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A 100-year Case Study of the Life Prediction of
Natural Rubber for an Engineering Application

KAMARUDIN AB. MALEK* AND A. STEVENSON**

A thick rubber block was obtained after ninety-six years' ageing in air. The rubber was analysed
for its formulation. Thick rubber blocks were prepared using this formulation and they were
subjected to different periods of ageing and different temperatures. Puncture tests were
performed on these aged samples and a characteristic time ta was obtained for different ageing
temperatures. Arrhenius plots of characteristic times of samples aged up to ten years and from
that of the ninety-six-year-old sample were found to be linear.

Rubber engineering components are fre-
quently bulky and include thick layers of
rubber. These components are sometimes
expected to last for a very long time - e.g.
over 100 years for civil engineering applica-
tions. Therefore, it is necessary to have
some method of assessing the probable
life-time of these rubber components at the
design stage. This paper describes the use
of a puncture test1'2'3 to investigate changes
in thick rubber blocks subjected to elevated
temperatures and long-term ageing. The
test consists of indentation and rupture of
the surface of a rubber block by a
cylindrical indentor as shown schematically
in Figure 1.

The strength of rubber can be seriously
affected by oxidation and the effect
becomes worse when the rubber is sub-
jected to high temperatures. It is known
that a small amount of oxygen (ca. 1%)
absorbed by a natural or synthetic rubber
can have a deleterious effect on its physical
properties4. Much research has been con-
cerned with the mechanisms of the basic
oxidation processes, namely the interaction
between elemental oxygen and rubbers. The
understanding of these chemical processes

has been derived largely from the work on
model systems and generally, on thin sheets
of vulcanisate5.

From an engineering point of view, the
chemistry of oxidation has not yet answered
the question of how long a bulky rubber
component will last in service conditions,
especially at elevated temperatures. Conven-
tional ageing tests use thin test-pieces to
characterise mechanical properties such as
stiffness and strength. The properties are
usually measured after oven-ageing for a
specific time at a specific temperature. The
ageing behaviour of thin rubber test-pieces
may not represent that of thick blocks or
indeed even that of the surface of thick
blocks. This is because of the inhomoge-
nous nature of high temperature ageing of
thick rubber blocks affecting mainly the
surface3'6. The difference in strength between
the surface and the bulk rubber can be easily
evaluated by using the puncture test. More-
over, this technique permits the determina-
tion of the change in strength of thick
rubber components which are subjected to
different periods of ageing and different
temperatures.
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Figure 1. Schematic diagram of a puncture test.

In 1974, an engineering company
provided Tun Abdul Razak Laboratory
in Hertford, England, with a rubber
sample from a ninety-six-year-old rubber
bearing from a viaduct in Melbourne,
Australia. This rubber was analysed and
re-formulated to allow the ageing behaviour
of thick rubber blocks to be studied at
various times up to and including ninety-six
years.

EXPERIMENTAL METHOD

The formulation of the ninety-six-year-old
rubber was determined using thermogravi-
metric analysis (TGA) and thin layer
chromatography (TLC) techniques7. The
analyses suggest the following composition
in parts per hundred of rubber (p.p.h.r.) by
weight:

Natural rubber 100
Calcium carbonate 70
Ferric oxide 10
Sulphur 11

About 2.5 parts of other material, possibly
dirt, were also present. The amount of free
sulphur was less than 0.1%, indicating that
the rubber was fully cured. The analysis
also showed no evidence of curing residues
or synthetic antioxidants. This is not
surprising, because curing systems other
than of sulphur plus metal oxide did not
come into use until 1906, and synthetic
antioxidants were not used until the
1940s.

A fresh natural rubber (RSS 3) com-
pound was prepared using the above
formulation and 5 parts of pine tar oil
were added to the formulation to aid
mixing. The rubber blocks were direct-
compression-moulded for 3 h at 140°C to
dimensions of 23 x 23 x 2.54 cm. The
rubber blocks were then cut with a sharp
knife into 2.5 cm test-cubes.

Ten-year-old samples of similar rubber
prepared according to the above formula-
tion by the late Dr Lindley of the Tun
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Abdul Razak Laboratory, were also
evaluated.

