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ABSTRACT

A fracture mechanics study has been carried out
on the fracture of rubber by cylindrical 1indentors.
Several phenomena have been i1dentified which affect
the puncture process.

It has been observed that a ring crack forms on
the rubber surface before puncture occurs. By
treating this crack as a starter crack, an equation
has been derived for the puncture energy. The values
of puncture energy so obtained were found to agree
well with the catastrophic tearing energy obtained
from the trouser tear test.

The energy stored in the rubber influenced the
value of the puncture energy calculated. The energy
beneath the indentor was determined using a model
experiment based on the biraxial stretching of rubber
by inflation. The energy stored in the rubber
surrounding the i1ndentor was calculated. The
contribution of these energies was shown to be small.

The puncture test was used to study the
strength of thick rubber blocks which had been
exposed to long-term ageing and to high temperatures.
These rubber blocks were taken from rubber bearings
of 20 and 96 years of age respectively. A study
was also carried out on a natural rubber tyre after

forty two years i1mmersion 1In sea water.
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Rubber engineering components such as tyres,
bridge bearings, and antivibration mounts for
burldings and engines usually incorporate relatively
thick layers of rubber whose physical properties
(stiffness, strength etc) determine the performance
of the components. Standard tests for the mechanical
properties of rubber rely however on small
test-pieces - usually thin strips cut from moulded
rubber sheets. It is known that the moulding and
curing processes can cause that nominally 1i1dentical
rubber vulcanisates to show different properties in
thick blocks compared with those of thin sheets.
Also, ageing affects thick blocks differently fronm
thin sheets. It 1s therefore of interest to develop
a test for the physical condition of rubber i1n thick
blocks - without the need for any elaborate process
of cutting out standard (i1.e. thin) strip
test-pieces.

Indentation tests are widely used to determine

the hardness of rubbers, plastics and metals. In the



case of rubber, the tests are simple, rapid, can
often be made directly on finished products, and are
non-destructive. For rubber, hardnesss tests,
measure essentially the modulus or stress-strain
behaviour i1n the Hookean region when the 1indentor 1is
pressed against the test-piece surface. The
indentation process can be continued until the rubber
surface 1is punctured, thus giving a material strength
parameter {“puncture strength®" or “puncture load").
The i1ndentation test can be conveniently carried out
on the surface of a rubber product without the need
to prepare a special test-piece.

It would facilitate comparison with other tear
tests to provide a fracture mechanics iInterpretation
of puncture load for example in terms of the more
fundamental parameter tearing energy. Thus this
thesis will analyse the mechanisms and mechanics of
the puncture process iIn these terms.

The test can be used to study the strength
properties of rubber blocks exposed to high-
temperature ageing. The results will be used to
model and interpret the condition of rubber in large
rubber engineering components such as bridge bearings

after long periods of service.



CHAPTER TWO

FAILURE OF RUBBER

2.1 Introduction

AlIll solid materials will fracture when
stressed beyond some critical level. Fracture
usually i1nvolves the rupture of molecular bonds which
intersect the fracture plane. A theoretical strength
can be defined which i1s the sum of the strengths of
all the individual ruptured bonds. In practice, most
materials fail at a stress two or three orders of
magnitude below the theoretical strength(l,2). The
discrepancy between the theoretical and observed
strength was first explained by Griffith(3) 1iIn his
classic work on the brittle fracture of glass. He
postulated that solids usually contains imperfections
such as 1nhomogeneities or flaws which act as stress
raisers creating localised stresses much greater than
those 1n the bulk. It i1s at such a site of high
stress concentration that failure usually initiates
to form a crack which may ultimately propagate
through the material under the action of the applied

forces and boundary conditions.
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The principles laid down in the Griffith(3)
theory of brittle fracture effectively foreshadowed
the entire field of present day fracture mechanics.
Griffith evaluated the conditions under which a crack
in a strained elastic solid should propagate, by
considering the balance of energy within the body. A
crack will increase i1n length 1f, in so doing, the
energy released from changes in the stored strain
energy exceeds the surface free energy of the freshly
cleaved interface. Thus the condition for

propagation 1is

2.1
dh /1
where U is the total strain energy stored i1n the
specimen, A i1s the area of one of the fracture
surfaces formed, S i1s the surface energy of a unit
area of new surface and | indicates that the partial
differentiation is carried out under conditions where
the external forces on the specimen do no work.
Griffith calculated the strain energy release rate,/ 3U
dA
for the case of an elliptical crack i1In a plate

subject to a uniform tensile stress, t, 1In a

direction perpendicular to the major axis of the



ellipse. In doing so he made use of Inglis®"s|4)
solution for the stress at the end of the major axis
of such an elliptical crack.

The solution showed that the maximum tensile
stress, 1y, occurs at the ends of the major axis,
and that this could be several times that of the

applied stress. The relationship between t and

where c i1s the major and b the minor semi axis of
the ellipse. For an elliptical crack, c¢>>b and equation

2.2 reduces to

where r i1s equal to b /c and i1s the radius of curvature

of the ellipse at the extremity of the major axis.
Griffith arrived at the solution
'y | - 2t _1rc
G T Lt

where E 1s Young’s modulus of the material undergoing

fracture. As two i1ncrements of surface area are created
at each end of the elliptical crack of length 2c, the

rupture criterion 2.1 therefore becomes



2t TIC > 4S

or, 1in terras of the tensile breaking stress

2ES 2.5
Irc

On the basis of this equation, Griffith could
predict the size of the crack or flaws iIn the glass
that he was working with. He also produced 1impressive
proof that the strength of glass could be increased on
removing the most dangerous cracks by etching.

In 1ts original form, Griffith"s theory 1is only
valid in a very limited number of cases. In addition to
the surface energy already taken i1nto account in the
energy balance, energy is often absorbed i1In other ways
- for example in local plastic deformation at the tip
prior to fracture.

Furthermore, the theory 1is strictly
inapplicable to most materials because 1t assumes
Hookean behaviour, perfect elasticity and
infinitesimal strain. This, of course, 1iIs a
consequence of using Inglis” results for the stress
at the crack tip derived using classical elasticity
theory. These are 1i1napplicable in the case of
rubber, which displays non-linear elastic behaviour

as well as the strain being non-infinitesimal.



2.3 Tearing of Rubber

An 1mportant application of the Griffith
theory was proposed by Rivlin and Thomas{5) 1i1n 1953.
Like Griffith, they consider the energy balance, and
thus avoid any detailed stress-strain analysis. They
postulated that tearing would occur iIn a stretched
rubber test-piece containing a crack when the tearing
energy, T, defined as the rate of release of strain
energy, exceeded a critical tearing energy, T ,

C
that 1s when

@ 2.6
dh
T~ 1ncludes viscous and all other forms of
irreversible energy dissipated during fracture. Its
magnitude far exceeds that of the true surface
energy. For T to be a material property, all the
energy has to be dissipated at the crack, and TC
has to be i1ndependent of the shape of the test piece
and the way forces are applied to it.

In order to verify the criterion 2.6, Rivlin
and Thomas carried out tear tests using test-pieces
of different shapes which could be cut from a thin
uniform sheet of rubber. These were called the pure
shear, trouser and tensile strip test-pieces and are
illustrated in Figure 2.1. The tearing energies, T,
for these test-pieces were derived and could be

calculated from readily measured forces or strains.



(b) Trouser test-piece () Tensile

test-piece

Figure 2.1 Tear test-pieces.



For the pure shear testpiece]5), for a long crack

Wi 2.7

where W is the strain energy density 1iIn pure shear
and the undeformed length between the clamps.

For the trouser testpiece(5),

wW 2.8

where F 1s the applied force, X the extension
ratio, h is the width of tear path, w is the width
of one of the legs, and W i1s the strain energy
density i1n the legs which are in simple extension.

For the tensile strip with an edge crack of length c.

2kWc 2.

where W is the strain energy density in the bulk
of the test-piece, and k i1s a non-dimensional
function of strain. The variation of k with strain,
e, was determined experimentally by Greensmith(6) and
later numerically by Lindley(7) for a range of
natural rubber vulcanisates.

Having obtained expressions for the tearing
energy for the three different types of test-piece,
Rivlin and Thomas proceeded to verify the validity of

their criterion on a range of natural rubber

9



vulcanizates. The results showed that there was a
"catastrophic® tearing, 1in which the crack propagates
suddenly for several millimitres or more, and this
occurred at a critical tearing energy, TW, which 1is
characteristic of that particular rubber and 1is
independent of the type of test-piece. This verified
the Rivlin and Thomas criterion for tearing 1in
rubber. The magnitude found for T~ i1s of the order
of 1-10kJ/m which is at least a thousand times
greater than free surface energies of solids(8).

Thus the 1irreversible energy-dissipation processes
referred to earlier dominate the tear behaviour of
rubber.

Equations (2.7) _(2.9) for tearing energy are 1in
terms of the forces or overall strains applied to the
test-pieces. Thomas(9) has also related the tearing
energy to the deformation of the localised region
around a crack tip. He found experimentally that, to

a fair approximation.

wd 2.10

where W 1s the strain energy density at the tip

and d the unstrained tip diameter. The validity of
equation 2.10 was verified In rupture tests on
trousers tear test-pieces with semi-circular crack
tips of different diameters, d. At rupture, the

value of W i1s the strain energy density at break

10



obtained experimentally from an extension
stress-strain test to break. A good agreement was
found between the tearing energies determined from

equation 2.10 and 2.8.

2.4 Crack growth characteristics

Small scale crack growth can occur 1In rubbers,
as In other materials, at energies below those
required for tearing or catastrophic failure. In the
case of a strain-crystallizing rubber such as natural
rubber, 1f the testpiece 1s subjected to repeated
stressing, the load being alternately removed and
re-applied, crack growth takes place during the load-
increasing part of each cycle; there 1s no crack
growth when the load i1s held constant. This 1s 1in
contrast to the crack growth behaviour of a
non-crystallizing rubber such as styrene-butadiene
rubber(SBR), for which crack growth 1i1s a
time-dependent process, 1i1.e., the crack will continue
to propagate even at constant deformation. Thus, for
natural rubber, the amount of growth depends
primarily on the number of cycles rather than the
period of cycling.

IT the amount of crack growth per cycle 1is
plotted against the maximum tearing energy attained
during the cycle(Fig.2.2), the results are independent

of the form of testpiece used(10,11). This fTurther

illustrates the validity of the tearing energy concept

11



Figure 2.2 Crack growth characteristics for an unfilled

natural rubber(1l).



The relation between crack growth rate and tearing
energy 1is therefore an intrinsic property of the material.
It 1s evident from Fi1g.2.2 that TO IS an
important parameter. It 1s the lowest tearing energy
for crack growth to occur due to mechanical rupture.
However, 1t 1is surprising, that once IS reached,
a crack does not propagate i1ndefinitely and
catastrophic failure of a test-piece will occur.
Lake and Thomas(12) suggested an explanation for this
behaviour based on the fact that rubbers are not
perfectly elastic. For an 1i1deally elastic rubber
having no hysteresis, catastrophic rupture would

occur at T and the crack growth characteristic would

be a vertical line. In practice, all
rubbers are to some extent hysteresial. As the
hysteresis 1increases, iIs unaffected but the slope

of the crack growth characteristic i1s reduced, and

the onset of catastrophic rupture delayed.

2.5 Applications of the fracture mechanics to

practical problems

Rubber-cord laminated structures are often used
In practise - for example, 1In tyres, conveyor belting
and hose. In common with other Qlaminates, failure
can occur iIn these structures and can be complex 1in
nature; possible causes include loss of adhesion

between the cords and the rubber and various forms of

13



cracking. Two forms of cracking in rubber-cord
laminates have been treated by the fracture mechanics
approach!'13,14): (1) growth of cracks between the
ply layers and (i1) growth of roughly cylindrical
cracks around individual cords - "socketing".

In inter-ply cracking, the growth of a crack 1in
a plane parallel to the major surfaces of the
laminated sample relaxes the elastic strain energy
stored in the material. Consideration of this
energy release allows the calculation of the tearing
energy in terms of the thickness of the laminate and
the strain energy density!13}. ~ somewhat similar
calculation may be made for the case of socketing
failure. In this case the cord spacing and the cord
diameter are important. The theory predicts that
there will be a change from i1nter-ply to socketing
faitlure when the number of cords per unit length 1is
reduced to a value of 1/!'w x cord diameter )I!14).

Experimental measurements were made on a model
laminate for both the failure processes described
above, and comparison was made with predictions based
on the independently measured crack growth behaviour
of the rubber. Satisfactory agreement was found, and
the observed transition between the two failure
processes was correctly predicted!13,14). This type
of fairlure 1s known to occur 1iIn tyres, and may lead
to distortion of a tyre or iIn extreme cases to

detachment of the tread or blow-out. The approach



described above appears to i1dentify correctly the
general mechanisms of failure which at first sight
seem iIntractable.

The adhesion of the cord to the rubber 1is very
important i1n tyre applications, and various tests
have been used to evaluate i1ts quality. Recently a
test designed to evaluate i1t In terms of an adhesion
energy has been developed(l15), using an approach
essentially similar to that employed in the analysis
of the socketing failure described above. It appears
that this method has the advantage that, like the
tearing energy derived from tear measurements, the
adhesion energy i1s a characteristic of the
cord-rubber-bonding system rather than a function of
the detailed geometry of the test specimen.

Another tyre problem i1s the development of
cracks 1n the base of the tread grooves. The cause
of the cracking 1s the cyclic strains undergone by
the groove region as the tyre rotates iIn contact with
the road. The main problem in applying the
energetics approach is iIn determining the energy
release rate for a crack iIn the appropriate region.

A method that was found to be of use was the
measurement of the amount by which an intentionally
inserted crack opened under the applied deformation,
in conjunction with a knowledge of the modulus of the
rubber and the groove dimensions(16). By

consideration of the work required to close the crack

15



up the energy release rate could be estimated, the
validity of the method being confirmed by model
experiments. The groove cracking observed under
service condition or rig tests could then be
compared with that predicted from the results of
measurements described above in combination with the
independently measured crack growth characteristics
of the rubber which shows a satisfactory
agreement(16).

Fatigue failure due to crack growth can be a
limiting factor iIn determining the maximum
permissible strains under operating conditions. The
faitlure of bonded rubber/metal springs under large
compression cycles has been studied using the
fracture mechanics approach. In this case the
tearing energies were determined by an approximate
theoretical approach, utilizing experimental
observations on the crack locus from the edge of the
rubber/metal bond(17,18). The relationship between
tearing energy and crack growth rate was the same as
that obtained from fatigue crack growth testing with
tensile strips of the same rubber. This 1i1s a
conclusive evidence that the relationship 1Is a
fundamental material property independent of the
geometry and mode of deformation, and extended the
range of tearing energy solutions to a genuine plane
strain configuration. This shows that for rubber

there is a lack of plane strain/plane stress

16






CHAPTER THREE

INDENTATION FRACTURE OF SOLIDS

3.1 Introduction

Small cracks which develop during the
indentation of brittle solids are features which are
basic to a wide range of phenomena. For example the
abrasion, grinding, drilling and wear of surfaces are
all associated with the manner in which small-scale
fractures initiate and propagate within highly
localised stress fTields. Indentation is also
important in the context of the hardness test, widely
used for the quality control of the mechanical
properties of a material. Most of the fundamental
work on indentation fracture has been on brittle
materials, with very little, 1i1f any, on rubber. This
chapter will first review the literature on brittle

materials and then subsequently on rubber.

18
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3.2 Indentation on brittle materials bv rigid indentor

3.2.1 Hertzian fracture

Historically, the problem of iIndentation between
two solid bodies has developed from a background of
well-founded principles. As early as 1881(21), Hertz
analysed the elastic contact between two curved
bodies using classical elasticity theory. Hertz
described qualitatively the cone-shaped crack that
runs around the contact circle and spreads downward
into one of the bodies at critical Iloading. Today,
the Hertzian test used to determine material
properties consists of a hard spherical indentor
loaded on to a flat specimen. This system provides a
well-defined elastic stress field up to the point of
fracture. Therefore an analysis i1n terms fracture
mechanics is feasible as has been shown by Lawn and
co-workers(22,23,24).

According to the Hertzian analysis, the radius,
a, of the circle of contact between spherical
indentor and flat specimen, and the depth of

penetration, d, are given by the following equations:

4KkFr 3.1

3.2

where F 1s the applied load on the indentor, r 1Is the

19



radius of the indentor, E i1s the Young’s modulus of

the specimen and k is the dimensionless constant.

