of 
Flexzone 11L was also included in the investigation. One 
chemically different antiozonant in the investigation was a 
substituted triazine, specifi cally 2,4,6-tris-(N-1,4-dimethyl-
pentyl-p phenylenediamino)-1,3,5-triazine sold under the 
trade name of Durozone 37. As a further control, 6 phr of 
TMQ was added to Compound 8 in addition to the 1 phr 
TMQ that was included in all formulations. While TMQ is 
primarily used as an antioxidant, it is known to have some 
limited antiozonant properties.

Table 2 shows the physical properties and the results of 
the primary adhesion tests for the seven compounds. 
The results for the 150 °C cure temperature are plotted in 
Figures 1 and 2. When cured at 150 °C, Cover 1 shows 
the highest break values for Compound 8 containing the 
high level of TMQ. The other compounds are roughly 
equivalent. Compounds 1, 7 and 8 with no para-phen-
ylenediamine–type antiozonant show the best rubber 
retention after break. Cover 2 shows the highest break 
values for Compounds 7 and 8. The other compounds 
are roughly equivalent. Rubber retention was fairly similar 
for all compounds. The Aqueous adhesive bonded all 
compounds about equally. 

Figure 1 – Effect of antiozonant and adhesive choice 
on primary adhesion (cure temperature 150°C) - 
Pull Values

Figure 2 – Effect of antiozonant and adhesive choice 
on primary adhesion (cure temperature 150°C) - 
Rubber Retention
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Table 2 – Antiozonant comparison and adhesion test in Study 1

Compound 1 3 4 5 6 7 8

6PPD — 6.00 — — — — —

IPPD — — 6.00 — — — —

77PD — — — 6.00 — — —

PPD Blend (Flexzone 11L) — — — — 6.00 — —

Substituted 1,3,5 Triazine — — — — — 6.00 —

TMQ 1.00 1.00 1.00 1.00 1.00 1.00 7.00

Properties

Rheometer @ 150°C (MDR)

    ML Low torque 1.94 1.88 1.84 1.84 1.83 1.77 1.85

    MH High torque 15.77 14.88 14.78 14.52 14.59 14.34 13.89

    Tc90 (minutes) 12.96 12.42 11.38 10.63 12.32 12.55 12.41

    Ts2 (minutes) 6.75 6.61 5.96 5.43 6.28 6.67 6.24

Hardness (Shore A) 58 57 55 54 57 56 58

Tensile (MPa) 24.7 22.9 23.0 21.9 23.2 23.3 23.0

Elongation (%) 580 585 590 565 580 620 610

100% modulus (MPa) 2.5 2.2 2.2 2.3 2.4 2.2 2.2

Primary Adhesion Test Method F 
Zinc-Phosphatized Buffers

Molded at 150°C

Cover 1 average (newtons) 6496 6174 6214 6224 6205 6012 6805

     Rubber retained (%) 99 83 79 83 79 96 97

Cover 2 average (newtons) 5832 6027 5672 5989 5934 6715 6573

     Rubber retained (%) 95 85 93 83 84 85 85

Aqueous average (newtons) 5486 5766 5636 5319 5595 5988 5815

     Rubber retained (%) 85 95 95 87 96 88 85

Molded at 170°C

Cover 1 average (newtons) 6454 6294 5875 5953 6084 5990 6341

     Rubber retained (%) 98 83 92 98 89 96 98

Cover 2 average (newtons) 6233 5746 5706 5804 5701 6051 6010

     Rubber retained (%) 96 96 92 95 96 96 96

Aqueous average (newtons) 5527 5242 5130 5352 5099 5125 5693

     Rubber retained (%) 97 98 97 98 98 96 96
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The results for the 170 °C cure temperature are plotted 
in Figures 3 and 4. For break values, Cover 1 performed 
best with Compounds 1, 2, and 8. However, Compound 2 
gave the poorest rubber retention after break. For Cover 
2 and the Aqueous adhesive, there were no statistically 
signifi cant differences in pull values or rubber retention 
for the different compounds. 

While some differences were observable, they were fairly 
minimal and there was no clear pattern in performance 
across the different adhesives. For all practical purposes, 
any of the adhesives could be used to bond any of the 
seven compounds. 

As stated earlier, primary adhesion is only a fi rst indi-
cator of bond integrity. The next step in the study was to 
run the stressed boiling water test using method B peel 
specimens. This exposure test was run for two hours 
with all the specimens from Study 1. Results are shown 
in Table 3. The results for the 150 °C cure temperature 
are plotted in Figures 5 and 6. When molded at 150 
°C, only the control Compound 1 with no antiozonant 
and Compounds 7 and 8 (with the substituted triazine 
and TMQ respectively) passed the 2 hour boiling water 
test with Cover 1 and Cover 2. None of the compounds 
containing PPD antiozonants passed and none of the 
compounds bonded with the Aqueous cover-coat 
passed. Cover 2 had the best rubber retention after the 
boiling water test. 

When cured at 170 °C, performance in the boiling 
water test was much improved for all adhesive systems 
(Figures 7 and 8). Rubber retention was also improved.