All the samples were aged for various
times in an air-circulating oven at selected
temperatures up to 200°C. One block was
used for each combination of ageing time
and temperature. After removal from the
ovens, the blocks were allowed to cool at
23°C before being tested at room tempera-
ture. The blocks were cut open with a razor
blade, and several puncture tests were
carried out on both the exterior surface
and the cut surfaces of the bulk rubber.
Puncture tests were carried out using a
0.5 mm diameter indentor with 5 /mi corner
radius. Puncture tearing energies were
subsequently obtained for each puncture
test using the equation1 Tc = F(l-J.c)j2 nr0
where F is the puncture force at rupture, AC
is compression ratio and r0 is the surface
crack radius after puncture as shown in
Figure 2. The determination of /.c was dis-
cussed in Kamarudin1 and it is equal to -TJ-
where A is given by:

Radius of the indentor
Radius of puncture crack (r0)

It has been shown that oxidative degra-
dation in rubber is accompanied by an
increase in oxygen content8. Thus measure-
ment of oxygen uptake provides a simple
and quick way of evaluating the degree of
degradation that has taken place in the
rubber. Therefore, it would be of interest
to find out the variation of oxygen
content in the surface and in the bulk of
the aged rubber blocks previously used
for the determination of puncture energy.
The instrument used was a Perkin-Elmer
240 Elemental Analyser which can give the
value of the oxygen content to an accuracy
of ± 0.3%. The method consisted of
pyrolysing the sample in a stream of
helium at 975°C over carbon, when the
resulting oxygen was converted to carbon
monoxide. The carbon monoxide was then
passed through copper oxide at 670°C,
where it was converted to carbon dioxide
which was measured. The machine sub-

Indentor

Indentor

2r

Puncture crack
Rubber

Rubber

Figure 2. Schematic diagram of an indentation and puncture of rubber.
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sequently gave the oxygen content in
weight % (% w/w), i.e. as gramme of
oxygen per 100 g of rubber vulcanisate.

RESULTS

Conditions of Natural Rubber Pad after
Ninety-six Years' Service

The rubber pads were about 2.5 cm thick
and Figure 3 shows the locations of the
pads between the steel structures and the
supporting piers of the viaduct. Figure 4
shows a clean-cut section through the
sample to illustrate the depth of any ageing
of the rubber. The surface of the rubber is
hard and shows evidence of oxidation.
Below a depth of about 1.5 mm, however,
the rubber is free from such degradation
and was there, found still to have a
hardness of only 63 IRHD, There was no
evidence of significant deterioration of the
rubber below this depth and in the centre
of the pad. This provides convincing
evidence of the fact that the weathering
of natural rubber in normal conditions is
limited to the surface.

Variation of Puncture Energy with Time
of Ageing

These tests were carried out on 2.5 cm
cubes aged in air at 23°C, 40CC, 70°C,
100°C, 125°C, 150°C, 175°C and 200°C The
variations of puncture energy of the surface
and bulk with time of ageing are shown in
Figures 5 - 12. The puncture energy scales
are linear and the time of ageing scale is
logarithmic. Figure 4 shows the results of
air-ageing at 23°C. The ninety-six years'
point was obtained from the original rubber
from the Melbourne viaduct rubber pad.
The puncture energies of the surface and
bulk were similar within the first six months
of ageing time. Then, the puncture energy
dropped sharply. In the case of rubber at
the surface, the puncture energy dropped
sharply between six months and four years
of ageing. With further ageing, it showed
little change, but with the limited data
available there is an indication of a
minimum at about ten years with a
subsequent small rise between ten and
ninety-six years. In addition, the hardness
(80 IRHD) of the surface of the ninety-six-

Rail track

Cross girder (rivetted)
(4191 mm) between pier centres

/
4V (1255 mm) \

Stone plinth

x
To road

-JpierL

Figure 3. Drawing of Melbourne Railway Viaduct incorporating natural rubber pads in 1889
(traced from: Nc 715, Raiway Department, Melbourne, May 1883 J.
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Figure 4. Cut section through ninety-six-year-old rubber pad showing that degradation was
limited to an outer skin.

year-old rubber is higher than the hardness
of the surface of the ten-year-old rubber
(42 IRHD). In the case of the rubber in
the bulk, the minimum puncture energy
was not observed - the puncture energy
obtained from the ninety-six-year-old
sample was about 10.0 kJ/'m.

For the rubber aged at 40°C (Figure 6),
a minimum puncture energy was not
observed for either the surface or the
bulk. This is probably due to insufficient
ageing time because a minimum puncture
energy could be seen when the rubber was
aged at 70°C (Figure 7). In this case, the

puncture energies of both the surface and
the bulk showed minima. Moreover, at the
minimum puncture energy, the surface of
the rubber was soft, and with increasing
ageing time, the surface became hard. The
increase in puncture energy corresponded
to the formation of a thin layer of hard
skin as shown in Figure 13. This rubber
was aged at 70°C for 181 days.

