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OBJECTIVE:

The purpose of this work was to determine the resistance of rub-
ber-to-metal vulcanized bonds to long-term storage and environmental
exposure, and to develop accelerated methods for use in predicting
this resistance.

BACKIROUND:

The most effective method of securing rubber to metal with suffi-
cient strength to withstand the shear-and-peel forces encountered in
many weapon applications is that of bonding the rubber to the metal at
the time that the rubber is being vulcanized. This is known as vul-
canized bonding. Examples of such bonds are those of rubber coatings
on the aluminum M60 machinq gun components, shock isolator and recoil
adapter on the GAU 2B/A Minigun, rubber pads for all tracked vehicles,
shock mounts for numerous shipping containers, and many small compon-
ents for weapon accessories such as the rubber stop on the target hold-
ing-mechanism.

Personnel of the Research Directorate, GEN Thomas J. Rodman Lab-
oratory, are aware that rubber-to-metal bonds on numerous weapon com-
ponent spare parts have failed after a relatively short time in storage.
Very little published data are available on the resistance of the rub-
ber-to-metal vulcanized bonds to long-term storage or environmental ex-
posure. These bond failures on replacement parts and the lack of data
in this area demonstrate the need to develop the ability to predict the
long-term storage or outdoor life of vulcanized bonds.

The development of the ability to predict vulcanized bond life
during long-term storage and to improve the resistance of these bonds
to environmental exposure will lead to significant advances in the
state of the art. The Army will benefit because of the wide range of
weapon applications in which vulcanized bonding is essential. Longer
storage life for these weapon components will result in a tremendous
savings in cost to the Army by lower replacement rates for these spare
parts.

APPROACH:

Both steel and aluminum substrates were used in this study. Metal
surfaces were prepared as prescribed in ASTM D)429.1 Only bonding agents

1 1974 Annual Book of ASTM Standards, Part 37 Rubber Test Methods,
American Society of Testing and Material, Philadelphia, Pennsylvania
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known to produce strong vulcanized bonds were employed. Four elasto-
mers commonly used in weapon components were chosen for the study.
These elastoaers are the general-purpose rubbers butadiene/styrene and
ethylene propylene terpolymer, and the oil-resistant nitrile and
chloroprene rubbers. Vulcanized bonded specimens were prepared for
outdoor exposure at Panama and at Rock Island for periods of six
months, one,two, and three years. Another set of speciment was stored
indoors at Rock Island for the same time periods. Standard methods of
laboratory exposure used to accelerate the deterioration of rubber were
screened to determine if these methods could be used to accelerate the
deterioration of the bonded specimens. Methods B and C of ASTM D429
were used to measure the strength of the vulcanized bonds. Method B
is a 90o peel test in which bond failure occurs between the rubber and
metal substrate in a peeling action, and is measured in pounds per

- I inch. Method C is a test in which the metal substrate is cone-shaped
and in which bond failure begins at the points of the cones and pro-
ceeds until completion. Test results from conical specimens are meas-
ured in pounds.

The disadvantage of the 900 peel test is that, if the vulcanized
bond has greater strength than that of the rubber, the rubber.will
tear before bond failure begins. With conical specimens, the vulcan-
ized bond will usually fail before the rubber tears; in which case,
the true bond-strength is obtained.

The type of failure that occurs during the evaluation of the bonds
is indicated in the tables that follow. RC indicates failure at the
rubber and cover coat interface; CP indicates failure at the cover coat
and metal primer interface; M indicates failure at the metal primer and
metal interface; R indicates that the rubber has failed, but no real
value is given for the vulcanized bond strength.