9 Q - + @ - p™ME
16 E"

where E" 1s the Young’s modulus of the indentor, and
p and y” are the Poisson’s ratio of the specimen
and i1ndentor respectively. These three equations are
sufficient to specify the loading conditions for any
commonly-used ball indentation arrangement(25).

The mechanics of crack growth are determined by
the distribution of stresses beneath the i1ndentor.
In 1904, Huber(26) extended the Hertz analysis and
produced a solution for the stress fTield. The nature
of Hertzian stress field has been discussed iIn a
great detail 1i1n reference 22,23 and 25.

The main features are summarised below:

(1) Within the drop-shaped area underneath the
indentor, all the principal stresses are compressive.

(2) The tensile stress reaches 1ts maximum at
the contact circle, and falls off slowly with
increasing radial distance from the contact centre
along the specimen surface.

13) The tensile stresses decrease rapidly with
depth below the specimen surface.

(4) The trajectories of the minimum principal
stresses start orthogonal to the specimen surface and

rapidly deviate outward from the contact circle to

20
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form a family of near-parallel curves resembling the
shape of the cone cracks.

According to Lawn and Frank(22), fracture
initiates from a pre-existing flaw in the surface
just outside the contact circle where the principal
tensile stress i1s a maximum. Fracture grows
initially by running around the contact circle and it
then follows closely the circular trajectories and
forms a ring crack(22,23,27). Further 1increasing the
load causes the surface ring cracks to propagate
downward to form a fully developed Hertzian cone.

The most systematic experimental work on the Hertzian
fracture has been carried out on silicate glass(21,22
25,28), quartz 129-31), and dramond!23,32,33,34,35).

Lawn and Frank(22) derived the fracture energy,

3.4

where € 1s a dimensionless function and a and

c are parameters of the Hertzian cone-configuration

{Figure 3.1).

3.2.2 Point-indentation failure

The problem of a point-indentation was first

analysed by Boussinesqg in 1885(36).

21



Pigiare 3,1  Parameters of Hertzian cone-cxack configuration
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Point-indentation technigues have been used for a
long time for routine hardness testing{e .g., the
Vickers pyramid test). These tests are now frequently
used In the study of the mechanical properties of
brittle solids.

Boussinesq provided the solution for the
stress fTield in a material subjected to a point
loading. Lawn and Swain{37) 1investigated 1in
detail the distributions and directions of the
principal stresses. Unlike the Hertzian stress
field, the principal stresses beneath the indentor
are not all compressive . The maximum tensile stress
occurs at the specimen surface, and cracks usually
initiate at one of these favoured locations.

The i1ndentation fracture produced by sharp
indentors have been studied by many workers(37,38,39,40).
The general features of this type of fracture are
shown i1n Figure 3.2. At (@) 1is shown the
sharp-point indentor being loaded on to the surface
of the specimen at force F, and producing an
inelastic deformation zone. At (b), 1s shown the
load increasing to a threshold value, with
deformation-induced flaws suddenly developing into a
small crack called a "median vent”. At (c), 1s shown
the load is 1increasing, and the median vent growing
further. At{d), 1s shown the load being removed, and
the mediran vent beginning to close. At _.(e) 1s shown

sideways-extending cracks called "lateral vents"

™~
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Figure 3.2 Formation of vent crack from point loading in
brittle solids.
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beginning to appear as the i1ndentor 1Is removed. At
(), 1s shown the lateral vents continuing to extend
towards the specimen surface, and possibly leading to
chipping, when the indentor 1s completely removed
from the specimen.

Fracture mechanics analysis on lateral vents 1is
complicated, because a detailed knowledge of the
residual stress field imposed on the plastic zone
after unloading is lacking. However, the geometry of
the median vents is more amenable to analysis. This
IS because the crack propagation depends on the
stress distribution over a distance large compared
with the scale of the plastic zone{Figure 3.3). A
fracture mechanics calculation then gives for the

case ¢>>2 {Figure 3.3)(37)

3.5

where @) a dimensionless function of

Poisson®"s ratio, p, H i1s the hardness number, E 1s
the Young®s modulus, a and B are dimensionless
geometrical factors.

One 1mportant practical implication of
point-indentation is in glass-cutting, where smooth,
damage-free edges are required. In this case, 1t 1s
important that only a single well-formed median vent

iIs formed and that no lateral vents are formed. On

the other hand, 1i1n fragmentation processes it is the

25



Figure 3.3 Parameters of the median vent configuration.
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lateral vent configuration which 1s required to

develop.

3.3 Indentations of rubber by a rigid indentor

The studies of the indentation of rubber have
developed from work on rubber hardness test. This
consists of measuring the 1increase in penetration
depth of a rigid spherical 1i1ndentor i1nto a flat pad
of rubber between the application of defined initial
and final Iloads. International Rubber Hardness
Degrees(IRHD) are not quoted directly as the
increase iIn indentation but as numerical values
denoted T"IRHD*. The scale of degrees 1is
chosen so that 0O represents the hardness of a
material having modulus of zero and 100 represents
the hardness of a material of infinite modulus.

The basis of the IRHD scale 1s a probit(integrated
normal error) curve relating log(modulus) to
hardness(Figure 3.4.) and this curve 1is defined

by the value of log Young®"s modulus at the mid point
and the maximum slope of the curve. These values are
0.364 Mpa and 57 IRHD per unit increase in log Young®s
modulus respectively. The Young®™ modulus 1is calculated
from an empirical relation obtained by Scott(41l)

from a study of the indentation behaviour of various

vulcanisates, using two indentors of different radii.

27
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I Figue 3.4  Relation of logarithm of Young's modulus, E, to
hardness in International Rubber Hardness Degrees.
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This relationship is

F- 1. 84 p0-6541.35 3.6

for penetration to a depth not exceeding 80K of the
indentor diameter.

For greater penetration, Scott(42) finds that
equation 3.6 no longer holds but the theoretical

relation of

F - 2.67 Erd 3.7

originally derived!43) for a flat-ended indentor
applies.

At a very small deformations, the loading
condition iIn the hardness test can also be specified
using the Hertzian equation 3.2. Since the Poisson®s
ratio of rubber 1is approximately 0.5, and the Young-®s
modulus of the rigid indentor 1is very high 1in
comparison to that of rubber, then k i1s approximately
27/64, 1.e., 0.42. Substituting this value of k iInto

equation 3.2, we get.

F - 1.78Er°*~dM" N 3.8

6ent{44) used equation 3.8 and the relationship

between the difference 1iIn penetration and IRHD to

obtain an alternative relation between Young®"s

29
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modulus and hardness. This relation 1s represented
graphically by the full curve 1In Figure 3.5(44). The
broken curve represents the results obtained using
the empirical equation 3.6. The open circles result
from experimental measurements. It can be seen from
Figure 3.5 that the empirically-obtained relationship
of equation 3.6{broken line) 1i1s in fairly close
accord with that obtained theoretically from equation
3.8{full curve). However, the theoretical curve
predicts greater values for Young’s modulus than does
the empirical relationship at hardnesses exceeding
about 60°, and smaller values at hardnesses of less
than about 30°. On balance, the experimental
points seem to be better represented by the
theoretical curve than by the empirical curve.
Equation 3.6 differs from equation 3.8, due to
Hertz, 1i1n two respects; (a) the constant 1i1s 1.91
instead of 1.78, (b) the exponents are 1.35 and 0.65
instead of 1.5 and 0.5 respectively. Rewriting

equations 3.6,3.7 and 3.8 in a form;

F - JErr@d/r)» 3.9

where Jj and n are constants, Stiehler et al

(45) found that the constants j and n depended on the
radius of the spherical 1i1ndentor 1indentor; n
approaches 1.5 for 1i1ndentors of large radius and n

becomes 1.0 as r -> O. These are the values of n 1iIn
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Figure 3.5  Relation of logarithm of Young's modulus, E,
to hardness in International Rubber Hardness degrees.
FXill curve: theoretical relation (equation 3.8).  Broken
curve: enpirical relation (equation 3.6).  Open circles:
e.q)eriinental measurements.
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equation 3.6 and 3.7, respectively. Correspondingly,
the value of j must change from 1.78 to 2.67 as the

spherical tip radius changes from infinity to zero.

3.4 Puncture of rubber

The puncturing of rubber was suggested by
Vickers and Robinson(46) 1in 1959 as a means for
studying the surface strength or penetration
resistance of rubber using a flat-ended cylindrical
indentor. They showed that, the higher the
resistance to puncture exhibited by a material, the
greater tended to be the abrasion resistance of the
material. In a recent study(47) by Livingstone et
al, using a flat-ended cylindrical 1indentor, the
force required for puncturel!ir.e ., the puncture load)
of a number of rubber materials was shown to vary
over a wide range of temperature and rate of loading.
Upon examining the relation between the puncture load
and the i1ndentation depth, two regions of linearity
were observed on a plot of logarithm of load
versus logarithm of depth of i1ndentation (Figure
3.6). The load-deflection relationship up to
puncture was observed to be characteristic of all
rubber materials studied, both unfilled and filled
vulcanized rubbers. In a detailed study of the
relationship between pucture load and indentation

depth up to puncture, Yeh and Livingstone(48), using

32

Ar LI

"\



log depth

Figure 3.6  Plot of logarithm of force versus logarithm
of depth of indentation(48).
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flat-ended cylindrical indentors, found that, up to
an i1ndentation, d, of approximately four times the
radius, r, of the indentor, the “"classical”
relation!equation 3.8) holds. For d > 4r, the

empirical relationship

F - 1.34Er°-~dN*" 3.10

was found to describe the behaviour up to

puncture. This relationship is similar to equation
3.6, except that the constant is 1.34 instead of

1.78. For a given rubber compound. Young®"s modulus
calculated from equation 3.10 was found to be 1in
satisfactory agreement with the modulus obtained from
equation 3.8. In this study, i1t was also found that
the puncture load and depth of indentation were both
dependent on compounding variations, and were found
to provide useful information concerning matters such
as the stiffness and the state of cure of
vulcanizates.

It is well known that laboratory abrasion
measurements on vulcanizates do not correlate well
with roadwear ratings!49). Yeh and Livingstone!48)
carried out puncture testa on a series of rubber
compounds, and found that the product of pucture load
and puncture depth!rather than simply puncture load
as suggested by Vickers and Robinson!46)) correlated

reasonably well with roadwear ratings.



Livingstone and Hildenbrand{50) compared
puncture load and depth of iIndentation with
conventional tensile test results of fourteen
different black-filled vulcanisates at two different
cure levels. They showed that puncture load and
depth of penetration both correlated well with the
tensile properties of these vulcanisates.

Dosortsev and Nechiptencho(51) developed a
device for evaluating the mechanical properties of
rubber by a puncture method. Their device consisted
of a 0.4 mm diameter cylindrical 1indentor which had a
hemispherical end. Using the device, Lukomskyer and
Dosrotsev(52) showed that there was a direct
correlation between the puncture load and the tear
strength of the vulcanisates, but not between
puncture load and tensile strength.

Using a portable puncture-testing device,
Mihalov et al (53) found that puncture loads on tyres
under laboratory conditions correlated to a certain
extent with the mileage run by tyres 1in iron-ore
guarries. These results led them to suggest that a
puncture-test method could be used for checking the
quality of large tyres, and also for assessing their
remaining service life.

Kusano et al. (54) in 1980 reported the use of
a sharp needle i1In an i1ndentation test method designed
to improve the measurement of the plasticity of

unfilled unvulcanized rubbers. They defined an



"index of plasticity’(IP) in terms of the work done
to penetrate the rubber to a fixed depth. It was
found that the IP varied linearly with the logarithm
of the indentation rate of the needle, and that the
constant of proportionality seemed to depend on the
Young’s modulus of the sample. It was also observed
that the IP correlated well with the Mooney viscosity
of the unvulcanized rubber. The reproducibility and
accuracy of the measurements were good.

Lindley and Teo(55), 1investigated the effects
of high-temperature ageing on thick rubber blocks
using a puncture teat. The teat was used to obtain
the Young’s modulus(from the low deformation part of
the force-deformation curve and equation 3.8) and the
puncture load of small blocks of a natural rubber gum
vulcanizate aged for various periods of time at
several elevated temperatures(70, 100, 125 and
150°C). Measurements were made, at the various
temperatures, of (a) the time, t, at which a hard ,
brittle akin formed on the blocks(indicated by the
rapid increase in Young®"s modulus), (b) the depth to
which the surface layer became discoloured after
ageing for one day, and (c) the time for a
one-percent weight uptake of oxygen in a special
apparatus.

The change i1n nature of the surface layer was

said to be caused by a chemical reaction for which

1/t i1s proportional to its reactionrate coefficient.
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g, the temperature dependence of which can be

expressed by the Arrhenius equation

In g « - E, /RT constant 3.11
where E 1s the activation energy of thereaction, R
IS the gas constant and T i1s the absolute
temperature. From this, 11t follows that the

temperature-dependence of t is given by

log"O t + constant 3.12
2.303RT

Arrhenius® plots of log™t versus 1/T, 1in
accordance with equation 3.12, produced linear
relationships. When the plots were extrapolated to
lower temperatures, the following times at which the

brittle skin should form were predicted:

temperature, °C 20 30 40 50 60

time, years 434 131 45 16 6

Lindley and Teo showed that the activation
energy was the same whether 1t was obtained from
measurements of the time at which a hard, brittle
akin formed on the surface, or of the depth after one
day of a discoloured oxidized surface layer, or of

the time for a 1% uptake of oxygen. These findings
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are based on an unfilled vulcanizate under unstrained
condition.

However, none of this work on indentation and
puncture of rubber dealt with factors which affect
the puncture process itself. Recently, the most
important features affecting the reproducibility of
the puncture test have been studied 1In some
detail{56). The main conclusion from this work 1is
that the 1interfacial conditions at the
indentor/rubber interface exert an iImportant
influence i1n the puncture process and on the
reproducibility of the result of the test. There was
a small reduction 1n initial puncture load observed
during successive indentations using i1nitially dry
and clean indentera and rubber. This was thought to
be due to the formation of a thin layer of a material
originating from the rubber and acting as a partial
lubricant. The geometry of indentera and test-pieces
iIs also an important factor affecting the
reproducibility of the puncture test. In particular,
the sharpness of the tip of the indentor was found to
be a dominant factor affecting the puncture process.

Work published so far has shown the i1ndentation
puncture teat to be an effective tool for
investigating the mechanical properties of the
rubber. However, so far as the present author 1is
aware, the puncture of rubber has not been studied in

terms of fracture obtained by workers on puncture
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using different geometry indentors and with other
results on the strength of rubber, due to the
dependence of the results on unknown geometrical
factors, such as sharpness and diameter.

In the present work, an attempt has been made
to analyse the mechanisms and mechanics of the
puncture process iIn terms of fracture mechanics.
This requires the derivation of a relationship
relating tearing energy to readily-measurable
guantities such as puncture load and penetration
depth at puncture, which can be obtained from a

force-deformation curve.

3.5 Cutting of rubber

Rubber articles, including tyres and belting,
are known to fail 1i1n service due to cutting by sharp
objects. Dobie(57) analysed the reasons for returns
of car tyres under the warranty programme of a major
US tyre company. He concluded that cutting was a
major cause of fairlure for all the tyres returned.

In addition to being a major cause of fTailure
in its own right, cutting i1s also responsible for the
initiation and aggravation of other failure
processes. Cracking at the base of the tread grooves
IS a common cause of failure iIn car and truck tyres.
According to a theory of groove cracking proposed by

Clapson and Lake(16), a minimum crack length of about
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1 mm has to be present initially before groove
cracking can occur. Cutting by sharp stones 1is
believed often to be responsible for the i1nitiation
of cracks of this size.

In view of the practical 1importance of cutting,
It i1s not surprising to find that rubber companies
have devised ad hoc tests iIn attempting to
evaluate compounds for relative resistance to
cutting. Dobi1e(57) described a test-track consisting
of a concrete trough filled with pieces of broken
glass, well-hosed down with water, over which tyres
were run. A similar test-track containing metal
hazards placed at intervals was also described. The
use of such test-tracks 1is quite common in the tyre
industry.

Werkenthinl58) described a wire cutting test
said to be suitable for testing rubber gloves. This
test uses a standard dumbell specimen doubled over
and held i1n the jaws of one of the clamps of a
tensile testing machine. A piano wire is held iIn the
other clamp so that it passes through the loop formed
by the rubber dumbell. The clamps are separated at a
constant speed and the force necessary to sever the
dumbell specimen by the wire i1s recorded as the
cutting resistance of the rubber.

Dunn N~ ~*(59) wused a guillotine with
a blunt blade to evaluate the resistance to

"chipping” of tyre-tread compounds.