Figure 3 – Effect of antiozonant and adhesive choice 
on primary adhesion (cure temperature: 170°C) - 
Pull Values

Figure 4 – Effect of antiozonant and adhesive choice 
on primary adhesion (cure temperature: 170°C) - 
Rubber Retention

Figure 5 – Effect of rubber compound and adhesive 
choice on 2 hour boiling water resistance (cure 
temperature: 150°C) - Hours to Failure

Figure 6 – Effect of rubber compound and adhesive 
choice on 2 hour boiling water resistance (cure 
temperature: 150°C) - Rubber Retention
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Compound 1 3 4 5 6 7 8

6PPD — 6.00 — — — — —

IPPD — — 6.00 — — — —

77PD — — — 6.00 — — —

PPD Blend (Flexzone 11L) — — — — 6.00 — —

Substituted 1,3,5 Triazine — — — — — 6.00 —

TMQ 1.00 1.00 1.00 1.00 1.00 1.00 7.00

2 Hour Boiling Water Test 
Zinc-Phosphatized Coupons

Molded at 150°C

Cover 1 time survived (hours) 2.0 0.7 0.1 0.5 0.9 2.0 2.0

     Rubber retained (%) 58 12 7 0 5 21 52

Cover 2 time survived (hours) 2.0 0.5 0.0 0.0 0.7 2.0 2.0

     Rubber retained (%) 83 50 35 15 42 87 72

Aqueous time survived (hours) 0.75 0.0 0.0 0.0 0.0 0.5 0.0

     Rubber retained (%) 0 48 28 10 25 25 15

Molded at 170°C

Cover 1 time survived (hours) 2.0 1.7 0.9 0.9 2.0 2.0 2.0

     Rubber retained (%) 73 18 9 12 44 19 73

Cover 2 time survived (hours) 2.0 2.0 0.9 0.5 2.0 2.0 2.0

     Rubber retained (%) 96 48 50 50 95 92 94

Aqueous time survived (hours) 1.7 0.5 0.2 0.0 0.3 2.0 0.2

     Rubber retained (%) 51 33 30 15 25 84 19

Table 3 – Stressed boiling water test in Study 1

Figure 8 – Effect of rubber compound and adhesive 
choice on 2 hour boiling water resistance (cure 
temperature: 170°C) - Rubber Retention

Figure 7 – Effect of rubber compound and adhesive 
choice on 2 hour boiling water resistance (cure 
temperature: 170°C) - Hours to Failure
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Study 2: Low Sulfur Cure System
In the previous paper, it was determined that a formula-
tion with a high level of sulfur and a low level of accel-
erator was less sensitive to the presence of 77PD than 
the same compound (same accelerator) with the level 
of sulfur and accelerator reversed. There were also 
signifi cant differences in the percentage of retained 
rubber between the high sulfur cure system and the 
low sulfur cure system. Having ascertained that a low 
sulfur cure system is more sensitive to the presence 
of the antiozonant 77PD, it seemed reasonable to run 
an experiment similar to that study, but with a different 
low-sulfur cure system. To extend the study further, the 
second study used both a different cure system and 
a different antiozonant than was used in the previous 
paper. The cure system chosen is one popularly used in 
natural rubber and well documented as being a soluble 
cure system.[2] This cure system keeps the sulfur and 
the accelerators to levels known to be soluble in natural 
rubber:

Soluble Cure System phr

Sulfur 0.6
2-(4-Morpholinothio)-benzothiazole (MOR) 1.44
Tetrabutylthiuram disulfi de (TBTD) 0.6

The antiozonant 77PD is not commonly used as the sole 
antiozonant in an NR/BR compound. IPPD however, is 
often used as the only antiozonant so it was chosen for 
this experiment. The rheological properties, physical 
properties, and bond test results are documented in 
Tables 4 and 5. The primary bond strength results 
showed no signifi cant differences at either 150°C or 
170°C (Figures 9 and 10) with the Cover 2 and Aqueous 
adhesive systems. However, the control compound 
containing no antiozonant had clearly lower primary 
bond strength when bonded with Cover 1 adhesive. This 
result was inexplicable, but it showed up at both bonding 
temperatures and the authors felt that this should be 
replicated to determine if the results are reproducible. 

The percent rubber retention values were all similar with 
two exceptions. At 150 °C, only the Aqueous adhesive 
with no antiozonant showed lower rubber retention 
(Figure 11), but the lower value is not replicated with 
either 3 or 6 phr IPPD. At 170 °C, only the compound with 
6 phr IPPD bonded with Cover 1 showed lower rubber 
retention (Figure 12). Because the bond strength values 
were high in both cases, the authors are not sure if these 
lower rubber retention values are signifi cant. Further 
study may be needed to determine this. 

