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Effect of materials variables on the tear behaviour
of a non-crystallising elastomer
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Crack growth rates (r) were measured in pure shear test specimens as a function of strain
energy release rate (G) for a non-crystallising SBR elastomer. Measurements were made as
a function of: extent of swelling with Dibutyl Adipate; carbon black content; and crosslink
density. In some cases experiments were carried out over a range of temperatures. In most
cases the resulting G versus r plots showed a clear transition from rough to smooth crack
surface behaviour with increasing crack growth rate, with an intervening slip/stick region.
In the high speed/steady tear/smooth region the value of G necessary to drive a crack at a
given rate was determined largely by the magnitude of the visco-elastic losses in the crack
tip region, increasing with: decreasing temperature; increasing molar mass between
crosslinks; decreasing extent of swelling; and increasing carbon black content. However G
was independent of specimen thickness in this region suggesting that crack tip effects were
minimal. In the low speed/rough region changes in the magnitude of G with materials and
temperature/rate variables could not be explained by changes in visco-elastic loss alone.
Furthermore the magnitude of G increased significantly with increasing specimen
thickness. This suggested that in this region cavitation ahead of the growing crack tip
resulting from dilatational stresses determined the crack tip diameter, and hence the
magnitude of G. © 2000 Kluwer Academic Publishers

1. Introduction characteristic of a given crack growth rate for a given

Crack growth in elastomers has been successfully deslastomer and much work has been carried out in study-
scribed utilising a fracture mechanics approach basethg the effect of materials and test variables@n\W

on the elastic strain energy released as a crack growandd. For non-crystallising elastomers the magnitude

The extensive literature on the subject has recently beeof G depends strongly on crack growth rate and tem-

reviewed [1, 2]. The strain energy release rate or tearingerature in a manner which follows the visco-elastic

energy is defined as behaviour [3, 5-7, 9] as predicted by the WLF rela-
tion [10] with G increasing with increasing rate and

179U 1 decreasing temperature. At the lowest rates and highest
~ t\ac | (1) temperatures the magnitude®fapproaches a thresh-

old valueGy as the visco-elastic work done asymptotes
wherec is the length of a crack in a body of thickness to zero and the major work to be done is that to break
t andU is the total elastic strain energy storegal.is  chemical bonds. This situation occurs in highly swollen
hence equivalent to the elastic energy released per urir very tightly cross linked elastomers particularly at
area of one of the fracture surfaces of the cr&glhas elevated temperatures when the visco-elastic work is
been found to uniquely describe the tear rate or crackt a minimum [11-15]. Under these circumstances the
growth rate for a given elastomer for a range of tesicrack tip diameterd) is also likely to be a minimum,
geometries as described in Fig. 1. The magnitude ofor a very sharp crack, having a value approximating
G is determined by the visco-elastic work done at theto the distance between crosslinks [11-17]. For most
crack tip as a crack propagates [3—7]. This work haglastomers observed increases in the magnitude of

been shown [8] to be given by aboveG are associated with both visco-elastic effects
in W; and with an increase in the crack tip diame-
G = Wd (2) ter and associated fracture surface roughness. There

is very good evidence, from elegant cutting experi-
whereW, is the strain energy density at break in thements [18, 19], that crack tip blunting takes place in
crack tip ‘region’ andd is equal to the crack tip di- conventional crack growth experiments at all values of
ameter. It is hence the product @f; andd which is G greater tharGg. Furthermore this tear tip diameter
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in a manner controlled by the visco-elastic behaviour
of the elastomer, being scaled by the WLF relationship
[5, 9, 22]. At low rates of tear (region A) the tearing
is fairly steady but the crack surface is now clearly
rough. In region B tearing takes place in a stick/slip
manner with a resultant rough/smooth surface. This
abrupt change in tear behaviour from region C to A is
clearly associated with surface roughening due to crack
tip blunting. It has been shown that under hydrostatic
tension elastomers can cavitate at a stress of the order
of the tensile modulus [23—-29]. Such stresses can exist

=
A
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\/( ahead of a growing crack tip and it has been suggested
F (b) [22, 30—32] that the surface roughness observed in re-