In spite of the importance of cutting as a
practical failure process, and of attempts to
evaluate cutting resistance by ~ hoc
methods, there appears to have been relatively little
work carried out on fundamental aspects of the
problem.

Lake and Yeoh(60,61) studied cutting, a
fracture mechanics approach. They used a technique
in which a razor blade was applied to the tip of a
crack iIn a stretched test-piece, so that the friction
between the rubber and the razor blade was minimal.
Their analysis was simplified because the geometry of
the test-piece used was amenable to simple fracture
mechanics calculations. Two forms of cutting were
identified by Lake and Yeoh: one 1is a slow,
time-dependent process which occurs when the force
applied to the blade i1s less than a critical values;
the other 1s a rapid, catastrophic process which
occurs when the applied force 1is greater than or
equal to the critical value. "Catastrophic®™ cutting
was studied in some detail by these workers. They
found 1t to be markedly dependent on the deformation
of the test-piece. The deformation was assessed
guantitatively in terms of a fracture mechanics

analysis!60,61).
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CHAPTER FOUR

EXPERIMENTAL METHOD

4.1 Experimental apparatus

A puncture test was carried out on a
universally test machine, which was either a J.J.
Lloyd T5k testing machine or an Instron 1122 testing
machine as shown in Figure 4.1. The main feature of
the test is the i1ndentation and rupture of the
surface of a rubber block by a cylindrical 1indentor
clamped in a pin chuck mounted i1In the teat machine
croashead. Successive i1ndentations can be made on
fresh portions of the rubber surface by moving the
rubber.

Various test blocks of rubber can be used.

They were supported on a 23 x 23 x 2.5 cm rubber
"backing block”. During an indentation, the presence
of a backing block beneath a rubber teat block 1s
important, 1in order to avoid the i1ndentor penetrating
the underside of the teat block, contacting the metal
plate of the load cell and being damaged. A close-up
view of the rubber teat block, the backing block, the

indentor and the load-cell 1s shown in Figure 4.2
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Min Chuck
Indentor

Backing
block

Load Cell

Figure 4.2 Close-up view of the rubber test block,
the backing block, the indentor and the load-cell.



All the work described iIn this thesis was carried
out using 1.5 and 0.5-mm diameter indentors made of Ti-64
(Titanium 89%, Aluminium 6%, Vanadium 4%), Typical
titanitum indentors of 1.5 and 0.5-mm diameter are shown

in Figure 4.3.

The 1ndentor ends were polished on a Kent
Lapping Machine, Tirst with 35 ym carborundum
grinding paste for about ten minutes followed
respectively by 14, 6 and 1 ym diamond paste, each
for ten minutes. A typical scanning electron
micrograph of the corner of an indentor]i.5-mm diameter)
polished i1n this way 1i1s shown in Figure 4.4. The ainm
of this grinding was to produce corner angles of
approximately 90/, The "corner radius®"(see Figure
4.5) of the i1ndentor shown in Figure 4.4 was about
8 pm.

Indentors having larger corner radii were
prepared by a diamond polishing company. Agate
Products Limited, who had facilities to produce
indentors with different corner radii to a tolerance
of 5X. A typical micrograph of an indentor(1.5 mm
Ti-64) of large corner radius(750ym) i1s shown 1in
Figure 4.6. Figure 4.7 shows another typical
micrograph of an indentor of large corner

radius(250ym) for a 0.5 mm Ti-64 1i1ndentor.
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Figure 4.4  Typical electron micrograph of the comer
of a polished indentor (1.5 run diameter)



iIndentor

Figure 4.5 Comer radius of an indentor.
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Figure 4.6 Atypical micrograph of a 1,5-mn indentor of a
large comer radius (750 vm).

Figure 4,7 Atypicail micrograph of a 0.5-nin Ti-64 indentor
of large comer radius (250 vm).
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4.2 Teat pieces

Most of the rubber test blocks were of
dimensions 2.5 x 2.5 x 2.5 cm and 23 x 23 x 2.5 cm.
Details of formulations, and of the times and
temperatures of vulcanization, for all the
vulcanizates used in this work are shown in Table
4.1. However, some of the rubbers tested were used
components. They were of different dimensions and

formulations.

4.3 Experimental procedure

The puncture test consisted of i1ndenting a
rubber surface at a constant rate with an indentor
until the rubber surface ruptured. The i1ndentation
force at rupture 1is referred as the puncture load’.
All the puncture tests were carried out at an
indentation rate of 5 mm per minute unless otherwise
stated.

A typical 1i1ndentation force-deflection curve 1is
shown i1n Figure 4.8. This curve 1is for vulcanizate
A using a 1.5 mm diameter indentor. The point of
puncture (the point X In Figure 4.8) 1s
characterised by a catastrophic drop in the
indentation force. At this stage the i1ndentor can be
withdrawn i1f the cross-head movement 1is reversed. If

indentation continues after puncture, a second
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Figure 4.8 A curve showing the typical relationship between
indentation force and the depth of indentation.

52

L« “omr] _



puncture 1is possible. This phenomenon will be
discussed in detail 1n Chapter Six.

The negative loads shown in Figure 4.8
represent pull-out loads resulting from adhesion
between the rubber and the indentor. The shaded area
iIs the work done during the pull-out. The latter
area 1i1s not very reproducible, as i1t is sensitive to
the exact moment after puncture at which the indentor
direction is reversed. This moment is difficult to
control precisely. The deeper the 1i1ndentor
penetrates after puncture, the greater will be the
work done because of the increased area of contact
between the rubber and the indentor surface.

The 1initial section(0 - Z) of the curve shown
in Figure 4.8 1is linear. In this region, the
classical relationl!equation 3.7) can be used to
determine the Young’s modulus (when indentors of low
corner radius are used).

On any given block of rubber, puncture load can
be expressed either as a mean value of several
puncture loads(P’) or puncture load obtained from one
measurement at one location. The mean value of
puncture loads was obtained by carrying out a number
of puncture tests spread across the rubber surface.
The number of tests depended upon the size of the
rubber block and the spacing between the
indentations. The mean puncture loads can be

expressed together with coefficient of variation



%

(C.V.)* The latter is defined as the standard
deviation (0) of a group of puncture loads
expressed as a percentage of the mean of the group.

l.e.

C.V. - X 100X
p

where n

- - P9

and n are the puncture load and the number
of puncture events respectively.
The reproducibility of the puncture test will

be discussed in the next chapter.

4.4 Experimental precautions

To ensure that the puncture test was carried
out consistently, each rubber surface was cleaned to
free 1t from dirt, bloom etc. A standard cleaning
procedure was therefore adopted. This consisted of
cleaning the rubber surface with either analytical
reagent(A.R.) acetone or A.R. propan-2-ol. The same
procedure was also adopted to clean the indentor
surface so that i1t was free from materials such as
dirt and grease.

In addition, tests were carried out to

determine the effect of small environmental changes



Iin temperatures and relative humidity on puncture
load. A 0.5 mm diameter Ti-64 indentor was used on a
vulcanizate A. The results over a period of about
four years(see Figure 4.9} indicated that small
changes in relative humidity and temperature had no L

significant effect on puncture load.

4.5 Measurement of tearing energy using trouser
tear test

The dimensions of the trouser test-plieces used
in this work are shown in Figure 4.10. The
test-pieces were extended at the rate of 100mm/minute
using the Instron machine. Figure 4.11 1i1llustrates a
typical tearing force and deflection characteristic
showing the tear propagates iIn a series of jumps.

The values of FP and F: correspond to tearing
forces at which the tear propagates and stops
respectively. The tearing force was then measured
from the average value of Fp.

In Chapter Two 1t was shown that the tearing

energy equation for the trouser tear test is
T - 2FX - wW

where F is the tearing force, X the extension
ratio, w i1s the width of one of the legs, W is the

strain energy density in the legs, and h is the width
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years

Figure 4.9  Effect of small environmental changes in relative
humidity and teirperature on puncture load over a period of
about four years.
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4 cm

Figure 4.10  Dimensions of trouser tear test-piece in
unstrained state.
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Figure 4.11  Tecuring force versus extension.
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of the tear path. The value of h was measured from
the average test-piece thickness. When the
test-piece tore at an angle as shown iIn Figure 4.12,
h 1s equal to the thickness of the test-piece divide
by Sin6.

In order to obtain the value W and X, a
test-piece whose dimensions were similar to the legs
of the trouser tear test was subjected to a simple
extension at the rate of 100mm/minute. From the
force /deflection curve such as shown in Figure 4.13,
W could be obtained by dividing the area under the
curve by the volume of the test-piece. Knowing the
tearing force, X iIn each leg of the test-piece

could also be determined from Figure 4.13.
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Figure 4.12  Trouser tear test showing tear angle.



force

Ny P iin



5.1 Interfacial conditions

Each individual puncture event involves local
contact between the metal of the i1indentor and the
rubber surface followed by slippage between the
indentor and the rubber. The 1interfacial conditions
may therefore be expected to exert an important
influence on the puncture process, and hence on the
reproducibility of the test. For example, the degree
of lubrication present at the interface may be
expected to be influencial. Recent work{62) has
shown that a thin layer of rubbery material can form
on indentor surface during puncture, and this will be
expected to provide some form of lubrication. This
formation of rubbery material occurs on titanium,
tungsten carbide and steel 1indentors.

It has also been suggested that lubrication was
responsible for the initial reduction of puncture
load observed when successive indentations have been

carried out using initially clean and dry indentors
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and clean dry rubber( see Figure 5.1). This 1nitial

variation in puncture load can be avoided by cleaning
the indentor between each i1ndentation or by adding
liquid lubricants to the rubber surface. A
satisfactory lubricant was Tri-flon, a PTFE{polytetra
fluoro ethylene)-based liquid lubricant consisting of
PTFE particles dispersed in a low-viscosity liquid
solvent which acts as a carrier Tilm. However, there
iIs a possibility of some i1nteractions for example,
swelling of the rubber by the solvent. Swelling may
weaken the rubber surface, and so reduce the load
required to puncture the rubber. This can be seen 1In
Table 5.1, showing the mean puncture load values of
vulcanizate B, before and after one day immersion in
n-decane and in ASTM-3 oil. The 1i1ndentor used was a
0.5 mm diameter Ti-64 i1ndentor with corner radius of
10 pm.

To separate the effects of swelling and
lubrication on puncture load, an investigation was
carried out using vulcanizate B with Tri-flon and
silicone oil(12,500 cst) as lubricants. The puncture
tests were first carried out on lubricated surfaces.
The tests were then repeated on the same surfaces,
but after the lubricants had been cleaned away with a
solvent. The test results on the cleaned surfaces
should correspond to the results obtained on an
unlubricated surfaces 1f the lubricants do not swell

the rubber.
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Figure 5.1  Variation of puncture load with number of
indentations(62).
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Table 5.2 shows the puncture loads of
vulcanizate B using the two lubricants. The
indentors used were 1.5 and 0.5 mm diameter Ti-64
indentera with corner radii of 60 and 10 ym
respectively. The results indicate that there 1is
some interaction between the rubber and the Tri-flon
during the i1nitial contact, which led to the
reduction in the puncture load. Cleaning the
lubricant appears only to remove 1t from the rubber
surface. On the other hand, 1t appears that there 1is
no interaction between the silicone oil and the
rubber; after cleaning with the solvent, the
puncture load reverts to the value for an
unlubricated surface.

On the basis of these results, all the puncture
tests described in the subsequent chapters were
carried out using the silicone-oil lubricant. For
unlubricated tests, the i1ndentors were cleaned before

each successive i1ndentation.

5.2 Effect of rubber thickness and hardness

of backing blocks

Rubber components are made with rubber of
different thicknesses. Therefore when testing these
components i1t iIs essential to know how puncture load
Is affected by rubber thickness. In the present

work, the vulcanizates B and C were used to

66



Table 5.2 Effect of lubricants on puncture load

Vulcanizate B

Lubricants mean puncture load In N
1.5 mm indentor 0.5 mm indentor

lubricated cleaned lubricated cleaned

Tri-flon 110 120 7
Silicone-oil 108 164 7
(12,500 cst)

unlubricated 165 N unlubricated 12 N
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™6

investigate the effect of the thickness of the rubber
sample. The hardnesses of these vulcanisates were 32
and 56 IHRD respectively. The i1ndentors used were
1.5 and 0.5 mm Ti-64 1indentors whose corner radii
were 30 and 10 pm respectively.

As described i1n Section 4.1, i1t was found to be
essential to use backing blocks iIn the experimental
arrangement for puncture testing. In this
investigation of effect of rubber thickness, the
backing blocks used were made from vulcanizates B and
C(see Table 4.1).

Figure 5.2 shows the results of puncture tests
on different thickness blocks of vulcanizate B using
25 mm thick backing blocks. The tests were carried
out with a 1.5 mm diameter Ti-64 indentor lubricated
and unlubricated. The results suggest that when the
hardness of the backing block is dissimilar to that
of the test-piece, then in both lubricated and
unlubricated conditions the thickness of the
test-piece should exceed about 20 mm in order to
avoid thickness dependence.

Figure 5.3 shows the results of puncture tests
on vulcanizate B lubricated and unlubricated using a
0.5 mm diameter indentor and 25 mm backing blocks.
The results show that in both Qlubricated and
unlubricated tests the puncture loads seem to be

independent of test-piece thickness above about 5 mm
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Figure 5.2 Variation of mean puncture load with different
thicknesses of vulcanizate B.  Backing blocks(BB) are B and C.
Indentor: Ti-64.
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Figure 5.3  Variation of mean puncture load with different
thicknesses of vulcanizate B. Backing blocks(BB) are B and c.
Indentors; 0.5-mm Ti-64.
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5.3 Effect of proximitv between aucceasive
indentations and of distance of indentation

from free edge of test block

In some cases the available test-piece area may
be small. Successive punctures therefore have to be
carried out as close together as possible. It 1is
therefore essential to know the minimum distance
between successive i1ndentations which 1s necessary to
ensure that the puncture load i1s not affected by the
presence of neighbouring puncture holes.

A number of puncture tests were carried out to
investigate the effect of distance between successive
indentations. 1.5 and 0.5 mm diameter Ti-64
indentors were used. The results are shown iIn Figure
5.4. They 1indicate that, for a 1.5 mm i1ndentor using
the lubricant, a distance of about 1 mm or more, was
required between each indentation before distance had
no effect on puncture load. IT the test was carried
out without Ulubrication, the minimum distance
increased to 4 mm. For a 0.5 mm diameter indentor,
the minimum distance is about 1.0 mm regardless of
whether or not the lubricant 1is used.

Puncture tests were also carried out to
determine the minimum distance from the free edge of
the test-piece which is necessary to ensure that

proximity of the edge does not affect the puncture
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distance between
successive indentations (mm)

-Figure 5.4 Variation of puncture load with distances between
indentations.  Vulcanizate B.
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load. The tests were carried out using 25 mm thick
blocks of vulcanizate B, and 0.5 and 1.5 mm diameter
indentors with and without Jlubrication. It was found
that the tests had to be performed at least a certain
minimum distance from the free edge to prevent the
indentors from bending. These distances were about 5
and 20 mm for the 0.5 and 1.5 mm diameter 1indentors
respectively. When subsequent tests were performed
at not less than these distances away from the free
edge, there was no significant effect of distance on
puncture load, as shown in Figure 5.5.

Tests were also carried out on thinner
test-pieces with a backing block of similar hardness
to that of the test-piece. In addition, the edge of
the test-piece was positioned at least 5 and 20 mm
away from the edge of the backing block for 0.5 and
1.5 mm diameter 1indentors respectively. The results
of the tests for various test-piece thicknesses are
given in Table 5.3. This table shows the minimum
distances of the test from the free edge such that

this distance does not affect the puncture load.

5.4 Surface condition of test-pieces

In testing thick rubber articles, it 1is
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Figure 5.5  Vciriation of puncture load with distance from free
edge.  Vulcanizate B.
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Table 5.3 Minimum distance from teat-piece free edge

thickness of minimum distance of indentation from

test-piece test-Diece free edae(mm)
mm 1.5-mm indentor 0.5-mm indentor
2 4 3
8 6 3
10 1 3
15 10 4
25 20 5
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testing. This i1nevitably will i1nvolve cutting of the
rubber blocks. The test-pieces obtained in this way
have different surface conditions from the surface of
the moulded rubber. The surface conditions of the

cut test-pieces will of course depend on the way the
rubber 1s cut, and this may affect the puncture load.

Tests were carried out on surfaces of blocks of
vulcanizate A using 0.5 and 1.5 mm diameter indentors
and a lubricant. The surfaces of the blocks had been
created by four different methods to yield surfaces
of four different “roughness-®. The TfTirst method was
to used the normal rubber block after i1t was
vulcanized. The other two methods were basically
using a razor blade and a band-saw respectively to
cut the rubber. The last method was to used surface
grinder to buff the moulded rubber surface and thus
giving different roughness.