2

RESULTS AND DISCUSSION:

Formulations and physical properties of the elastomers used in the
preparation of all vulcanized bonded specimens are shown In Table 1.
These rubber compounds were specially formulated for weapon applications
and not for ease of bonding. For example, the butadiene/styrene-based
compound (S242) contains 5 parts/lOO rhc UOP88 antiozonant and I part
Heliozone wag, ingredients which impart ozone resistance to the rubber,
but which detract from bondability. Similarly, the butadiene/acryloni-
.trile-based rubber compound (N200) contains 25 parts/lOO rhc of plas-

2 Peterson, C. H., "Rubber to Metal Bond Failures," Rubber Age, Vol.
93, No. 6, p. 129, September 1963.
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ticizer, even though the plasticizer makes the rubber more difficult to

bond. The plasticizer is used to impart good flexibility at -406F.

The results of long-term exposure indoors and outdoors at Rock Island
and outdoors in Panama for the four elastomer types of bonded assemblies
are shown in Tables 2 through 5, inclusive, and Figures 1 through 8, in-
clusive. The tabular data include the pounds required to break the bonded
assemblies, both peel and conical, and also include the type of failure.
The figures present the pounds required to break the conical assemblies,
both aluminum and steel. The data for the peel assemblies were not shown

graphically because these data, in most cases, represent failure within the

rubber rather than failure at the bond line.

Data for butadiene/styrene bonded assemblies are given in Table 2 and

Figures 1 and 2. No significant reduction in bond strength was noted, even
after two yerrs' exposure. The bond strengths of the conical specimens
(steel and aluminum) increased, probably due to increased crosslinking of
the rubber and bonding agent. The peel specimens also undoubtedly aged;
but, because these specimens failed within the rubber rather than at the
bond, true bond strengths could not be ascertained. The superiority of
the conical specimens overtte steel specimens in providing a truer measure

of strength of bond is shown by these data.

The exposure of ethylene propylene bonded assemblies resulted in the
data shown in Table 3 and Figures 3 and 4. Significant decreases in bond -

strengths are clearly indicated for the 900 peel specimens, both steel and
aluminum, after two years indoors and outdoors at Rock Island and after two
years at Panama, with steel showing complete bond failure during exposure.
The conical aluminum specimens remained unchanged at all three sites, while
the steel conical specimens showed a complete loss in bond strength after

two years at Panama and a large, 57 percent, decrease after two years out-
doors at Rock Island.

From the data in Table 3, note that the type of failure changed from
rubber/cover coat interface to metal/metal primer interface as the exposure
time and severity of conditions at the test site increased. For example,

steel conical specimens showed 23 percent metal-primer interface failures
after one year outdoors at Rock Island, 40 percent similar failures after
one year at Panama, 92 percent failures after two years' exposure at Rock
Island, and 100 percent after two years at Panama.

Results for neoprene rubber-to-metal assemblies are shown in Table 4
and Figures 5 and 6. Changes in the bond strengths were not large, even

after two years outdoors at Rock Island and Panama.

The results o' long-term exposure on butadiene/acrylonitrile bonded

assemblies are given in Table 5 and Figures 7 and 8. Clearly, these as-

semblies "suffered" greater loss in bond strength than did any of the

other three types of assemblies. Exposure at Panama was extremely detri-

mental. The steel peel specimens separated during the second six-month

period, while the aluminum peel specimens lost virtually all bond strength
at the end of one year.
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After data had been obtained showing the effect of long-term ex-

posure on bond strength, attempts were made to develop an accelerated

test that would produce comparable changes in bond strength.

Three methods of accelerating failure were attempted. The first
consisted of exposing conical specimens to dry heat in a circulating
air oven and comparing the bond strength after exposure to the ortginal
strength. The second method involved the exposure of conical specimens
over water in a closed jar at an elevated temperature, again comparing
bond strengths before and after exposure. The third method was the
same as the first or second, except that the conical specimens were e.
longated 50 percent of the distance between the metal cones. With

the ASTM D429, Method C, the conical specimens have to be molded in such
a manner that the distance between the tips of the metal cones shall be
0.47 t 0.02 inch. Thus, the specimens were elongated about 0.23 inch.
The elongation was achieved by bolting the specimen between two steel
plates which were then separated a distance of 0.23 inch and kept sep-
arated with a metal spacer. Time permitted only the evaluation of
steel specimens with the above-mentioned methods.