(a) gion A results from the intersection of the propagating

F crack with growing cavities. At high tearing rates in re-

gion C itis suggested that the elastic modulus ahead of
the crack tip is increased substantially suppressing cav-
ity growth. Evidence to support this hypothesis has been
% provided by crack growth rate experiments carried out
in samples subject to hydrostatic pressures [30-32]. In
these the transition from rough to smooth crack growth
behaviour occurs more easily as the pressure increases
and cavitation is ‘suppressed’.
The present work was undertaken in an attempt to
1 further our understanding of the transition in tearing be-
F haviour illustrated in Fig. 2, particularly in light of con-
(c) (d) cepts of cavitation behaviour. It was proposed to carry
Figure 1 Various crack growth test pieces for which the strain en- out tearing ex-pem-nents .On a no-n_cryStaHI-Slng elas-
ergy density release rate can be measured. (a) tensde=2kWc t,omer’ SBR, Wlth widely dlffgrent'ws.co-.elastlc p'roper-
(b) pure shear & = Why (c) angled -G = 2(F /) sina/2 (d) trouser—  ti€S, to be achieved by swelling with liquids, varying the
G=2F/t. temperature and crosslink density and filling with car-
bon black. The tests with swollen materials were an ex-
tension of work by the authors on the effect of swelling
appears to be function of crack growth rate and temperen visco-elastic loss in strained elastomers [33, 34].
ature in much the same way as the intrinsic visco-elasti¢ience, the main purpose of the current experiments was
properties of the elastomer. The reasons for this roughto study the effect of the magnitude of visco-elastic loss
ening effect are not at all clear. In some cases wheren the rough to smooth transition and hence crack tip
strength anisotropy may be introduced at the crack tigpehaviour. Finally, crack growth rate experiments were
due to pre-strain or orientation of particle filler networksto be carried out on specimens of varying thickness
the roughening may be due to subsequent crack devivhich would have continuously reducing dilatational
ation [9, 21]. In non-crystallising elastomers changesstresses ahead of a crack tip as the specimen thickness
in the tear behaviour are often associated with distinctlecreased and hence, a reduced propensity to cavitate.
changes in surface roughness as illustrated in Fig. 2. At
high rates of tear (region C) surfaces are very smooth,

like a glassy fracture, and cracks grow at a constant rate
2. Experimental

All tests were carried out using a styrene-butadiene
copolymer (23.5% Styrene, SBR 1502, JSR). Sheets
were hot pressed and cross linked to various degrees

B using either dicumyl peroxide or a sulphur vulcan-
A stick-slip tearing ising system at 16@ for 30 minutes as indicated
relatively steady -smooth / rough in Table I. In most cases sheet thicknesses of 1mm
tearing surface

were prepared but sheets of various thicknesses from
steady tearing 2.0 mm to_O.l mm were manufactured to study the
—smooth surface effect of thickness on crack growth behaviour. Some
sheets were manufactured containing 10 or 50 parts by
mass of carbon black (N330- HAF) to 100 parts by
mass of the elastomer, SBR. Following cross linking
some compounds were swollen to contain various vol-
ume fractions of elastomer with Dibutyl Adipate. All
formulations and some physical properties of the com-
Figure 2 Schematic Figure illustrating the strain energy release @ye ( POUNdS are given in Table I. The average molar mass
tear rate () relationship for a non-crystallising elastomer. between crosslinkd\M¢) was determined using tensile

-rough surface c

LogG

Logr
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TABLE | Compound formulations Styrene Butadiene Rubber

SBR-A SBR-B SBR-C SBR-D SBR-E SBR-F SBR-G SBR-H SBR-I SBR-J
Styrene Butadiene Rubber SBR #1502 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Carbon Black (HAF) N330 10.0 50.0
Stearic Acid 2.0 2.0 2.0 2.0 2.0 2.0
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0
Antioxidant/antiozonant  6PPD 3.0 3.0 3.0 3.0 3.0 3.0
Sulphur 0.5 1.0 15 10.0 15 15
Dicumyl Peroxide 0.1 0.3 0.5 5.0
Accelerator DPG 1.3 1.3 1.3 1.3 1.3 1.3
Accelerator MBTS 1.0 1.0 1.0 1.0 1.0 1.0
Sp. Gr. gl/cri 0.987 0989 0991 1.030 1.065 1.181 0940 0.940 0.940 0.940
Curing Condition 160C x 30 min
Mc pysc g/mol 66428 22266 9889 1084 77890 13592 5917 862