Table 4 – IPPD with soluble cure system in Study 2

Compound 11 12 13

IPPD 0.00 3.00 6.00

Properties

Rheometer @ 150°C (MDR)

    ML Low torque 2.30 2.30 2.20

    MH High torque 15.10 14.10 13.30

    Tc90 (minutes) 17.80 13.90 12.60

    Ts2 (minutes) 8.80 7.30 6.50

Hardness (Shore A) 58 56 56

Tensile (MPa) 22.6 23.6 24.0

Elongation (%) 520 605 635

100% modulus (MPa) 2.4 2.1 2.0

Primary Adhesion Test Method F 
Zinc-Phosphatized Buffers

Molded at 150°C

Cover 1 average (newtons) 3708 4915 4861

    Rubber retained (%) 100 97 96

Cover 2 average (newtons) 4437 3964 4128

     Rubber retained (%) 100 99 96

Aqueous average (newtons) 4256 4300 4293

     Rubber retained (%) 40 100 97

Molded at 170°C

Cover 1 average (newtons) 4450 5392 5159

     Rubber retained (%) 100 98 75

Cover 2 average (newtons) 4620 4478 4032

     Rubber retained (%) 100 100 100

Aqueous average (newtons) 4503 4866 4524

     Rubber retained (%) 100 100 100

Table 5 – Stressed boiling water test in Study 2

Compound 11 12 13

IPPD 0.00 3.00 6.00

2 Hour Boiling Water Test 
Zinc-Phosphatized Coupons

Molded at 150°C

Cover 1 average (hours) 2.00 0.29 0.25

    Rubber retained (%) 41 21 10

Cover 2 average (hours) 2.00 0.00 0.00

     Rubber retained (%) 98 60 60

Aqueous average (hours) 0.00 0.00 0.00

     Rubber retained (%) 48 0 10

Molded at 170°C

Cover 1 average (hours) 1.25 0.88 1.50

     Rubber retained (%) 25 15 19

Cover 2 average (hours) 2.00 1.25 0.32

     Rubber retained (%) 98 54 46

Aqueous average (hours) 2.00 0.00 0.00

     Rubber retained (%) 100 20 0
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Figure 9 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on bond strength 
(cure temperature: 150°C)

Figure 10 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on bond strength 
(cure temperature: 170°C)

Figure 11 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on rubber 
retention (cure temperature: 150°C)

Figure 12 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on rubber 
retention (cure temperature: 170°C)
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There was only enough of the original elastomer to 
replicate the testing with Cover 1 at a single temperature, 
so the 150°C test temperature was chosen. Figure 13 
shows that the results replicated quite well, with bond 
strength being lowest on the compound containing no 
antiozonant. Rubber retention was 100% with all three 
compounds. Because the results can be replicated, we 
have to believe that they are not merely outliers. These 
results are unexpected because in practice, we gener-
ally fi nd that antiozonants reduce bondability rather than 
enhance it. 

The stressed boiling water test was run for two hours 
with all the specimens from the second study. At a 150°C 
molding temperature, the controls (no antiozonant) from 
Cover 1 and Cover 2 both passed two hours in boiling 
water while those containing 3 or 6 phr IPPD all failed 
in less than 30 minutes (Figure 14). All compounds 
using the Aqueous adhesive bonded at low temperature 
(150°C) failed immediately in boiling water. Figure 15 
shows the rubber retention and it is clear that Cover 2 is 
superior to Cover 1 and that in all cases the presence of 
antiozonant deteriorates the environmental resistance of 
the bond.

Figure 13 – Repeat of Cover 1 effect of antiozonant 
level with a soluble cure system on bond strength 
(cure temperature: 150°C)

Figure 14 – Effect of antiozonant level and adhesive 
choice on 2 hour boiling water resistance for soluble 
cure system (cure temperature: 150°C)

Figure 15 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on rubber 
retention (cure temperature: 150°C)
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Figures 16 and 17 show time-to-failure and rubber-
retention results of the boiling water resistance tests for 
specimens molded at 170°C. Boiling water resistance 
was improved in general by increasing the molding 
temperature from 150°C to 170°C. However, the trend 
of decreasing boiling water resistance with increased 
amounts of antiozonant still holds true. 

Summary and Conclusions
1. The effect of antiozonants on adhesion is complex 

and not easily reduced to generalized conclusions. 
2. Adhesion is affected by the choice of the adhesive 

system, the choice of the antiozonant, and by the 
choice of the cure system in the rubber compound.

3. Higher curing temperatures generally give more 
environmentally resistant bonds, particularly when 
evaluated using the stressed boiling water test.

4. Of the antiozonants tested, the PPD antiozonants 
showed the greatest negative effect on adhesion. 

5. Low sulfur cure systems are signifi cantly more sensi-
tive than high sulfur cure systems to the presence of 
the PPD antiozonants. 

6. The low-sulfur soluble cure system shows excellent 
primary adhesion with all three adhesive systems 
and IPPD antiozonant even appears to enhance 
primary bonds.

7. Environmental resistance (as measured by stressed 
boiling water testing) is diminished by the addition of 
IPPD to a low-sulfur soluble cure system.

8. Good primary adhesion cannot be used to predict 
the environmental resistance of the bond.

Figure 16 – Effect of antiozonant level and adhesive 
choice on 2 hour boiling water resistance for soluble 
cure system (cure temperature: 170°C)

Figure 17 – Effect of antiozonant level and adhesive 
choice with a soluble cure system on rubber 
retention (cure temperature; 170°C)
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