Figures 8-12 show the results of ageing
at 100CC to 200°C. It can be seen that in
all cases, there was no minimum puncture
energy for both the surface and the bulk of
the rubber. The puncture energy of the
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Figure 5. Variation of puncture energy of the surface and bulk of rubber
with time of ageing in air at 23"C.
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Figure 6. Variation of puncture energy of the surface and bulk
of rubber with time of ageing at 40" C,
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Figure 7. Variation of puncture energy of the surface and bulk of
rubber with time of ageing at 70° C.
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Figure 8. Variation of puncture energy of the surface and bulk of
rubber with time of ageing at WO°C
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Figure 9. Variation of puncture energy of the surface and bulk of rubber with time of ageing at
125fJC.
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Figure 10. Variation of puncture energy of the surface and bulk of rubber with time of ageing in
air ovens at 150CC.
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Figure 11. Variation of puncture energy of the surface and
bulk of rubber with time of ageing in air oven at 175°C.
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Figure 12. Variation of puncture energy of the
surface of rubber ageing in an air oven at 200°C.
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Figure 13. A hard skin on a rubber block aged at 70'C for 181 days.

surface rubber decreased with increasing
ageing time, and at characteristic time ta
attained the lowest puncture energy value
and remained at this value with increasing
ageing times. The time ta decreased with
increasing temperature. In addition, the
lowest puncture energy attained decreased
with increasing temperature, for example.
at 100°C and 200°C, the lowest puncture
energies were 1.25 kJ/m2 and 0.25 kJ/nr
respectively. The formation of a thin skin
could be observed after ageing time ta, but
the skin was soft and sticky at 175°C and
200°C.

The puncture energy in the bulk rubber
aged at 100°C and 125°C was reduced to
the lowest value and it appeared that the
puncture energy did not subsequently vary
with increasing ageing time. However, at
150CC and 175°C, the puncture energy
showed a gradual reduction with in-

creasing ageing time and did not show a
constant value. The puncture energy could
not be obtained with rubber blocks aged
at 2Qty°C because in the bulk of the
rubber, there were small holes (Figure 14)
which interfered with the puncture test.
This provides an interesting example of
the limitations of elevated temperature
tests as accelerated ageing of room
temperature behaviour.

Uptake of Oxygen
Figure 15 shows the variation with time

of ageing at 23°C of the oxygen content of
the surface and the bulk rubber. The
results also include the oxygen content of
the ninety-six-year-old rubber. It can be
seen that at 23°C for rubbers prepared and
aged up to four years, the bulk rubber did
not increase in oxygen content. For the
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Figure 14. Holes in the rubber bulk aged at 200°C.

ten-year-old sample, the oxygen content of
the bulk rubber was quite similar to that
aged up to four years. The oxygen content
in the bulk of the ninety-six-year-old
sample was higher by about 4%. How-
ever, the increase in the oxygen content
was more pronounced in the surface. The
total oxygen content in the surface of the
ninety-six-year-old sample was 10% higher
than that in the four-year-old sample.
Figure 16 shows the increase in the oxygen
content in the bulk of rubbers aged at
different temperatures and times. Except
for the 4% increase for the ninety-six-year-
old rubber, the increases in the oxygen
content in all other cases were less than
2%. The increase in the oxygen content
was much higher in the surfaces of the
rubbers, as shown in Figure 17. Most of
the increase was about 10%. It can also be
seen that the increase in the oxygen
content was much quicker at higher
temperatures than at 70°C or 23°C.

DISCUSSION

In general terms, puncture energy decreases
with ageing. At very long ageing time near
ambient temperature fas represented by the
Melbourne bridge sample), there is some
indications of a slight rise in puncture
energy of the surface. Further evidence for
a puncture energy minimum is obtained for
ageing at 70°C in both the bulk and the skin.
Measurements at 40°C may not have been
continued long enough to reveal the
minimum. At 100°C and above, the
minimum is not observed. For the surface,
the puncture energy decreases progressively
to a very low level and then remains
approximately constant.

A characteristic time ta can be defined for
each ageing temperature which represents
the time to reach either the minimum in
the puncture energy curve or the time to
attain the low level of puncture energy
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Figure 15. Variation of oxygen content with ageing time at 23°C.

characteristic of long-term ageing. At the
higher temperatures (>70°C), this time
has been taken as the time to the first
puncture energy value which lies clearly
with the group of nearly constant energies.