The results of the accelerated testing of conical specimens of
butadiene/styrene rubber, vulcanized-bonded to steel, are shown in
Table 6 and Figure 9. These data show that bond strengths increased
under all conditions of test, probably due to increased crosslinking

or aging of the rubber.

Data obtained from the accelerated testing of ethylene propylene
terpolymer rubber-to-steel vulcanized-bonded assemblies are shown in

Table 7 and Figure 10. In all but one case, the specimens aged over
water showed a loss of bond strength while those aged In air showed no
loss. The stressed specimens, aged over water, showed a rapid change
in type of bond failure from rubber/rubber cement interface to metal/

metal primer interface bond failure after only 70 hours in test. The
bond strength decreased 10 percent after 70 hours and 29 percent after
7 days of testing. After 14 days, bond strength decreased by 32 percent;
but the metal surface, where bond failure occurred, indicated that a
rapid loss of bond strength could be expected with continued exposure.

Results of testing butadiene/acrylonitrile rx-bber-to-steel vulcan-
ized bonded assemblies are shown in Table 8 and Figure 11. Signifi-
cant changes in bond strength occurred after 70 hours over water. At
seven days, the unstressed specimens began to show a change In type of

bond failure with metal/metal primer bond failure beginning to appear.

The stressed specimens over water showed a greater change with a 98
percent metal/metal-primer interface bond failure after seven days and
a bond strength loss of 26 percent. After 14 days, both stressed and
unstressed specimens showed a 100 percent metal/metal-primer interface

bond failure. At 14 days, bond strength loss was 53 percent for the
unstressed and 66 percent for the stressed specimens.

4
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The attempt to improve the hydroltyic stability of vulcanized
bonds by use of zinc phosphate coated steel substrates is shown in
Table 9 and Figures 12 and 13. The data show that no significant im-
provement in the ethylene propylene terpolymer bonded assemblies was
achieved. The nitrile-bonded assemblies with the use of the zinc
phosphate coated steel showed a greaL~r loss of bond strength than the
bonded assemblies with the untreated steel. The zinc phosphate coat-
ing is believed to provide paths for the moisture to penetrate from
the bond edge, paths that are not present on the untreated steel sur-
face.

Results of the tests conducted on bonded assemblies exposed to
heat, heat and humidity, to heat and stress, or to humidity, heat, and
stress are summarized as follows:

1. Dry heat alone or the combination of dry heat and stress did
not result in reduced bond strength after 14 days exposure. In fact,
bond strengths generally increased under these conditions, probably
because of increased crosslinking. Many rubber compounds based on
SBR are not particularly resistant to oxidative aging.

2. Heat and humidity or the combination of heat, humidity, and
stress caused reductions in bond strengths to occur within 14 days or
less for specimens made from butadiene/acrylonitrile and ethylene pro-
pylene, but not for specimens of butadiene/styrene. Reduction in the
strength of bond probably took place in the case of the latter polymer,
but was overshadowed by the increase in strength resulting from addit-
ional crosslinks formed by the heat.

3. The test involving he '-umidity, and stress may be useful in

predicting the life of bonded o olies. A comparison of the results
from this type of exposure to tb rcsults obtained from long-term nat-
ural exposures show some correlation. Butadiene/styrene rubber-to

metal vulcanized-bonded assemblies showed no loss in bond strength
after two years' exposure outdoors at Rock Island or after i days in
the accelerated test. Ethylene-propylene-terpolymer rubber-vulcanized
bonds shoved a decrease in bond strength after one year's exposure V
outdoors at Rock Island, and showed a similar slow decrease in the ac-
celerated test. Butadiene/acrylontrile rubber-to-metal vulcanized
bonds showed a severe loss of bond strength when exposed outdoors at
Rock Island and at Panama. This severe loss of bond strength was alsoE
demonstrated in the accelerated test. §

Means other than those in which heat and L midity are used were
sought to accelerate the breakdown of vulcanized bonds. Two dynamic -S
test devices were designed and built with the expectation that reduction R
in bond strength could be achieved by dynaade fatigue. The first
tester rotates one end of a bonded conical specimen 45 degrees to the
left and to the right of center; the other end of the specimen is firmly

A



clamped. Either tension or compression may be applied to the specimen
while it is being flexed in torsion at a rate of 300 cpm. The bond
strength of the specimen is measured in the usual manner after cycling
and is compared with the original strength.