The results are shown in Table 5.4. For both
sizes of i1ndentor, the mean puncture loads for
moulded, razor-cut, band-saw and buffed surfaces
showed a good agreement. This result i1s of a major
importance for the test, because i1t enables sections
from the middle of a thick rubber block to be tested
without too much concern for the effect of

surface conditions upon the results.
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Table 5.4 Effect of surface conditions on puncture load

mean puncture load(N)

surface conditions 0.5-mm i1ndentor 1.5-mm indentor
moulded surface 22.0 102
razor-cut surface 21.0 106
band saw-cut surface 20.0 98
buffed surface 21.5 104
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5.5 Effect of corner radius of i1ndentor

Puncture tests on vulcanizate B showed that, as
corner radius 1Is increased, the mean puncture load
first i1ncreases sharply to a maximum value and then
drops gradually. This trend i1s shown for both
lubricated and unlubricated puncture tests with
indentera of diameter 0.5 mm (Figure 5.6) and 1.5 mm
(Figure 5.7). These results indicate that the
puncture load 1i1s dependent on the size of the corner
radius.

The effect of corner radius on puncture load
reproducibility was determined from a sequence of
about 20 indentations by calculating the coefficient
of variation. The results show that the coefficient
of variation increases with increasing corner radius
for both 0.5 and 1.5 mm diameter indentera (see
Figure 5.8 and 5.9). Lubrication appeared to have
little effect on the coefficient of variation.

The results shown in Figures 5.6-5.9 indicate
that the value of puncture load and its
reproducibility can depend strongly on the corner
radius. Reproducible results therefore require the
use of a corner radius chosen (at least for longer
term-tests) in a region where puncture load 1is
relatively insensitive to changes in corner radius -
1.e., larger corner radil. But the reproducibility
of teat results at larger corner radii 1s poor, the

coefficient of variation being more than 10x.
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Figure 5.7  Variation of mean puncture load with comer radius
for 15-mtn Ti-64 indentor: unlubricated(A), lubricated(r ).
Vulcanizate B.
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Figure 5.9  Plot of coefficient of variation of puncture
load with comer radius for [.Snrin Ti-64 indentor: lubricated(A),
unlubricated(D). Vulcanizate B.
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ThO© reproducibility of puncture load appears to
improve with smaller corner corner radii. it 1iIs
interesting by analogy that when a sharp cutter 1is
used for preparing tensile strength test-pieces, it
leads to improved reproducibility compared with a
blunt cutter(63). But i1n the low corner radius
regions the puncture loads are very sensitive to
small change iIn corner radius as shown iIn Figure 5.6
and 5.7. In addition, it has been shown that the
corner radius can also change significantly during
successive puncture due to wear of metal at the
indentor tip(62). Figure 5.10 i1llustrates the
Increase 1iIn corner radius observed for 0.5 and 1.5 mm
diameter Ti-64 indentors when repeated puncture teats
were carried out on vulanisate B. For 1.5 mm
diameter 1indentor, there appears to be an approach to
an "equilibrium radius’ of about 60pm after about
10,000 repeated punctures. In the case of the 0.5 mm
diameter indentor, the equilibrium radius 1s about
55pm after about 60,000 repeated punctures. In
both cases the mean puncture loads also approach the
equilibrium values at equlibrium radius.

It becomes clear now that the corner radius of
the i1ndentor 1is an important factor affecting both
the absolute value of the puncture load and 1its
reproducibility. The reproducibility improves with
decreasing corner radius. The puncture load itself

increases to a maximum value at an optimum corner
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with nimber of indentations on vulcanizate B (lubricated) for
|.S"rm Ti-64 and 0.5-mm Ti-64 indentors: 1.5-rnnTi-64

(puncture load 0 ),(corner radiusH) ,0.5-nin Ti-64 (puncture loadQ)

(comer radius ¢).
84



radius beyond which i1t decreases slowly. The corner
radius can also change due to wear under repeated
punctures.

The dependence of puncture load and 1its
reproducibility on the corner radius limits i1ts value
as a test parameter despite i1ts convenience. The
main work described i1n this thesis 1s to analyse the
puncture process In terms of fracture mechanics and
thus enable results to be derived from a puncture
test which are independent of the geometry of the

indentor.
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CHAPTER SIX

THE MECHANICS OF PUNCTURE

6.1 Introduction

Each puncture test provides information on
rubber stiffness and strength - initially in the form
of puncture stiffness and puncture load. This and
the following chapter will explore the relationship
of these measured parameters to more fundamental
material properties such as Young®"s modulus and
tearing energy. This however requires an
understanding of the mechanisms by which the puncture
of rubber occurs.

The main prerequisite for any theory of
indentation fracture i1s a detailed knowledge of the
stress fTield within the loaded system. Given the
stress fTield which accompanies the material
deformation caused by the i1ndentor it 1is possible, 1in
principle, to determine the mechanics of any ensuing
fracture. For brittle small strain materials this
stress fTield can be calculated using classical
elasticity theory. For rubber, this stress fTield is

more complicated because the strains are large and
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elastic behaviour of rubber 1is non-linear. At the
present time a rigorous mathematical solution of this
problem i1s not available; indeed, the problem may be
intractable. However, i1t is possible to develop an
empirical model from key features of the puncture
process. This model can give insight 1i1nto the
initiation and propagation processes by which crack
growth occurs during puncture. This approach 1s
adopted in this chapter, 1in which an attempt 1Is made
to analyse the physics of the puncture process 1In

terms of fracture mechanics.

6.2 Phenomenology of puncture

The puncture of rubber may be usefully

considered in stages as follows:-

- deformation

- ring crack

- First puncture

- second deformation
- second puncture

- pull-out

These stages are i1llustrated in Figures 6.1 and
6.2 by typical force/deformation plots obtained by
forcing a cylindrical 1i1ndentor into unfilled (D) and

filled (E) vulcanizates(Table 4.1) respectively. As
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Figure 6.1  Atypical force/deforntition plot of vulcanizate D.
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Figure 6.1 A typical force/deforrnation plot of vulcanizate .
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the indentor makes contact with the rubber surface,
the rubber beneath the i1ndentor deforms elastically.
As the applied force 1is increased, 1indentation
increases until, at a certain point, a ring crack
develops on the rubber surface beneath the indentor.
Further i1ndentation causes the ring crack to grow to
a critical length when *first puncture’ occurs. This
point 1s characterised by a sudden drop in puncture
force. This drop in force 1s much greater for an
unfilled vulcanisate than for a filled vulcanizate.
Further i1ndentation beyond the first puncture causes
the load to iIncrease again until a second puncture
occurs with another sudden drop i1n load. For
unfilled vulcanizates this again i1s more sharply
defined than for filled vulcanizates. Finally, 1if
the direction of movement of the indentor is
reversed, the 1i1ndentor is pulled out from the rubber.
This 1s accompanied by an instant reduction in load
to zero and iIn some cases a negative “pull-out®™ load
IS experienced as frictional forces have to be
overcome 1In extracting the 1indentor. "Pull-out®™ can
be done at any of the stages 1-5. The negative

pull-out®™ force will be greatest after stage 5.

ne2*1 Ring crack characteristics

If the i1ndentor is pulled out at about 80 - 90x

of the expected first puncture load, ring cracks are

90



invariably observed on the surface of filled
vulcanisates. Fig 6.3 shows a ring crack 1in the
surface of the filled vulcanizate E, produced using a
1.5 nn diameter indentor with 10pm (sharp) corner
radius. An indentor of hemispherical shape (i1.e.,
effectively 750 pm corner radius) also produces a
ring crack, but with a different profile, as can seen
from the micrographs shown in Figure 6.4(a) and
6.4(b). These micrographs show sections of (a) sharp
and (b) curved cracks produced by indentors with 10
pm and 750 pm corner radii respectively. The

ring crack shown i1n Figure 6.4(a), was produced by a
sharp indentor and started with a bell shape iIn the
first 200 pm. Then the crack became approximately
cylindrical 1i1n shape. The region where the crack was
initiated was well-defined on the rubber surface.

The micrograph also shows the asymmetrical start of a
sectioned rubber column produced by the ring crack
where the crack 1s deeper on one side (1.6 and 0.9
mm). The reason for this difference is not clear.

In addition the column shows a permanent deformation
where 1ts length does not fully recover to the
surface.

In the case of a hemispherically-shaped
indentor, an approximately conical crater with a
circular symmetry about the vertical axis 1s
produced. it can be seen from Fig 6.4(c) that the

deformed curved surface of the crater 1is indeed part
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of the original rubber surface and not a fracture
surface. The crater 1is thus attributed to set in the
rubber. The crack appears to i1nitiate at the base of
the crater which 1i1s about 400 pm deep. As can be
seen from Figure 6.4(c), the shape of the crack 1is
not well-defined but 1is approximately 350 pm 1in
length and 10 to 50 pm in width.

The diameter of the surface ring cracks
produced by sharp indentera are generally smaller
than the diameter of the indentors. Figure 6.5 shows
the variation of the diameter of the ring cracks with
corner radius for 1.5 mm diameter 1indentors
puncturing blocks of vulcanizate E. The diameter of
the ring crack produced by the 750 pm indentor 1is
taken here to be 50 pm - the widest part of the
crack.

Ring cracks were more difficult to observe with
low-modulus unfilled vulcanizates than with filled
vulcanizates. However, when pull-out occurs very
near to the expected load at puncture, ring cracks
are observed. This degree of precision is difficult
to achieve 1iIn practice, since puncture loads from
replicate tests on the same block can vary by 10x.
Figure 6.6 shows a surface ring crack in an unfilled
vulcanizate produced using a 1.5 mm diameter indentor
with 10 pm corner radius. With an indentor of 750
pm corner radius, surface cracks have not been

observed with Blow-modulus vulcanizates. However,
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Figure 6.5  Variation of ring crack radius with comer radius.
Vulcanizate E. Indentor: 1.5-rmi diameter.
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when the modulus of the vulcanizates was increased -
for example by 1increasing the amount of dicumyl
peroxide!vulcanizate G) - the cracks developed iIn the
shape of a conical frustum (Figure 6.7) similar to
that observed with brittle materials (27) . For the
high-modulus vulcanizates G and 1, the diameter of
the surface ring cracks increased slightly with
increasing corner radius (Figure 6.8). In the case
of the low-modulus vucanizates(H and F), the diameter
of the surface ring cracks decreased with 1increasing
corner radius. These results suggest that the nature
of the puncture iInitiation process may depend upon

both the vulcanizate and the i1ndentor.

6.2.2 Characteristics of puncture

The depth of the ring cracks increases with
increasing applied load to a critical value, beyond
which puncture occurs. Puncture 1s accompanied by a
sudden 1increase i1n crack depth, the crack penetrating
into the bulk of the rubber causing the formation of
a cylindrical column. This column can be observed if
the puncture crack 1is carefully sectioned into two
halves with a razor blade. Figures 6.9(a) and 6.9(b)
show typical examples of columns produced with an
indentor of 10 pm corner radius iIn the low-modulus
unfilled vulcanizate D and the high-modulus filled

vulcanizate E respectively. In the case of the
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low-modulus unfilled vulcanizate, it can be seen that
the column is remarkably uniform in the middle, but
opens up to a bell shape in the first 300 pm at the
top. The top of this column 1i1s shown at higher
magnification in Figure 6.9(c). The diameter of the
top of the column (1.16 mm) 1i1s very similar to that
of the ring crack (0.98 mm). This 1s not surprising,
since the formation of the ring crack precedes
puncture. However, the concordance 1S not exact 1In
this case, possibly because Figure 6.9(a) and 6.6
(showing a ring crack) were taken at different
positions on the rubber, 1.e., they refer to two
different puncture tests carried out on the same test
block using the same 1i1ndentor.

The diameter of the column appears to increase
as the crack grows towards the base. This can be
clearly seen in Figure 6.10, where a section of a
crack in a translucent vulcanizate is viewed with
transmitted light using an optical microscope. A
micrograph of the base of the column is shown 1in
Figure 6.11, but in this case the point where the
crack terminates 1i1s difficult to distinguish.

However, Figure 6.11 clearly shows a gradual 1increase
in the diameter of the column with crack depth.

Figure 6.10 also indicates that the crack 1is
deeper on one side of the column than the other. A
closer examination (Figure 6.12) suggests that short

sections of the column may be helical and therefore
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Figure 6.9 (c) Atop of the rubber colimn of the vulcanizate D.
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Figure 6.12

Rubber colom showing helical rings at some sections,
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there i1s a possibility that the crack grows iIn a
helical form and this may explain the way the crack
ends at the base 1.e., the crack is deeper on one
side of the column than on the other. Incidently,
the diameter of the base AB (see Figure 6.13) 1s
similar to that at the top.

The columns which form in filled vulcanizate E
(Figure 6.9(b) show some similar characteristics.
Part of the column was cut off during sectioning. It
can be seen that one side of the column has a deeper
crack than on the other. However, because the rubber
Is not translucent,the transmission light microscope

could not be used to give the base profile of the

crack. Thus the diameter of base of the column 1is
uncertain. No helical features were observed on this
column.

The high-modulus vulcanizates G and | produced
conical frustum cracks. Figure 6.14 shows a typical
cone crack produced with a sharp indentor.

No columns were observed iIn puncture produced
using hemispherical 1i1ndentors on low-modulus unfilled
vulcanizates. Fig 6.15 shows a puncture surface on
vulcanizate D formed using a hemispherical indentor.
The cracks apparently initiated randomly. As a
consequence, a well-characterised crack was not
observed. Rather surprisingly, with high-modulus
unfilled vulcanizates, the spherical 1i1ndentors
produced cone cracks similar to those observed with

the sharp 1i1ndentors.
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Figure 6.13  Schematic diagram of the rubber column showin? that
thé diameter AB Is approximately equal to the surface diameter(XY)

Figure 6.14  Puncture crack of vulcanizate I.
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The results so far show that the
characteristics of the punture cracks and the ring
cracks(as discussed in Section 6.2.1) are greatly
dependent on the sharpness of the corner radius of
the i1ndentor. Figures 5.6 and 5.7 in Chapter Five
show that, as the corner radius of the indentor was

increased, the puncture load i1ncreased to a maximum

and then decreased slowly. This suggests different
mechanisms of puncture for i1ndentors of very low and
very high corner radius. It 1s Important that, 1if
possible, material properties derived from the
results of puncture tests should be i1ndependent of
test variables such as the corner radius of the
indentor. With this objective 1n mind, a fracture

mechanics approach has been developed, and 1is

described I1n the next section.
6.3 Fracture mechanics

In this section, the relationship between
puncture load and the catastrophic tearing energy or
puncture energy, T, will be considered. At the
stage during puncture when the ring crack has just
developed, the rubber in the column that will
eventually separate by crack growth 1is still intact.
At this stage the depth of penetration is x and the
unstrained length of the column 1is c. Figure 6.16

shows schematically the compression of the rubber
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Figure 6,16  Schematic diagram of the ccnpression of the
rubber colinin after the ring crack has developed.



column after the ring crack has developed and the
compression ratio i1s 1~. At the i1nstant of

puncture, can be obtained using equation 2.6.
Thus the rate of change of the elastic energy stored
in the rubber column, u, with the length of the

rubber column, ¢, can be written as

6.1
onr™ de [ X

where r” 1s the unstrained radius of the rubber
column, and the suffix x indicates that the
differentiation 1s carried out under conditions of
constant displacement of those parts of the boundary
that are not force free, 1.e., so that external
forces do no work. For simplicity in the analysis,

the following assumptions are made:

(1) that the strain energy 1involved iIn region A
has no effect on region D;

(2) that the i1ndentor/rubber 1interface 1s perfectly
lubricated, so that the column deforms under a simple
uniaxial compression; and

(3) that the rubber column 1s a uniform cylinder.

The strain distribution in the neighbourhood,
D, of the tip of the crack is complicated 1in

character. However, provided there is a sufficiently



thick layer of rubber beneath the crack there 1i1s a
region E which is substantially undeformed.

A small 1increase, 6c¢, 1In the length of the

rubber column at constant applied force, F, increases

the size of the region B (in simple compression) at
the expense of the undeformed region E, while
maintaining the strain distribution in the
neighbourhood of the column or crack tip unaltered.
The 1ncrease in volume of the region B 1is
ffrQdc, where r” i1s the radius of the rubber

column iIn i1ts undeformed state. The compression
ratio, X*, of the rubber column B 1is unaltered,
since i1t depends only on the applied force F. Thus
to maintain a constant force during an increase 6c
in the crack length, a displacement 6x of the
indentor must occur. The relationship between. 6X

and 6¢c can be obtained by considering Figure 6.17.