The time ta, can be considered as a
measure of the rate of the ageing process.
A plot of log(ta) versus reciprocal absolute
temperature (Figure 18) is approximately
linear and an Arrhenius activation energy3

of 78.5 kJ/mole can be evaluated from its
slope. This activation energy agrees well

with a value of 80 kJ/mole reported by
Lindley and Teo3 for the chemical reaction
relating to the skin formation during
ageing of a modern accelerated efficient
vulcanisate system. The network structure
of the efficient vulcanising system consists
of mainly monosulphidic crosslinks9,
whereas the vulcanisate studied here is
based on metal oxide/sulphur system and
therefore would give different crosslinking
network structure. The two vulcanisate
structures have different long-term matur-
ing characteristics. The similarity in the
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Figure 16. Increase in percentage of oxygen in the bulk of the rubber with ageing time.

activation energies for the ageing of the
two materials suggests that this ageing is
primarily the effect of oxidation rather
than maturing reactions.

Evidence to oxidation is clearly provided
by the change in the oxygen content of the
samples. The change is more pronounced
in the surface than in the bulk of the
sample, and the pattern parallels the

puncture energy data from surface and
bulk measurements. The observations
support the proposal made by Van
Amerongen10 and Stenberg et a/.11-12'13 that
the surface skin acts as a protective
barrier for the bulk of the sample. An
important feature of the present results is
that the effects of this surface skin can be
detected even at quite modest ageing
temperatures.
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Figure 17. Increase in percentage of oxygen in the surface of the rubber with ageing time.

Puncture energy therefore bears a general
relationship to oxidative ageing for the
specific case of the metal oxide/sulphur
vulcanisate system studied here. The study
has taken specific advantage of the avail-
ability of the ninety-six-year-old sample
which has been exposed to natural air
ageing conditions and the results for this
sample have been shown to be consistent
with the shorter term, accelerated ageing
results based on the newly prepared samples
of the same formulation. Notwithstanding
the fact that the formulation analysed may
not be exactly the same 100 years ago, but
nevertheless a technique has been developed

here using the puncture test to characterise
long-term ageing of thick rubber blocks.

The increase in the puncture energy after
the minimum is obviously advantageous to
rubber components, but the reason for the
increase is not obvious. Two competing
processes during ageing, namely chain
scission and crosslinking, influence the
puncture energy of the rubber.

Initially, the puncture energy is reduced
due to oxidative chain scission as observed.
With prolonged ageing, a stage will be
reached where most of the rubber at the
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surface has reacted with oxygen and forms
an oxidised skin thus preventing further
penetration of oxygen. In this situation, it
is probable that the crosslinking becomes
dominant. The rubber used in this investiga-
tion contained no accelerator ingredient to
increase the rate of crosslinking and to
increase the efficiency of utilisation of
sulphur in forming the crosslinks. Thus,
the initial degree of crosslinking formed
after vulcanisation is low14 even though
11 parts of sulphur per 100 parts of rubber
were used. Smith et tf/.15 showed that a slow
crosslinking reaction takes place over long
reaction times which gradually increase the
number of crosslinks. However, the increase
in the number of crosslinks will not be
limited by the inefficiency of the rubber
vulcanising system. It has been shown16 that
the strength of rubber passes through a
maximum as the degree for crosslinking is

increased. Therefore, the apparent increase
in the puncture energy with increasing
ageing time may be caused by a small
increase in the number of crosslinks. A
large increase in the number of cross-
links would have reduced the puncture
energy.

However, the increase in the puncture
energy after the initial drop was not
observed when the rubbers were aged at
100CC or higher. This may be explained by
the fact that at high temperatures, the
crosslinks are thermally unstable17. At
temperatures around 200°C, the main
polyisoprene chains themselves becomes
susceptible to decomposition18. At the sur-
face, where oxygen is available, the situation
is worse as the unstable crosslinks and the
main chains can readily undergo oxidative
ageing.
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CONCLUSION

The puncture test was used to study the
strength of thick rubber blocks which had
been exposed to long-term ageing and high
temperatures. A surface skin was observed
on the ninety-six-year-old rubber pad which
was found to be in good condition and still
functioning. Such longevity is believed to
be due to the formation of a hard surface
skin, which is impervious to penetration
by oxygen and thus protects the rubber
underneath. A characteristic time ta was
obtained using a puncture test. Arrhenius
plots of the characteristic times up to ten
years and that of ninety-six years were
shown to be linear. The activation energy
was found to be 78.5 kJ/mole.
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