The results obtained with this tester were below expectation.
Vulcanized bonded specimens of butadiene/acrylonitrile rubber, which
had performed so poorly outdoors and under high humidity, showed no
significant reduction in bond strength after 250,000 cycles, even when
elongated 50 percent. The other types of polymers were not tested
with this device.

The second tester was made from a De Mattia flexing machine, which
is described in ASiM D430 on dynamic testing of rubber products. The

positions of the stationary and movable grips relative to eaeb other
were adjusted to accommodate the conical specimen. The lengths of the
eccentric arm and the connecting rod were adjusted to provide several
lengths of stroke which would elongate the conical specimen to varying
amounts.

The results obtained with the modified De Mattia tester were quite
promising, even though .the number of tests performed was limited. The
most important series of tests involved the vulcanized bonded Neoprene
specimens (steel) described earlier. These specimens were tested under
three different extensions, approximately 50, 100, and 200 percent. At
the low extension, no bond failures resulted during 175,000 cycles, and
the bond strength after this number of cycles was unchanged from the
original value. At 100 percent extension, the specimens failed within
the rubber after 16,850 cycles. At the higkest elongation, rubber fail-
ure occurred at 3,000 cycles. The test reproducibility was good. The
16,850 cycle failure mentioned above vas.the average of twenty tests
which ranged from 8,950 tp.33;200 cycles, with results of ten tests
falling within a range of only 4,000 cycles.

One other series of tests with the De Mattia tester and the Neo-
prene specimens id here reported. The specimens were bonded with vul-
canizing agents known to produce weak bonds. In these tests, failures
occurred at the bond after only 30 cycles. These results were prom-
ising and indicated that, if the severity of the test can be increased,
failure in the rubber might be replaced by bond failures. Three means
of increased severity are quickly called to mind: (1) the increasing
of cyclic rate, (2) the increasing of the extension, (3) the performing
of the dynamic test after exposure to high humidity or even in ihe
presence of high humidity.

6
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CONCUSIONS:

Environmental exposure data and accelerated humidity test data
can be compared to show that both have the same effect on vulcanized
bonded assemblies. Butadlene/styrene rubber-to-metal vulcanized bonds
show no loss in bond strength after two years otdoors at Rock Island

* or after 14 days in the hydrolytic stability test in which specimens
are stressed and exposed to 212 F over water. EPhI and nitrile vul-
canized bonds exhibited changes in type of bond failure and a decrease
in bond strength in both accelerat ed and long term tests. EPEN vul-
canized bonds exhibited a slow decrease in bond strength in environ-
mental exposure and in the accelerated test, while nitrile vulcanized
bonds exhibited a severe loss of bond strength in both instances. Ita
obtained from this accelerated testtng can be used to enable one to
select the bonding agent system suitable for the task required of the
vulcanized bonded assembly.

RECOMMENDATIONS:

The modified De Mattia tester developed under this study should
be used as the starting point for an MWN project. The goal of the WT
project would be to improve this test device to the extent that it
would, in a matter of hours or days, provide data on the strength of
vulcanized bonds with which the results, obtained during long-term
exposure, would be correlated.