For X~ to remain constant:

X+6X -x-1-X
C ¢ 6¢C
6 X i *<C) - X
a - XsC
! 6.2
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The energy, U, stored elastically in the rubber
column 1s a function of c and x. In general (i.e.,
when F does not remain constant), c¢ and Xx vary
independently of each other. Therefore, the change,
6U, 1In this energy, accompanying changes 6c¢ and

6X In c and Xx respectively 1is given by

6u - 7du\6c + Zau\ 6x 6.3

he | X \hx J ¢

But,

Hence equation 6.3 at constant F becomes

au\ - /Jau\ + F /ax 6.4

ac/ F Vac /X Vac/ F

6.5

Substituting equation 6.5 into 6.1 yields.

F /ax 1 /au 0.6

2nro\ac/ F 27r|6’\VSc/ F
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Equation 6.6 yields, with equation 6.2,

F(1 - XM) du 6.7
2irr 27rré 8c/ F
The term In equation 6.7 refers to the rate of

change with c¢c of the energy stored elastically 1iIn the
system as the crack length i1ncreases under conditions
of constant applied force, F. The change i1n energy

6U occurs iIn two regions and they are:

(1) the rubber beneath the indentor, and

(2) the rubber surrounding the indentor.

When the crack length increases by 6c, there 1is a
transfer of volume of rubber Th66c beneath the
indentor from the undeformed state to a state of
simple compression. The change 1In energy 6M stored
elastically beneath the i1ndentor 1is thus

WHE 6c, where W 1s the elastic stored energy

per unit volume. This 1s associated with the
lateral(braxial) extension of rubber beneath the
indentor when a simple unitaxial compression occurs.
The change in stored energy 6N in the rubber
surrounding the i1ndentor is due to the extension of

the rubber. The crack grows at the boundary of the

compressed region in response to the local strain
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distribution. When the crack hole 1i1s formed it 1is
immediately filled by the indentor which “locks-in*
the strain in the rubber surrounding the indentor.

Then,

“d(M + N)

Sc

/ &m\ + / \
\dc/ F Vac /

Putting this value of/au\ 1In equation 6.7, gives

ac / F

F(1 - XM Wr aw 6.8

2irr 27rr6\ ac/ F

The values of F and r, can be easily obtained from

the puncture test. Values of W and /ZaN\ , however,

.ac/ F
are not directly measurable. The contributions of W
and/aN\ are evaluated in the next chapter. The

\ac/ F

method of measuring the compressive ratio, X , will

w

also be discussed in the next chapter.
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6.4 A direct determination of catastrophic

tearing energy TC

The puncture energy can also be determined
empirically from the energy loss measured from force-
deflection curves such that shown in Fig.6.18. At
point B, all the energy available for the crack
growth has dissipated. If at this point the i1ndentor
iIs immediately withdrawn from the rubber and then
again 1inserted into the same crack, the
force-deflection curve will follow the line OB. The
area under OB represents the energy stored 1in the
compressed rubber column and the energy stored in the
expanded rubber surrounding the column. The area OAB
represents the energy (J) expended for the crack
growth. The catastrophic tearing energy is then,
assuming no distortion caused by frictional forces,

given by:

6.9

21tr~C

where ZHTOC Is the area of the crack. However,
this method poses problems when determining the
length of the puncture crack. Sectioning the crack
Is possible, but the measurement of puncture energy
this way 1s laborious because every puncture crack

has to be sectioned in order to measure the length of
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Figure 6.18 Force/deflection curve showing energy available
for crack growth and energy stored in the rubber.
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the crack. Routine checks on rubber components 1in
service would be out of question because sectioning
would destroy them.

Table 6.1 shows the results of experimentally
measured puncture tearing energy, TO, of peroxide
cured vulcanisates. The i1ndentor used was 1.5 mm 1in
diameter and had a corner radius of 10 um. TC

appears to agree well with the tearing energy measured

by the trouser tear test.

6.5 Discussion

During each puncture event, the point at which
rupture of the rubber occurs will be determined by the
stress distribution on the the rubber surface in
contact with the 1indentor. This stress distribution
will 1i1tself strongly depend on the extent of any slip
between the rubber and i1ndentor surfaces. Obviously
the higher the stress concentration, the easier will
it be for puncture to occur, 1i1.e., the lower will be
the puncture force.

The rubber surface contains flaws which are
randomly distributed and act as i1nitiation sites for
subsequent crack growth. As the applied force 1is
increased, the stresses on the flaws 1Increase
proportionally until the flaws propagate along
the circular edge of the sharp indentera to form a

ring crack, 1.e., along the locus of the highest
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stress concentration. However, 1i1n the case of

blunt indentors (e.g-those which are
hemispherically-shaped), ring cracks sometimes cannot
be observed for a low-modulus rubber. This may be
because a large equibiaxial extension has taken
place. In this case, the locus of the highest stress
concentration does not appear to follow a
characteristic pattern.

The experimental results(Figures 5.6 and 5.7)
have shown that as, the indentor corner radius
increases, the puncture force 1iIncreases sharply to a
maximum and then decreases slowly. This observation
suggests that there are two possible mechanisms of

failure. These mechanisms are as follows:

(1) The sharp corner of the indentor causes a
high stress concentration which will be strongly
dependent on the corner radius.

(2) Equibraxial extension of the rubber over the

base of the indentor occurs during slip.

Consider two extreme hypothetical cases for an
indentor with a sharp corner. In the fTirst case 1iIs when
the friction 1is sufficiently high to prevent slip
between the rubber and the base of the indentor. In
the second case i1s where there i1s a very minimal
friction between the rubber surface and the base of

the indentor, and thus allows complete slip to occur.
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Figure 6.19(a) and (b) respectively illustrate these
two cases.

In the absence of slip, the rubber surface
between A and B(Figure 6.19(a) suffers no strain.
The regions at A and B, however, at the indentor
corners, experience high stress concentrations which
will lead to local microscopic cracking and
eventually puncture when the naturally-occuring flaws
on the rubber surface reach a critical size. It
complete slip occurs, the surface AB will become
equibraxirally stressed. This i1s likely to enhance
the tendency for rupture from naturally-occuring
flaws i1n the rubber and will also enhance the effect
of a stress concentration from the sharp corner of an

indentor. It 1s known, Tfor example, that rubber cuts

at much lower forces when i1t i1s highly extended(60,61).

As a result, fairlure occurs at a lower forces under
lubricated conditions than without lubrication.

In practice, both these mechanisms of failure
may occur together to extents that vary,
particularly, with the sharpness of the i1ndentor
corner and the effectiveness of any lubrication 1in
reducing the rubber/indentor 1interfacial coefficient
of friction.

Thus, the qualitative model proposed 1is that, 1iIn
the absence of slip, decreasing corner radius will
Increase the stress concentration at the indentor

corners, and so lead eventually to a decrease 1iIn
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(b)

Figure 6.19  Strain on rubber/indentor interface during
indentation: no slip (a); lubricated interface - carplete slip (b)
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puncture force which becomes marked at small corner
radit  only. In the presence of slip, this same
phenomenom will be superimposed on a biaxially stress
distribution in the rubber surface. The effect of the
slip will be to concentrate the stress distribution
over a reduced area of rubber iIn the unstrained

state. Slip caused by lubrication may thus lower
puncture force, as 1S observed.

In spite of the complexity of the mechanisms
involved, puncture 1i1s ultimately a fracture process
which i1nvolves tearing of a rubber surface. A major
problem in applying the fracture mechanics approach 1in
practice is to determine the relation between the
tearing energy, crack size and overall forces or
deformations Tfor the rubber. Section 6.3 has shown
that a fracture mechanics approach yields an expression
for the puncture energy TW (equation 6.8). Even though

some parameters 1i1n the puncture energy equation can be

two more terms which involve the energy stored 1in

and surrounding the rubber column are not obviously
measurable, and their determinations and significance
will be discussed in the next chapter.

In the analysis which has been given in this
chapter, the ring crack i1s assumed to form 1in the
initial stages of deformation. Probably, this is the
stage where a high stress concentration at the corner

Is I1mportant, leading to microscopic cracking.

124



Subsequent deformation may then take place by a
uniaxial compression of the i1nitial rubber column.
Thus for the analysis to be valid, a puncture must
first form a ring crack of non-zero depth. With a
hemispherical indentor, difficulty may occur 1in
forming a ring crack; iIf so, some aspects of the

theoretical analysis will not apply.
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CHAPTER SEVEN
EVALUATION OF THE TERMS WHICH CONTRIBUTE TO

PUNCTURE ENERGY

7.1 Introduction

In Chapter Six, equation 6.8 for the tearing
energy at puncture, TW,{i-e-, the puncture energy)
was derived. Several terms, namely W(elastic stored
energy per unit volume), X (compressive ratio)
and /8N\ (the rate of change of energy stored

~3c/ F
surrounding the rubber column with the crack length)
are not directly measurable. This chapter describes
model experiments designed to evaluate XW and W
and an analytical method of determining /dN\

3c/ F

7.2 Energy stored in rubber beneath i1ndentor

7.2.1 Theory

The uniaxial compression of a rubber column can
be considered equivalent iIn strain terms to

equibiraxial extension. Under the application of a
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compressive stress t*, the deformation of rubber
column may thus be considered iIn strain terms to be
equivalent to equibiaxial extension as shown in
Figure 7.1. The stresses t2 and t* in the
force-free area of the deformed column are zero.
Superposition of a hydrostatic pressure -t™ will
reduce the compressive stress t* to zero and
produces equivalent tensile stresses t2 and t* to
the effect of t~ on the previously force-free
surface. This state of strain of simple compression
of the rubber column thus corresponds to that
produced by equibiaxial extension of an inflated
circular rubber sheet clamped around its
circumference. Thus some indications of the
stress-strain behaviour of the rubber 1mmediately
beneath the i1ndentor can thus be obtained from a
model equibiaxial experiment which avoids a direct
analysis of the complex stress-strain behaviour of
the rubber underneath the i1ndentor. However, this
model equibiaxial experiment will not represent the
full state of strain in the compressed rubber column
because the bottom end of the column i1s part of the
bulk of the rubber, 1is under compression and cannot
move Treely. These considerations limit the validity
of this model. However the model can be considered
to provide a reasonable approximation to the
behaviour of the rubber column under a simple

compression.
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undeformed deformed

Figure 7.1 Arubber colimn undergoing a sinple uniaxial
cxXxrpression.
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Consider a small section of an inflated rubber
sheet, as shown iIn Fig 7.2. The 1nflation pressure,
P, the radius of curvature, a, and the tensile force,
f, per unit length of section of the rubber are

related(64) by the equation.

2f/a

If X2 and are the extension ratios
in the plane of the sheet, and the rubber does not

change i1ts volume during deformation, then

/I\

where X" is the extension ratio in the thickness
direction. It hO iIs the original thickness, the
area on which the force T per unit length acta 1is

Xih%’ hence

-2
*QNNg  A2M0N2

where t2 is the true stress which is equal to

tj. Thus the true stress t2 is given by

Here again superposition of a hydrostatic

pressure -t2 will reduce tensile stresses t2 and
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Figure 7.2 Inflation of rubber sheet,

130



The change 1i1n energy per unit volume, 6W, with a
small change in OXx~ s tAEQGXA or 1
Thus the value of W, as X changes from the value

of 1 to X\, 1s given by the following equation;

where XY, 1s the value of X* when the rubber

sheet ruptures. XN must therefore be equal to the

compression ratio(X ) at puncture. The value of

W thus obtained 1is approximately equal to W in the

rubber column at the state of strain X"A. W 1is,

in principle, readily obtained from the area of the

curve of the plot of versus xXw

Knowing W and X%, the terms WrO/Z and F(I—XC)/anO

in the puncture energy equation can now be calculated.
As discussed in Chapter Six, ring crack

formation precedes puncture which results in the

increase in the length of the rubber column. For a

very sharp 1indentor, the rubber will experience the



highest stress concentration at the circular edge of
the 1indentor. As observed, the ring crack 1is i1ndeed
circular. It 1s resonable to assume that the
diameter of the ring crack in the strained state will
be equal to the dirameter of the i1ndentor. It follows
that the elongation ratiolX” and ) in the

equibraxial direction is equal to;

diameter of the 1i1ndentor

unstrained dirameter of the ring crack

Knowing X2 and hence X** X~ can be calculated
and 1t can be compared with X*, measured by the
equibraxial method and this will indicate the
applicability of the theory.

However, the method of obtaining the
compression ratio by measuring the diameter of the
ring crack may not give the exact value of the
compression ratio at puncture because the diameter of
column where the crack starts to propagate may not
correspond exactly to the drameter of the ring crack.
In any case, this method is considered to be a
reasonable fTirst approximation but may not be precise
value of the compression ratio at puncture because
slip can occur between ring crack formation and

puncture.
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7.2.2. Model experiment for eaulbiraxial tearing

Square test-pieces of 7cm edge were cut from
sheets of vulcanisates D,H,F,J and K (Table 4.1) of
uniform thicknesses varying from 0.6 to 1.5 mm. Each
test-piece was clamped horizontally on i1ts major
surfaces between metal plates, the upper of which had
in it a circular hole of radius 25mm and the lower of
which carried a tube. By passing compressed ailr into
this tube, the sheet could be inflated, the air
pressure being measured by a mercury manometer. The
experimental arrangement 1is shown schematically in
Figure 7.3

Measurements were made as follows on the rubber
sheets until bursting occurred. Initially, a
circular grid(25mm radius) and two perpendicular
lines were drawn centrally with a silver pen such as
shown 1in Fig 7.4(a). For each inflated pressure, two
photographs were taken. One was a planar view, as
shown in Fig 7.4, and the other a profile view, as
shown in Fig 7.5. From the photographs, the lengths
X and Y(Fig 7.6)could be obtained. The radius of

curvature of the inflated sheet i1s thus.

a4Y

and the length of the arc AOB m 2a0, where 0 1is 1in
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Inflated spheroid

Figure 7.3 Experiiiental arrangement of rubber inflation.
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Figure 7.6 Schematic diagram of inflated rubber sheet
showing X, Y and 0,
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radians. Knowing that

arc AOB
AB
and also knowing the radius of curvature, a, and the
inflation pressure, P, the value of f can be
calculated using equation 7.1. Then having found ¥,
and knowing X: and h®, ®"“ can then be
obtained from equation 7.2.

Table 7.1 gives the relevant experimental data
and the results obtained for f and t* for various
extents of inflation up to the bursting point, for
sheets of vulcanisates D,H,F,J and K. Fig 7.7 shows
the plot of tversus for these vulcanisates.
The areas under the curves which were calculated
using trapesoidal rule are the values of the W; and
they are given in table 7.2. These are not strictly
the value of W at bursting because no measurement
could be made when the sheet bursted. However, these
results were obtained at the inflating pressure very
close to the bursting pressure. The vulcanisate F
showed a lower value of W than vulcanisates D and H
because, being a weaker rubber, 1t tore at the clamp
before bursting took place at the pole of the
inflated spheroid.

Table 7.3 shows the comparison of the values of
compression ratios at puncture obtained by the

equibraxial experiment and by the measurement of the
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Table 7.1 Results of eauibiaxial strain experiments

Vulcanlaate D

Thickness 1.5 mm

pressure a o A1 f wq thx !
kN/m# nun N/m MPa MPa
1.96 21.7 1.21 0.680 21.3 0.02 0.03
1.91 18.5 1.27 0.620 17.7 0.02 0.04
2.60 17.6 1.58 0.400 22.9 0.05 0.12
2.69 42 .9 3.38 0.087 S7.7 0.53 6.02
2.64 440 4_.27 0.055 58.1 0.85 15.50
2.60 53.9 4.83 0.043 70.0 1.35 31.50
2.70 60.5 5.12 0.038 81.6 1.52 39.80
2.99 73.9 6.03 0.027 110.5 3.10 111.80
Vulcanizate H
thickness :0.75 mm
2.28 20.5 1.15 0.756 21.4 0.04 0.05
2.42 24 .6 1.22 0.672 22.1 0.05 0.07
2.75 28.9 1.28 0.610 23.9 0.06 0.10
3.01 35.4 1.80 0.308 46 .7 0.21 0.68
3.25 41 .3 2.25 0.197 58.1 0.41 2.10
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Vulcanizate K

thickness :0.75 mm

2.24 35.1 1.07 0.875 39.4 0.06 0.07
2.81 36.8 1.18 0.712 51.7 0.10 0.14
3.36 32.5 1.31 0.500 54.6 0.13 0.23
3.96 30.4 1.69 0.350 60.0 0.24 0.70
4.26 29.6 1.90 0.277 63.13 0.32 1.17
4.55 33.7 2.18 0.210 76.47 0.52 2.46
4.78 35.9 2.41 0.172 85.90 0.71 4.14
5.13 41.2 2.72 0.135 105.78 1.11 8.27
5.52 45.6 2.99 0.111 125.94 1.61 14 .38
5.85 47.8 3.17 0.099 139.84 2.00 20.17
6.40 54 .4 3.45 0.084 174.05 3.00 35.63

141



Figure 7.7 Plots of Aversus (vulcanizate Qx),

(vulcanizate HQ), (vulcanizate "A), (vulcanizate J+)
and (vulcanizate 1%)
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Table 7.2 Results for energy stored per unit volume
at point of rupture. W. obtained from

eoutbiaxral strain experiments.

Vulcanizates W
J/m" N
D 3.80 X 10~
H 2.79 X 100
F 0.53 X 107
J 1.89 X 107
K 2.09 X 10
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Table 7.3 Comparison of compression ratios at the
point of rupture obtained bv eoutbiaxial

method and surface crack measurement.

Vulcanizates Bquibiraxial Surface crack

1.5 mm indentor

10 pm 750 pm
D 0.03 0.44 0.07
H 0.04 0.28 0.02
F 0.27 0.20 0.01
J 0.07 0.16 0.01
K 0.08 0.21 0.02
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surface cracks produced by indentors of different
corner radil. The compresssion ratios obtained from
the latter were the mean value of Tfive puncture
teats. The drameter of the surface cracks was
measured using an optical microscope with a graduated
scale with an accuracy of sO.O0OImm. The coefficient
of variations of the diameter of the cracks 1increases
from 10X for 10pm corner radius to 25x fTor 750pm
corner radius. It can be seen that the compression
ratios obtained from the hemispherical 1indentor agree
broadly with those obtained from the equibiaxial
experiment except in the case of vulcanizate F. But
compression ratios obtained using the sharp i1ndentor
differ greatly from those obtained by equibiaxial

straining.

7.2.3 Bursting of the rubber sheet

The compressive ratios at bursting were difficult
to obtain accurately. This 1s because the point at
which the rubber burst cannot be predicted. Therefore
the compressive ratios were obtained at the strain
just before bursting occured. But the compressive ratios
obtained i1n this way should not be very much different from
the true bursting compressive ratios.
More useful i1nformation from the bursting
rubber sheet 1s the pattern of the ruptured rubber

sheet, which showed biaxial rupture characteristics.
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Common to all the vulcanizates tested(D,H,F,J and K)
Is the random petal type bursting at the pole of the
inflated sheet, as shown iIn Fig 7.8. However there
were more petals for vulcanizates J and K than for
vucanizates D and H. In the latter cases, the petals
were kidney-shaped. Bursting could not be observed
with vulcanizate F because, being a weaker
vulcanizate, 1t broke at the grip before bursting.

In some ways, the random petal-like bursting
pattern resembles the puncture surface crack(Fig 6.14
section 6.2.3) obtained using the hemispherical
indentor (750ym corner radius). This suggests
that, for this particular indentor, equibiaxial
rupture may be a mechanism iIn the puncture process
which eplains a broad agreement between compression
ratios at rupture obtained using a hemispherical
indentor and from equibiaxial extension measurement.

The experimental results shown iIn Figues 5.6
and 5.7 of Chapter Five for the effect of corner
radius on puncture force show that, as the i1ndentor
corner radius 1iIncreases, the puncture force iIncreases
sharply to a maximum and then decreases slowly. This
suggests that, for 1indentors having small radii, the
puncture process depends more on the sharpness of the
corner of the i1ndentor causing a high stress
concentration than on the equibiaxial extension of
the rubber. This might explain the discrepancy

between compression ratios at rupture obtained using



Figure 7.8 Randan petal type bursting of viiLcanizates D, H,
J and K
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a sharp indentor and from equibiaxial strain

experiment.

73 Energy stored in the rubber surrounding the column.

7.3.1 Theory

The energy N arising from the expansion of the
puncture crack(see Section 6.4) can be calculated 1If
the i1nternal pressure, P, or stress, t™, acting on
the i1nner wall of the cylinder surrounding the rubber
column 1s known.

Consider in Figure 7.9a cylindrical puncture
hole of radius r”, subjected to internal pressure
P, and the radius of the puncture hole increases to
r. As a result of the expansion of the puncture
hole, the thickness of the small element ABCD
decreases from 6r™ to 6r. |In addition, the
element ABCD now supports the radial stress
t2(compressiye) and the circumferential stress
t~(tensile). If 1t 1s assumed that there 1s no
yertical strain, then « 1.

The extension ratios after expansion can be

deriyed by considering the enlargement of the

circumference. These ratios are
X,i « 2|rr/2|rrO » r.{rO 7.4
and X2 * 6r/6r~ 7.5
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unstrained strained

Figure 7.9 Stresses set up in asmall elenent ABCD as the

hole increases in radius from o to r.
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If 1t is assumed that rubber 1is incompressible, then

that ~272 " Therefore

br

ie., rbr » r060
Integration of each side of this equation gives

I . + constant 7.6
2 o

Let the values of r and rO be b and bO
respectively at a particular deformation. Equation

7.6 then becomes

b2

+ constant

(o
N
I
N

and the value of the constant 1In equation 7.6 1is

Thus equation 7.6 becomes

N N N _ N
r~. r0+b bO 7.7

By dividing equation 7.7 by r”™ we get
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where p 1s an arbitrary hydrostatic pressure for
constant volume deformation and and C2 are

elastic constant.

Since Ig- 1, on substitution into equation

7.11 we get.

- 2(C, ¢ C, 1 1' 7.12
4

In addition, the equation of equilibrium for the

element ABCD is(66).
dt2/dr - (t2 - t~)/r 1.13
On rearrangement, this becomes
0t s (t2 - t~)0r/sr 7.14
Substituting the value of t2 -t~ from
equation 7.12 and that of Or/r from equation 7.10

into equation 7.14, we get

at2 = 2(Ch ¢ CAM - hK

1).

2(Cr + C2) 7.15
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Hence the stress t2 or presssure P required to
increase the radius of a cylindrical cavity by a
factor of r/r~ can be obtained by integrating
equation 7.15 over the range X1 - 1 to 11 - r/r0

The result obtained for P 1is
P - (* ¢C2) 1 - rr/en + In{rn/en) 7.16
0 0

Having obtained an expression for P, we now can
derive an expression for the stored energy, N,
surrounding the rubber column and subsequently the
rate of change of this energy with the crack length c
at constant applied force, 1.e.,

F
Consider a cylindrical puncture iIn an unstrained
state and the radius 1s as shown in Figure 7.10
(a). As the indentor penetrates the hole, the
indentor exerts a pressure on the inner wall of the
hole which subsequently expands to a new radius r™
as shown i1n Figure 7.10(b). The work done or the
energy stored in the rubber during this expansion can
be calculated as follows. Consider an increment Or
of the radius r of the cylindrical cavity and r iIs an
arbitrary radius between r” and r“. The change
Iin energy stored in the rubber 1is POV where OV

IS equal to 2irrc6r. Hence the energy stored in
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Figure 7.10

I:>'v

(b)

Ej5>ansion of puncture hole from radius
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the surrounding rubber column as the puncture hole

expands from unstrained radius r® to r™ is given

by
N P2Tircdr 7.17
The term to be determined in the puncture energy
equation 1is 1 /dN \ . Dividing equation 7.17

2Trr’6\ 3c / F

by rO and on rearrangement we get,

1 /3N 7.18

N

2irr V3¢ JF 7 r

Subsitution of equation 7.16 into equation 7.18,

gives

1 /3N =) + 2In- )dr

r2
2“T$!3C/ F

7.19

“ (.Fi)

In this case, r™ i1s equal to the radius of
the i1ndentor and o Is the radius of the unstrained

puncture crack. Both radiit are readily obtainable.
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The method of determining and C2 is described

in the next section.
7.3.2 Determination of and - results

The quantities and CZ in the equation
7.19 are constants in the equation which describes
the stress-strain behaviour of rubber i1n simple

extension!65), 1.e..
f - x'[hc™ . xlch) 7.20

where T i1s the force required to extend a sample of
rubber of unstrained cross-sectional area to an
extension ratio X/.

Measurements of the constant and C2 of
the vulcanisates D,H,F,J and K in simple extension
were made using an instrument devised by
Greensmith{67) for this purpose. A parallel-sided
specimen of approximately 3 x 1 x 110 mm is clamped
in the sample holder and its length i1s determined 1in
a preliminary experiment iIn which a stress-strain
curve 1is constructed at strains up to 2%, allowing 1
minute relaxation at each strain. The unstrained
length 1s then estimated by extrapolating the
stress-strain curve to zero stress. After allowing
the specimen to recover for 5 minutes, the specimen

IS then extended in a series of strains from
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of 0.95 to 0.35 1n intervals of
0.05. At each strain a relaxation time of 3 minutes
iIs allowed before measuring the force of retraction.
f. The Mooney-Rivlin coefficients can then be
estimated from a graph of f/ZAG(XO—id) against
X 1 The intercept is equal to the coefficient

and the slope 1s equal to the coefficient c2

Figure 7.11 shows plots of f/2A (X - i“)

against X"for the vulcanisates D,H,F,J and K.
The curves show that at low and moderate extensions
there 1s a linear region. At higher extensions
(smaller Wgﬂ, departures from linearity occur.
Each curve goes through a minimum, the value of
f/ZAO(Xa - is) thereafter 1increasing rapidly
with Tfurther extension. From the slopes and
intercepts of the linear portions of the curve, the
values of and C2 were obtained. These values

are given 1i1n Table 7.4.
7.4 Effect of corner radius on puncture energy

The results presented iIn Figures 5.6 and 5.7 of
Chapter Five show that the puncture force 1is
dependent on the corner radius of the indentor.
Inevitably, this corner radius will greatly influence
the puncture energy. Table 7.5 and 7.6 show the
results on vulcanisate D for the effect of corner

radius on the three terms i1in the puncture energy
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Table 7.4 Values of and

Vulcanizate

=1 -2

MPa MPa
D 0.09 0.07
H 0.15 0.07
F 0.37 0.07
J 0.18 0.14
K 0.27 0.37

159



Table 7.5 Effect of corner radius on various terms 1in the

puncture energy equation.

Vulcanizate D
1.5-mm i1ndentor

Tearing energy from trouser tear test: 12.5kJ/m*®

corner . W s 1 FI1 X T°
radius 2 27r(|)’,\/ac/ F 27rrO
pm mm kJ/m~ kJ/m” kJ/m~n kJ/m~
10 0.50 0.95 0.04 10.5 9.5
60 0.30 0.57 0.23 38.0 11.0
100 0.30 0.57 0.23 42 .0 9.0
250 0.25 0.47 0.35 43.0 18.0
750 0.20 0.38 0.55 57.0 16.0

tearing energy obtained from a direct determination
using the force/deflection curve and the total crack
area.
ro— radius of surface crack
X~N-compression ratio at rupture based on the surface

crack
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Table 7.6 Effect of corner radius on various terms 1i1n the

puncture energy equation.

Vulcanlzate D
0.5-mm i1ndentor

Tearing energy from trouser tear test: 12.5kJ/m”

corner 'b W Ib F(1 -X™M T°
radius 2 27rr(}d cj F 27r|b

pm mm kd/n? kJ/m? kJ/m” kJ/m”

5 0.14 0.27 0.02 13.0 10.0

50 0.12 0.24 0.04 13.5 11.5

100 0.09 0.18 0.09 13.0 12.0

250 0.06 0.12 0.22 12.0 17.0

T°»tearing energy obtained from a direct determination
using the force/deflection curve and the total crack
area.

ro—radius of surface crack

XN-compression ratio at rupture based on the surface

crack
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equation. These three terms are F(1 -

Wrg/Z and 1 &N The latter was evaluated using
2ier\ac/ F

equation 7.19. The results i1n Table 7.5 and 7.6 are

based on 1.5-mm and 0.5-mm diameter indentors

respectively. Figure 7.12 shows the plot of the

various terms versus corner radius. The values of

the terms Wr /2 and 1 /SN\ are not plotted because

they are too small to be relevant.

It can be seen that, for a 1.5-mm diameter
indentor with 10 ym corner radius, the
F(1 - X )/2irr term shows good agreement with
the value of tearing energy obtained from the direct
measurement using the force/deflection curve and the
total area of the crack, and with the value of
tearing energy obtained from the trouser tear
test{12.5 kJ/m™). However, as the corner radius
increases, F(1 - X’e')/Zirr.O becomes very high.
The value of TC obtained by direct measurement
appears not to i1ncrease substantially with increasing
corner radius. The values for the term Wr”™ /2 do
not appear to change with increasing corner radius.
and are 1 kJ/m” or leas. The values of 6N are

2nrOVac/ F

very small 1i1ndeed(leas than 0.55 kJ/m ), and are

unaffected by corner radius.
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Figure 7.12  Effect of comer radius on contributions to
puncture energy of vulcanizate D.

163

"narfirt 1 | ..



For a 0.5-mm diameter indentor with 10 ym

corner radius, the values of the terms Wr~/2 and

1 /®N\ are both very Ilow. The F(1 - Xj/2ffr?
2Trr™\ac/ F
term at low corner radius shows good agreeement with
the tearing energy obtained from the trouser tear
test and the value of T obtained by direct
measurement. With 1ncreasing corner radius, the
value of the term F{l1 -
greatly, suggesting that for a 0.5-mm diameter
indentor the puncture energy equation can give a
reasonably accurate value of tearing energy which 1is
independent of corner radius.

Observations on the puncture columns reported
in Chapter Six show that the diameter of the columns
varies at different depths. The results shown 1i1n Fig
7.12 were based on the value of r measured at the
surface. Table 7.7 shows the effects of base radius
crack on puncture energy of vucanizate D using 1.5-mm
diameter indentors of various corner radil. Figure
7.13 shows the comparison of the effect of base and
surface drameter crack on the various terms 1in the
puncture energy equation. The data based on
surface crack were obtained from the Table 7.5.
Again, the values of Wr”~/2 and 1 7/ are not

2nraAaC/ F
included since these values are very small compared

to other terms. It can be seen that at, 10 ym
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Table 7.7 The dependence of various terms 1in the
puncture energy equation on the diameter of

the base crack

Vulcanizate D
1.5-mm i1ndentor

Tearing energy from trouser tear test; 12.5kJ/m

corner -5 W rb N F{1 -XC) T®
radius 2 2irrb\dc/F 27rrt,
ym mm kJ/m ~ kJ/m 2 kd/ra " kJ/m 2
10 0.50 0.95 0.04 10.5 9.5
60 0.60 1.14 0.01 8.0 11.0
100 0.50 0.95 0.04 17.0 9.0
250 0.45 0.85 0.06 17.0 18.0
750 0.40 0.76 0.10 27.0 16.0

T®«teartng energy obtained from a direct determination
using the force/deflection curve and the total crack area.
rj~«radius of base crack

XN-compression ratios obtained from the radius of base

crack.
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Figure 7.13  Effect of base and surface radius crack on
puncture energy: @) - surface radius, () - base radius.
Indentor: 1.5-nm diameter indentor.
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corner radius, the values of F(1 - Xc)ﬂﬁrro for
both base and surface diameters are equal. However,
as expected, the value F(1 - ~()/2Tr™
increases with 1iIncreasing corner radius for both the
base and surface cracks.

Table 7.8 shows values of F{1 - XC)/2nr0,
Wrg/Z and for vulcanizates D,H,F,J and K.

F
The i1ndentors used were sharp-cornered(l10ym corner
radius). In all these cases, e iIs the surface
for these vulcanizates agree well with values of T/
measured by the trouser tear teat and with the
puncture energy obtained by direct measurement. In
adddition, the values of Wr~/2 and 1 8N\ obtained
ZHTO\Sc/ F

using 0.5-mm indentor were lower than those obtained

using the 1.5-mm indentor.