II
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TABLE 1
ELASTOMERS USED IN THE VULCANIZED BONDING OF RUBBER TO METAL

Part b Weit

COMPOUNDNG INGREDIENTS E57 MU__ N200

Nordel i04o0 (EPDm) 100
Stereon 700 (SBR) 100
Neoprene WD (CR) 100

Paracril AJ (NBR) 85

Paracril B (NBR) 15

Philblack N550 45
Philblack N220 40 75

Philblack NIO 50

I HiSil 233 20

Necton 60 20 20 20

Tributoxyethyl phosphate 10

Trioctyl phosphate 15

Dioctyl Sebacate 20

UOP-88 5

Age Rite Resin D 2.5 1

Akroflex CD 3

Heliozone 1 3
Stearic Acid 1 1

Zinc Oxide 5 3 5 5

Magnesium Oxide 
4

Sulfur 0.5 2

Altax 1 3

Santocure 0.8

Methyl Tuads 2 1.5

Ethyl Tuads 1.5

Na-22 1

Physical Properties

Tensile Strength, psi 1650 2220 2760 2070

Elongation, % 580 630 340 320

Hardness, Shore A 51 59 63 68

Low Temperature Flexibility,
ASTM D1043, Temp. where Young's
Modulus is 10,000 psi, "F. -50 -92 -52 -48

70 hrs/212"F/ASTM #3 Oil:
Volume change,% - +45 +23

Compression Set, ASTM 
D395,

Method B, 22 hrs @ 158'F, % 14 - 11 10

8
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TABLE 6

ACCELERATED TESTING OF BUTADIENE/STYRENE RUBBER-TO-STEEL
VULCANIZED BONDED ASSEMBLIES

Method C, Conical lb

Original 220 RC

70 hrs/212o F/Air 316 RC' 70 hrs/2120 F/over water 464 R 85 RC 15

70 hrs/212 F/Air/50% E* 417 RC 70 R 30
70 hrs/21? F/over water/50% E 299 RC 93 R 7

7 days/212' F/Air 466 R 97 RC 3
7 days/2l?2-F/over water 438 RC 75 R 25

7 days/ 212F/Alr/50 E 342 R
7 days/212° F/over water/50% E 302 R

14 days/21 F/Air 296 R
14 days/2120 F/over water 417 R 90 RC 10

14 days/2120F/Air/50% E 252 R
14 days/2126F/over water/50% E 337 RC 92 R 8

*50% E - Specimen is elongated 50% of distance between conical points.

Primer:- Thixon P-5

Cover Coat: Thixon CB-3

13
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TABLE 7

ACCELERATED TESTING OF ETHYLENE PROPYLENE TERPOLYMER
RUBBER-TO-STEEL VULCANIZED BONDED ASSEMBLIES

Method C, Conical, lb

Original 231 RC

'- 70 hrs/212°F/Air 250 RC

70 hrs/2129 F/over water 255 RC

70 hrs/212°F/Air/50% E* 261 RC

70 hrs/212 F/over water/50% E 207 M

7 days/21:f F/Air 305 RC

7 days/21Z F/over water 209 RC

7 days/2l2-F/Air/50% E 248 RC
7 days/2120 F/over water/50% E 165 M

14 days/2120F/Air 311 RC
14 days/2120°F/over water 200 RC

14 days/212eF/Air/50% E 248 RC
14 days/2120 F/over water/50% E 157 M

*5016 E - Specimens elongated 50% of distance between conical points.

Primer: Thixon P-5

Cover Coat: Thixon AP1559
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TABLE 8

ACCELERATED TESTING OF BUTADIENE/ACRYLONITRILE
RUBBER-TO-STEEL VULCANIZED BONDED ASSEMBLIES

Method C, Conical, lb

Original 362 R

70 hrs/2120 F/Air 449 R
70 hrs/212°F/over water 418 R

70 hrs/212°F/Air/50% E* 452 R
70 hrs/2120 F/over water/50% E 378 R

7 days/2120 F/Air 417 R
7 days/21° F/over water 370 R 95M 5

7 days/2120F/Air/50% E 441 R
7 days/212° F/over water/50% E 272 14 98 R 2

14 days/212°F/Air 416 R
14 days/212 F/over water 170 M

14 days/212° F/Air/50% E 419 R
14 days/212' F/over water/50% E 124 M

"50% E - Specimens are elongated 50% of distance between conical points.

Primer: Chemlok 205

Cover Coat: Chemlok 233

15
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