7.5 Conclusions concerning relative i1importance of

terms In puncture energy equation

The results shown so far indicate that the
contribution made to the puncture energy by the terms
Wr~/2 and 1 7/ iIs minimal regardless of the

2Trr™\. dc/ F
corner radius. In addition, these two terms appear to

become much lower when a 0.5-mm diameter 1i1ndentor 1is
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Table 7.8 Comparison of various puncture energy terms

Vulcanizates r W r F(1 -X)
0 o] NG c . q
2 2:rr\dcj ~ 2y F T
o]
mm kJ/m» kJ/m2 kJ/m 2 kJ/m 2
D
1.5-mm indentor 0.50 1.00 0.04 10.5 12.5 9.5
0.5-mm indentor 0.14 0.27 0.02 13.0
H
1.5-mm indentor 0.40 0.56 0.14 7.0 6.5 5.5
0.5-mm indentor 0.12 0.16 0.06 3.5
F
1.5-mm indentor 0.32 0.08 0.54 4.0 3.0 2.4
J
1.5-mm indentor 0.24 0.22 0.76 10.0 12.0 8-(
0.5-mm indentor 0.07 0.06 0.34 9.0
K
1.5-mm indentor 0.35 0.36 0.61 25.0 22.0 18.
0.5-mm indentor 0.07 0.07 0.67 21.0

T « tearing energy measured from trouser tear test
ro« surface crack radius

XN-compression ratio based on surface crack

T = tearing energy determined directly
168



used. As a result, the expression for the puncture
energy, T~, 1s effectively F(1 -

addition, at low corner radius, the value of

p(l _ X*)/2trrQ agrees well with the puncture

energy obtained by direct measurement, and with the
tearing energy measured by the trouser test method.
This agreement 1s not unexpected since, as discussed
in Chapter Six, ring cracks are much easier to
initiate with sharp corner i1ndentors than with blunt
indentors, because the circular edge of the former 1is
the locus of the highest stress concentration. The
initial ring crack 1s a prerequisite to the
successful fracture mechanic analysis.

Once a ring crack forma, i1t will be compressed
untaxially under an i1ncreasing applied force.
Moreover, the tip of the crack i1s well-defined, and
subsequent crack growth will i1ncrease the length of
the crack or of the column. Therefore, as expected,
a petal-like surface crack, characteristic of
equibiaxial fracture, was not observed when an
indentor having a sharp edge was used. However, Tor
the blunt indentor, a surface crack characteristics
of equibraxial petal-like tear was observed. This
suggests that under these circumtances puncture
proceeds by equibitaxial fracture and with no initial
ring cracking. As a result, the compression ratios,
based on the diameter of the ring crack, produced by

the hemispherical 1i1ndentor agree well with the
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compression ratios obtained from the equibiaxiai
experiment. For the sharp 1i1ndentor, the agreement
not as good. However, the use of the compression
ratios based on the drameter of the crack 1in the
puncture energy equation, F(1 - ~Q)/2ffr~, gives
satisfactory agreement with the puncture energy
obtained by direct measurement, and with the
catastrophic tearing energy as measured by the

trouser tear test method.
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CHAPTER EIGHT

APPLICATION OF PUNCTURE TEST TO A STUDY OF AGEING

8.1 Introduction

Rubber engineering components are frequently
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 applications. Therefore 1t 1S necessary
to have some method of assessing the probable
lifetimes of these rubber components at the design
stage before the components are subjected to service
conditions. In this chapter, the use of puncture
test to i1nvestigate changes 1i1n thick rubber blocks
subjected to elevated temperatures and long term
ageing 1s described.

The strength of rubber can be seriously
affected by oxidation and the effect becomes worse
when the rubber 1i1s subjected 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 properties(68).
Much research has been concerned with the mechanisms
of the basic oxidation processes, namely the

interaction between elemental oxygen and rubbers.
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The understanding of these chemical processes has
been derived largely from the work on model systems,
and, generally, on thin sheets of vulcanisate.

From an engineering point of view, the
chemistry of oxidation has not yet answered the
guestion of how long a bulky rubber component will
last in service conditions, especially at ele-"ated
temperatures.

In conventional ageing tests , mechanical
properties, fTor example siffness and strength, are
baaed on thin test-pieces. The properties are
usually obtained after oven-ageing for a specific
time at a specific temperature. The ageing Lehaviour
of thin rubber test-pieces 1i1s not necercarily the
same as that of thick blocks or indeed cf the surface
of thick blocks. This 1s evident from a comparison
of the two test samples (one thin, one thick)
illustrated in Figure 8.1, both having been subjected
to the same ageing conditions. Elliott{69) has found
that dumbbell teat-pieces prepared from thick blocks
of rubber and then aged sometimes have tensile
strengths and elongations at break substantially
lower than expected. This was found to be due to the
method of preparing the dumbbells, which tends to
create flaws which weaken the rubber. A novel
technique was adopted by Knight and Lim(70) for their
studies of the ageing of thick blocks of rubber

vulcanizate. They used ten 2.5-mm thick sheets
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clamped together and were thus able to obtain tensile
strength as a function of depth from the exposed
surfaces. Unfortunately, this method cannot be
applied to the study of rubber components after
varying periods 1In service.

The difference 1i1n strength between the surface
and the bulk rubber can be easily evaluated by using
the puncture test. Moreover, this technique permits
the determination of the change i1in strength of thick
rubber components which are subjected to different
periods of ageing and at different temperatures.

In 1974, an engineering company provided Tun
Abdul Razak Laboratory with a rubber sample from a
96-year-old rubber bearing from a viaduct 1in
Melbourne, Australia. This chapter 1i1nvestigates the
ageing behaviour of thick rubber blocks whose
formulation i1s based on that of the 96-year old
rubber to enable prediction of long-term performance
of rubber to be evaluated iIn conjunction with a study

of the 96-year-old rubber.

8.2 Conditions of natural rubber pad after 96 years

service

The rubber pads were about 2.5-cm thick and
Figure 8.2 shows the locations of the pads between
the steel structures and the supporting piers of the

viaduct. Figure 8.3 shows a clean-cut section
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Figure 8.2 Drawing of Melbourne Railway Viaduct incorporating

natural rubber pads in 1889.






through the sample to i1llustrate the depth of any
ageing of the rubber. The surface of the rubber 1is
hard and shows evidence of oxidation. Below a depth
of about 1.5 mm, however, the rubber is free fronm
such degradation and was found still to have a hardness
of only 63 IRHD. There was no evidence of
significant deterioration of the rubber below this
depth and i1n the centre of the pad. This provides a
convincing i1llustration of the fact that the
weathering of natural rubber i1n normal conditions 1is
limited to the surface. This result further
illustrates that so-called accelerated ageing tests
exposing thin rubber sheets to elevated temperatures
can give a misleadingly pessimistic view of the

longevity of bulky engineering components.
8.3 Experimental method

The formulation of the 96-year-old rubber was
determined using thermogravimetric analysis {TGA)|71)
and thin layer chromatography(TLC)]71) techniques.

The analyses suggest the following composition in parts

by weirght:
natural rubber 100
calcium carbonate 70
ferric oxide 10
sulphur 11
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About 2.5 parts of other material, possibly dirt, was
also present. As the amount of free sulphur was less
than 0.1x, the rubber was Tfully cured. The analysis
also showed no evidence of curing residues or
synthetic antioxidants. This 1s not surprising,
because curing system 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 compound was prepared
using the above formulation. Red Ochre® was used
for ferric oxide and 5 parts of pine tar oil was
added to the formulation to aid mixing. The rubber
blocks were direct-compression- moulded for three
hours at 140*C to dimensions of 23 x 23 x 2.54 cm.
The rubber blocks were then cut iInto 2.5 cm test
cubes.

The author was also provided with 10-year-old
samples of similar rubber prepared according to the
above formulation. These were originally prepared by
the late Dr. Lindley.

Ageing was carried out for various times, 1In
air-circulating ovens set 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 temperature. The blocks

were cut open with a razor blade, and several
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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 5pm corner radius. Puncture
tearing energies were subsequently obtained for each

puncture test using the equation = F(1 - AnAAAns() x
8.4 variation of puncture energy with time of-ageing

These tests were carried out on 2.5 cm cubes
aged 1n air at 23, 40, 70, 100, 125, 150, 175 and
200*C. The variations of puncture energy of the
surface and bulk with time of ageing are shown 1in
Figures 8.4-8.11. The puncture energy scales are
linear and the time of ageing scale 1is logarithmic.
Figure 8.4 shows the results of air-ageing at 23*C.
The 96-years point was obtained from the original
rubber from the Melbourne viaduct rubber pad. The
puncture energy of the surface and the bulk were
similar within the Tfirst six months of ageing time.
Then the puncture energy dropped sharply. In the
case of the rubber at the surface, the puncture
energy dropped sharply between six months and four
years of ageing. With further ageing 1t showed
little change, but with the limited data available
there 1s an indication of a minimum at about 10 years

with a subsequent small rise between 10 and 96 years.



log (days)

Figure 8.4  Variation of puncture energy of the surface and
bulk of rubber with tiine of ageing in air at 23°C.

180



log (days)
Figure 8.5 Variation of puncture energy with tine of ageing

at 40°C.
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at 70°C.
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Figure 8.7  Variation of puncture energy with time of
ageing at 100 C,
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Figure 8.8  Variation of puncture energy with time of ageing at
125°C,
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Figure 8.9  Variation of puncture energy with tiine of ageing
In air ovens at 150°C,
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Figure 8.10  Variation of puncture energy with time of ageing

in air oven at 175 C.
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Figure 8.11  Variation of puncture energy with time of
ageing in air oven at 200°C.
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In addition, the hardness{80 IRHD) of the surface of
the 96-year-old rubber 1s higher than the hardness of
the surface of the 10-year old rubber{42 IRHD). In
the case of the rubber in the bulk, the minimum
puncture energy was not observed - the puncture

energy was reduced to 10.0 kJ/m~ after 95 years 1n

For the rubber aged at 40°C (see Figure 8.5) a
minimum puncture energy was not observed for either
the surface or the bulk. This 1s probably due to
insufficient ageing time because a minimum puncture
energy could be seen when the rubber was aged at
70*C{Figure 8.6). In this case, both the surface
and the bulk puncture energies showed minima.
Moreover, at the minimum puncture energy the surface
of the rubber 1is soft, and with iIncreasing ageing
time, the surface becomes hard. The 1increase 1in
puncture energy corresponds to the formation of a
thin layer of hard skin as shown in Figure 8.12.
This rubber was aged at 70*C for 181 days.

Figures 8.7 to 8.11 show the results of ageing
at 100*C and higher. It can be seen that 1n all
cases there was no minimum puncture energy for both
the surface and the bulk of the rubber. The surface
rubber puncture energy decreased with iIncreasing
ageing time, and at characteristic times t
attained the lowest puncture energy value and
remained at this value with iIncreasing ageing times.

The time ta decreased with i1nreasing temperature,
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In addition, the lowest puncture energy attained
decreased with 1increasing temperature. For example,
at 100°C and 200*C, the lowest puncture energies
were 1.25 and 0.25 kJ/m”™ respectively. The formation
of a thin akin could be observed after ageing time
ta, but the skin was soft and sticky at 175 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 i1ncreasing ageing time.
However, at 150*C and 175*C the puncture energy
showed a gradual reduction with 1iIncreasing ageing
time and did not show a constant value. The puncture
energy could not be obtained with rubber blocks aged
at 200*C because in the bulk of the rubber there

were small holes as shown in Figure 8.13 which

interfered with the puncture test.
8.5 Uptake of oxygen

It has been shown that oxidative degradation 1in
rubber is accompanied by an increase 1In oxygen
content(72). Thus measurement 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
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and 1n the bulk of the aged rubber blocks previously
used for the determination of puncture energy. The
instrument used was a Perkin-Elmer 240 Elemental
Analyzer, which can give the value of the oxygen
content to an accuracy of 10.3x of the actual oxygen
content. 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 the carbon
monoxide was converted to carbon dioxide. The amount
of carbon dioxide was then measured. The machine
subsequently gave the oxygen content in weight S(JX
w/w), 1.e., as g of oxygen per 100 g of rubber
vulcanizate.

Figure 8.14 shows the variation with time of
ageing at 23*C of the oxygen content of the surface
and the bulk rubber. The results also i1nclude the
oxygen content of the 96-year-old rubber. It can be
seen that the bulk rubber did not increase iIn oxygen
content up to ten years of ageing. The oxygen
content i1n the bulk increased by about 4 % after 96
years of ageing in air. However, the 1increase 1in the
oxygen content was more pronounced in the surface.
The total oxygen content 1increased by about 12 %
after 96 years 1iIn air. Figure 8.15 shows the
increase iIn the oxygen content in the bulk of rubbers

aged at different temperatures and times. Except for
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Figure 8.15 Increase in % of oxygen in the bulk of the rubber
with ageing time: 23°(A), 70°C(*), 125°C(o), 150°C(0). 175°C(+),

and 200 Cin).
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the 4 % increase for the 96-year-old rubber, the
increases iIn the oxygen content in all other cases
were less than 2 % The iIncrease In the oxygen
content 1s much higher in the surfaces of the

rubbers, as shown in Figure 8.15. Most of the
increase 1s around [I0X. It can also be seen that the
increase iIn the oxygen content 1s much quicker at

higher temperatures than say at 70 or 23*C.

8.6 Discussion

In general terms, puncture energy decreases
with ageing. At very long ageing time near ambient
temperature (as represented by the Melbourne bridge
sample) there is some indications of a slight rise 1In
puncture energy of the surface. Further evidence for
a puncture energy minimum s 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 iIn the puncture energy curve
or the time to attain the low level of puncture

energy characteristic of long term ageing. At the
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log (days)
Figure 8.16  Increase in %of oxygen in the surface of the
rubber with ageing tune: 23 C(x), 70 C(0), 125 C(+), 150 C(D),
175°C(A) and 200°C(«).
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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 t
versus reciprocal absolute temperature (Figure 8.17) 1is
approximately linear and an Arrhenius activation
energy of 70.5 kJ/mole can be evaluated from 1its
slope. This activation energy agrees well with a
value of 80 kJ/mole reported by Lindley and Teo(55)
for ageing of a modern accelerated efficient
vulcanizate system. The network structure of the
efficient vulcanizing system consists of mainly
monosulphidic crosslinks]|73), whereas the vulcanizate
studied here 1s based on metal oxide/sulphur system
and therefore would give different crosslinking
network structure. The two vulcanizate vulcanizate
structures have different long-term maturing
characteristics. The similarity iIn the activation
energies for the ageing of the two materials suggests
that this ageing i1s primarily the effect of oxidation
rather than maturing reactions.

The occurance of oxidation 1is clearly shown by
the change in the oxygen content of the samples. The
change i1s more pronounced iIn the surface than in the
bulk of the sample, and the pattern parallels the

puncture energy data from surface and bulk
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Figure 8.17 Arrhenius plot of the logarithm of the time t*
against reciprocal torperature.
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measurements. The observations support the proposal
made by Van Amerongen(74) and Stenberg et
al]|75,76,77) 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 akin can be detected even at
guite modest ageing temperatures.

Puncture energy therefore bears a general
relationship to oxidative ageing TfTor the specific
case of the metal oxide/sulphur vulcanizate system
studied here. The study has taken specific advantage
of the availability of 10-year-old and 96-year-old
samples which have been exposed to natural air ageing
conditions and the results for these samples have
been shown to be consistent with the shorter term,
accelerated ageing results.

The 1ncrease in the puncture energy after the
minimum §s obviously advantageous to rubber
components, but the reason for the iIncrease 1s not
obvious. Two competing processes during ageing,
namely chain scission and crosslinking, influence the
puncture energy of the rubber.

Initially the puncture energy 1s reduced due to
oxidative chain scission as observed. With prolonged
ageing, a stage will be reached where most of the
rubber at the surface has reacted with oxygen and
forma an oxidised skin thus preventing further oxygen

penetration. In this situation it is probable that
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the crosslinking becomes dominant, since the rubber
used 1n this 1nvestigation has no accelerator
ingredient to increase the rate of crosslinking and
to iIncrease the efficiency of utilization of sulphur
in forming the crosslinks. Thus the 1initial degree
of crosslinking formed after vulcanization i1s low(78)
even though 11 part of sulphur per 100 part of rubber
was used. Smith et al(79) showed that a slow
crosslinking reaction takes place at long reaction
times which gradually 1increase the number of
crosslinks. However, the i1ncrease 1In the number of
crosslinks will not be that high because of the
inefficiency of the rubber vulcanizing system. It
has been shown(80) that the strength of rubber passes
through a maximum as the degree of crosslinking 1is
Increased. Therefore, the apparent 1increase 1iIn the
puncture energy with increasing ageing time might
have been caused by a small increase i1n the number of
crosslinks. A large 1increase in the number of
crosslinks would have reduced the puncture energy.

However the 1iIncrease iIn the puncture energy
after the initial drop was not observed when the
rubbers were aged at 100°C or higher. This may be
explained by the fact that at high temperatures the
crosslinks are thermally unstable!81). At
temperatures around 200*C, the main polyisoprene
chains themselves become susceptible to

decomposition(82). At the surface, where oxygen 1is
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available, the situation 1Is worse as the unstable
crosslinks and the main chains can readily undergo

oxidative ageing.
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CHAPTER NINE

STUDY OF USED RUBBER COMPONENTS

9.1 Introduction

The puncture test has been shown to be very
useful 1n 1nvestigating changes 1iIn the strength of
thick rubber blocks subjected to high temperatures.
It 1s here applied to the study of two used rubber
components. The puncture test 1i1s particularly useful
In these cases, because it can provide localised
information on strength, and thus enable strength
contours to be drawn up for a bulky piece of rubber.

The condition of a natural rubber bearing which
has been i1n service for twenty years 1is first
discussed. In contrast to the much older Melbourne
rubber pad, this bearing presumably compounded to
modern standards.

The second part of this chapter will discuss
the condition of a tyre which has been i1mmersed 1iIn

sea water for forty years.
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9.2 Twentv-vear-old rubber bearing

9.2.1 Introduction

Natural rubber bridge bearings have now been 1iIn
service in the United Kingdom for over 25 years. It
Is therefore i1mportant to be able to assess their
present condition and to predict their remaining
life. The bearings are installed between the bridge
deck and the piers to allow thermal contraction and
expansion of the deck to take place without damaging
the piers. Such bearings normally consist of
vulcanized rubber internally reinforced with steel
plates. They can be designed to function over a wide

range of of shear and compressive stresses.

9.2.2 Experimental method

A bearing was removed after about 20 years 1In
service from a bridge carrying the M2 motorway in
Kent. The location of the bearing was fairly typical
and not subject to extreme mechanical or chemical
conditions. The bearing was made when the bridge
bearing specifications BS 1154:1952 was in force.

The average dimensions of the bearing as
measured after removal from the bridge were about
40.8 X 28 X 18 cm; they are probably 1ts original
dimensions. Figure 9.1 shows the bearing supporting

the bridge deck prior to removal.
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The upper surface of the bearing was rough and
appears to have "set”™ slightly leaving an imprint of
the surface of the concrete beam which the bearing
supported. The bottom surface was relatively smooth
because 1t was In contact with a smooth mortar
bedding. All of the outer surfaces exposed to the
atmosphere were smooth and showed no evidence of
ozone cracking even when examined with a 10X
magnifying glass.

The bearing was cut into two sections as shown
in Figure 9.2. Detailed puncture tests were carried
out on the smaller section over two different surface
areas, each of which had dimensions of about 12cm Xx
2cm. One region was Tfrom che 1inner rubber layer and
the other from outer rubber cover which is exposed to
the atmosphere. The regions were marked with a grid
and puncture tests performed at 2mm intervals over
the whole area.

Conventional test-pieces were cut from several
locations in the smaller section in order to
investigate any variation in physical properties as a
result of ageing. Any such changes would be expected
to be greater near the surface exposed to the
atmosphere. The test-pieces were ground on both
sides to a smooth finish. Those cut from the outer
cover which i1ncorporated a moulded surface exposed to
the atmosphere had only their cut surfaces ground

smooth. There were thus i1nevitable physical
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differences between the method of preparing
test-pieces from the outer exposed cover and from
other locations. This difference 1is most likely to
affect tensile strength(TS) and elongation at
break(EB). Any Tfine scratches i1n the outer exposed
surface would cause reduced values for TS and EB, so
that the low values here cannot necessarily be
attributed to oxidation of the rubber.

The tearing energy was obtained by the trouser
tear test and carried out by the method described 1in
Chapter Four. All other conventional tests reported
in this Chapter were carried out by the staff of the
Physical Testing Group of the Tun Abdul Razak
Laboratory.

Oxygen content analysis was also carried out at
different locations. The procedure for this analysis

Is described i1n Section 8.5 of Chapter Eight.

9.2.3 Contour strength

Figure 9.3 shows a puncture energy contour of
the surface of the i1nner rubber layer. The puncture
energy values indicate the relative strengths of the
rubber at different positions. The contour shows
that areas near and remote from the edge do not
differ significantly in strength, suggesting that no
serious degradation in the rubber had taken place

even near to the outer exposed surface. The average
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tearing energy of the i1nner layer as determined by
trouser tear test was low, being approximately
15kJ/m~ . This 1s probably because the trouser
test-pieces had been weakened by the flaws 1induced
during their preparation.

Figure 9.4 shows a puncture energy contour of
the surface of the exposed outer rubber cover. The
overall puncture energy was lower than the inner
rubber layer. This was not unexpected, because the
rubber surface was exposed to the atmosphere and some
degree of degradation must have taken place. The low
puncture energy values 1i1n some small regions may
indicate that these regions might have been 1in
contact with oils or corrosive agents during the
twenty years 1iIn service. This highlights the merit
of using puncture test which can provide highly
localised strength information. The results from
trouser tear tests were also low, being approximately
OkJ/m” .

The oxygen analysis showed that the exposed
rubber surface had one to two percent higher oxygen
content than the bulk rubber. This higher level may
be attributed to atmospheric oxidation, and 1is

consistent with moderate degradation.

9.2.4 Physical properties based on conventional tests

The physical properties of the 1inner rubber
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layers, and the exposed and unexposed rubber covers,
are summarised in Table 9.1. These properties are
compared with the bridge bearing specifications of BS
1154:1952 and the new, more stringent BS 5400:1983.
Each value 1i1s the average of similar test-pieces from
the same type of location.

There i1s a trend to slightly poorer tensile
properties towards the outer cover. The lower TS and
EB may not be significant because these test-pieces
contain one exposed surface which was likely to
contain scratches. The presence of the latter means
that this result does not necessarily imply
degradation in the rubber. There 1s no significant
change i1n the tensile properties after seven days
ageing at 70°C.

Rubber from the outer cover showed marginally
poorer ozone resistance, with some small edge cracks
after 2-3 days at a test concentration of 25 parts
per hundred million (pphm), while rubber from the
inner layers showed no cracks at all after four days
at a concentration of 50pphm. However, there were no
ozone cracks whatsoever on the outer surface of the
bearing exposed to the atmosphere for twenty years.
This perhaps suggest that the accelerated ageing test
iIs unrealistically severe.

The physical property requirements in force
when the original bearings were manufactured were

those listed 1In BS 1154:1952 714 or Z15. The
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Table 9.1 Comparison of teat data with BS 1154! 1952
and BS 5400 ! 1983

Layers*
Test BS 1154 BS 5400 A B C
(Z14) (Z15)
Hardness, |IRHD 62-70 72-80 65-75 71 70 69
Tensile
Strength, MPa 13.8(min) 10.4(min) 15.5(min) 17.2 15.1 11.6
Elongation at
Break, % 350(min) 250(min) 300(min) 440 400 340
Compression Set
1 day at 70°C,X 30(max) 35(max) 30(max) 16.5 - 20
Chanae after 7 dava at 70-C:
Hardness, |IRHD -0, +4 -0. +4 10(max ) +2 - +3
Tensile
Strength, % -10,+10 -10.+10 15(max) -8% *206  +4X
Elongation, % -15,+0 -15.+10 20(max) -8% +8X  +2Jf
Compression Set after:
14 days at -10°C % 70(max) +12X - +16X
7 days at -25°C % - 70(max) +13X - +15*
Ozone resistance
4 days at 25pphm - - no no some some
cracks cracks small small

cracks cracks

A - Inner structural layers
B " Outer cover layers not exposed to atmosphere
C - Outer cover layers exposed to atmosphere

(Min) - minimum
(Max) - maximum
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measured hardness values place the rubber between the
requirements i1n Z14 and Z15. It can be seen that the
inner rubber layers of the bearing still meet all of
the requirements by a substantial margin. Rubber cut
from the outer cover still meets all the requirements
for harder rubbers, Z15, but just fails the tensile
requirements for Z14. However this may be due to the
method of test-piece preparation as explained above.
It can also be seen that rubber from the inner layers
also meets the new, more stringent BS 5400
specifications. Rubber from the outer cover would
meet all of the new requirements except for TS, EB

and ozone resistance.

9.2.5 Summary and conclusions

The bridge bearing appears to have been
formulated to BS 1154 (1952), and was found still to
meet the requirements of that specification. In
general, any deterioration in the condition of the
rubber, even at the outer exposed surfaces, was found
to be small. The localised strength contour obtained
by the puncture test showed no evidence of any

serious degradation.
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9 .3 Condition of a tvre after 42 years i1mmersion
in 3ea-water

9.3.1 Introduction

There have been several laboratory studies of
the absorption of water by rubbers!83,84,85 ), but
relatively few reports of the effect of long-term
exposure at offshore sites. Sea-water trials of up
to fourteen years have been reported!86,87) on
plastics and rubbers used for cable covers. Exposure
was in shallow water sites chosen for an abundance of
marine growth I!Florida and Carolina, USA). Some
materials, especially silicone rubber, were reported
to be damaged by marine borers le.g., pholads)
burrowing into the surface. However, nitrile rubber,
styrene butadiene rubber and polychloroprene suffered
only slight damage after seven years, while no damage
at all was reported for natural rubber after that
time.

The present study investigated the condition of
a natural rubber tyre recovered from the deck of a
sunken vessel resting in 24-30m of water off the NW

coast of Scotland.
9.3.2 Experimental method

Figure 9.5 shows a general view of the tyre

during recovery. The tyre was taken to the Tun Abdul
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Razak laboratory and dried at room temperature. It
was Tound(88) that a tyre sample reached an
equilibrium “final®™ dry weight after about 135 days.
Then the tyre was cut i1nto sections from which 2mm
layers were prepared and ground smooth. Standard
test-pieces were prepared from these layers. In
addition, punture tests were carried out on one of
the sections using 0.5-mm diameter i1ndentor with

5pm corner radius.

Chemical analyses were performed by the
Analytical Department of the Tun Abdul Razak
Laboratory in order to determine the main ingredients
of the tyre and permit preparation of new rubber
samples using the likely formulation of the tyre.
The methods!71) used were thermogravimetric analysis
and thin layer chromatography. These showed the
approximate composition to be as given in Table 9.2.
Oxygen analyses were also carried out at different

locations using the method described i1n Section 8.5.

9.3.3 Contour strength

Figure 9.5 shows the puncture energy contour of
the surface of a section of the tyre. The results
show the puncture energy over the tread region to be
higher than in the region near the carcass. The
difference 1s just large enough to be significant,

and may i1ndicate some ageing towards the outer
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Figure 9.6  Contour rrap of puncture energy across a section through
the tyre.
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surface. Alternatively, the difference could have
been caused by different processing methods having
been used for the tread and for the carcass of the
tyre. Modern tyres use different rubber compounds
for these regions, so comparisons cannot easily be
made with a new tyre.

Measurements on the surface of the tread gave
an average puncture energy of about 42kJ/m , higher
than the values shown iIn the contour map. This may
indicate the formation of a hard akin on the surface,
similar to that which had formed on the surface of
the 96-year-old rubber bearing discussed in Chapter
Eight. However, oxygen analyses at the surface and
below the tread surface indicate no significant
differences in oxygen content throughout the tyre, an
observation which suggests that no major oxidation
has taken place on the surface. The cause of the
apparent high puncture energy on the tread surface
could have been due to deposits of other materials

adhering to the tread surface. This possibility was

investigated using a scanning electron microscope.
9.3.4 Scanning electron microscopy

A section through the tyre tread was examined
by scanning electron microscopy. The tread surface

appeared to be highly particulate i1In character (see

Figure 9.7a). Examination of the section revealed a
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layer of aggregated particulate material with a
maximum thickness of 50 pm, (Figure 9.7(b).

Electron probe analysis of both the tread surface and
the bulk rubber beneath the surface showed normal
levels of sulphur in each case, but an increased
amount of aluminium iIn the tread surface. In
addition, the tread sample showed a strong presence
of 1ron which was not detected in the bulk rubber. A
scan for i1ron 1iIs shown superimposed on Figure 9.7b.
The full element scan for samples from each region
are shown iIn Figure 9.8. There may also have been a
slightly reduced level of zinc iIn the tread surface
sample. Figure 9.7c shows a section through the
sample with a superimposed plot of sulphur content as
measured by the intensity of the appropriate

X-ray peak. There 1s clearly no significant
difference between the surface layer and bulk rubber.
The corresponding photograph with superimposed 1iron
content (Figure 9.7b) clearly shows a strong presence
of iron only 1in the surface layer.

The likely explanation for the surface layer 1is
that a sediment of i1ron oxide was formed over the
years from corrosion products of the vessel
structure. This formed a fine layer which i1nteracted
slightly with the rubber surface to form a very thin
skin of ca. 0.05mm thickness. It 1s difficult to
say from this evidence whether this fine surface

layer was purely the result of accretions of
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Figure 9.7 I) Scannlnig electron micrograph showing a profile
of“section thrfough the tead segment with“outer layer of particulate

material of maxuramt ickness 50 ;n.  The superjirposed liAe scan for
Fe shows the outer layer to be different conposition from the

underlying rubber.

Figure 9.7 (c) Similar micrograph to (b) with line scan for

Sulphur.
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Figure 9.8  Element scans for tread surface (including surface
‘crust') and bulk rubber (no 'crust') under tread, obtained
using a Hitachi S 500 Scanning Electron Microscope with a Link
energy dispersive spectrometer.
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extraneous matter, or whether some chemical

degradation of the rubber surface had occurred.

9.3.5 Physical properties of rubber samples

The physical properties of the tyre and the
results obtained from rubber made to a formulation
similar to that which was believed to have been used
for the tyre(Table 9.2), are summarized in Table 9.3.
The formulation of the rubber 1inevitably 1involved
some speculation, and was undoubtedly not exactly the
same. However, 1t does provide a general 1indication
of the sort of physical properties that are expected
when the rubber was new.

The results showed the rubber to be in good
condition. There was little difference in physical
condition between the rubber taken from the tyre
after 1mmersion for forty-two years in sea water and

new rubber made to a similar formulation.
9.3.6 Conclusions

The puncture energy contour and the standard
test results show that after 42 years immersion 1in

sea water the condition of the tyre was as good as

rubber moulded to a similar formulation.
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Table 9.3 Physical propertiee of the

years sea-water

Test

Tensile Strength
Tensile modulus at
300Si1 stress

Elongation at break
Trouser tearing energy
Hardness

immersion

Tyre

29.0 MPa
13.5 Mpa

512%

40.0 kJ/m2

71 IRHD
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tvre after 42

New rubber she<
of similar
formulat ion

30.0 Mpa
11.0 Mpa

600X
36.0 kJ/i
51 IRHD



CHAPTER TEN

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Work ha3 been carried out to identify the
important features in the puncture process fTor rubber
In order to assist the fracture mechanics analysis of
the puncture test. The most helpful observation was
the formation of a ring crack as the i1nitial stage of
the puncture process. The ring crack was treated as
a starter crack which eventually, at a certain force,
grew catastrophically. An equation has been derived
for the puncture energy. The values of puncture
energy so obtained were found to agree well both with
the catastrophic tearing energy obtained from the
trouser tear tests and with the value derived from
the direct determinationbased on the force/deflection
curve and the total area of the crack. The agreement
was found to hold only for the i1indentor with a sharp
corner radius. Further analysis 1is required to
modify the equation in order to take account of the
corner radius.

In deriving the puncture energy equation, the
energy stored in the rubber both surrounding the
indentor and beneath 1t was considered. The energy
beneath the indentor was determined using a model
experiment based on the biaxial stretching of rubber

sheets by i1nflation. It was found that the energy
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stored in this region was very small. An equation
was derived to predict the stress exerted on the wall
of the puncture hole. Using this equation, the
energy stored i1n the rubber surrounding the indentor
was found to be insignificant. Thus an adequate
expression for the puncture energy is simply

FLL - XC)AHTrO, where F i1s the force at which
puncture takes place.

The advantage of the puncture test as a method
of assessing the strength properties of rubber
components has been shown. The test was used to
study the strength of thick rubber blocks which had
been exposed to long-term ageing and to high
temperatures. A 96-year-old rubber pad from a
Melbourne bridge was found to be i1n good condition snd
still functioning. Such longevity 1is believed to be
due to the formation of a hard surface skin, which 1is
Iimpervious to oxgygen penetration and thus protects
the rubber underneath. The data obtained at high
temperature were extrapolated to a 23*C by means of
an Arrhenius plot; the results obtained agreed well
with the data from the 96-year-old rubber. The
prediction of long-term ageing at ambient temperature
from short-term, high temperature experiments may not
be applicable to other vulcanisates.

It has also been shown that the puncture energy
contour did not 1indicate any serious degradation 1in
the rubber of a bearing after twenty years 1in
service.
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