stress-strain measurements and the relationship besing a servo hydraulic machine. Crack lengths at a
tween the Mooney-Rivlin constaf; and M. given time and hence crack growth rates were deter-
The majority of crack growth rate measurementsmined using a scale printed on the specimens and a
were carried out using a ‘pure shear’ test piece (Fig. 1byideo camera/recorder.
with a small number being carried out with a trouser The dynamic mechanical properties, particuldl{
test piece (Fig. 1d). Both test pieces were usually 1 mnwere measured using a simple oscillating beam ap-
in thickness. paratus described previously [33, 36]. The apparatus
Pure shear test pieces were 20 mm in height ang@rovides accurate measurementssdffor low visco-
200 mm long. Crack growth rate measurements werelastic loss materials, particularly swollen elastomers.
only conducted on cracks of sufficient length to be All fracture surfaces were examined with the naked
growing in the pure shear region of the test piece as deeye and with an optical microscope. Optical micro-
termined by finite elements analysis (FEA). The straingraphs were taken of the fracture surface and normal to
energy release rate or tearing energy was calculated fanain face of the pure shear test specimen, containing
each crack growth rate (each specimen extension) usirthe line of the crack.
the relationship

G =Wh (3) 3. Results and discussion
The effect of materials variables on the tearing be-

whereW is the strain energy density in the central re-haviour will be reported under four headings which
gion andhg is the unstrained heightV is given by represent the major variables studied. Unless other-
the total elastic energy stored divided by the volumewise stated the results correspond to pure shear test
of the uncracked part of the specimen. A slight adjust-data particularly from the compound SBR-C. The tear
ment to this volume needs to be made to allow for therate/strain energy release rate data will be described in
load carrying capacity around the crack tip. This wasterms of Fig. 2 utilising regions A,B,C.
carried out by calibration as reported previously [35].
The magnitude of the elastic energy stored for each
specimen extension was calculated by determining thg.1. Swelling liquid effects
stress-strain curve for the specimen and integrating th&he work reported here is a small part of a larger study
function which represented the curve to the appropriatearried out by one of the authors, K. Tsunoda, on the
specimen extension. effect of the viscosity of a swelling liquid on the tearing

The trouser test pieces were 30 mm wide and 60 mnbehaviour of elastomers. Itis included here to illustrate
in length. They were precracked to a length of 30 mmthe effect of swelling on the visco-elastic behaviour
They were extended at various rates and the resultagind the static and cyclic crack growth behaviour. For
tear force F) measured. The strain energy release ratehis purpose only the results for a relatively low molar

was calculated using the relationship mass, low viscosity liquid, Dibutyl Adipate (DBA) are
reported.
G = 2F @) Fig. 3 shows a plot of the Dynamic loss modul &8}

for various extension ratios for the SBR-C swollen with
DBA. The magnitude oE” is seen to decrease by a fac-
wheret’ is the tear path determined by the angle oftor of 10 for the swollen material, which contains only
crack growth given approximately Iby/2 wheret isthe  a 0.4 volume fraction of elastomer. This measure value,
specimen thickness. It was assumed that the extensiamhile very low is still larger than that measured by the
of the legs of the trouser test piece was negligible.  authors for natural or synthetiis-polyisoprene under
The mechanical measurements were carried out osimilar circumstances. Fig. 4 shows the strain energy
either a static simple loading frame or an Instron screwelease rate®) for these materials at three tearing rates
driven testing machine. A few cyclic crack growth rate determined using trouser test pieces. The energy nec-
experiments were carried out at a frequency of 5 Hzessary to drive a crack is seen to fall continuously with

A
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Figure 3 The dynamic loss modulusE(’) for SBR-C swollen with
Dibutyl Adipate as a function of extension ratio) (
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Figure 4 The strain energy release ra)(for SBR-C swollen with
Dibutyl Adipate as a function of volume fraction of elastom¥f)(at
various tear rates in a trouser test piece.

likely to result from an increase i; (Equation 2)
due to the increase in energy losses rather than to con-
tinuous changes in crack tip geometry. The rate de-
pendence ofs which still remains even for the most
highly swollen material in Fig. 4 suggests that at@0
visco-elastic losses still raise the measured valu® of
above the threshold valug. To investigate this tear
tests were carried out for the most highly swollen ma-
terial at temperatures of 2880°C at various rates as
illustrated in Fig. 6. It can be seen that at480°C the
measured value d& becomes essentially independent
of tear rate and hence yields a valuggof 60 Jm=2.
Thisis in line with previously determined experimental
values for a range of materials [11-15] and theoreti-
cal predictions [11-17] and hence gives confidence in
the sensitivity of the current measurements. The tear
data for the material highly swollen with DBA deter-
mined with pure shear test pieces at@0s given in
Fig. 7. At imposed values o6 below 50 J m7? no
tearing was observed during the time scale of the ex-
periment. This value o is consistent with the value
of Gg determined from the trouser test results. Finally
crack growth rates for the material swollen with DBA

increasing swelling i.e. decrease in volume fraction of
elastomer. The results for the 0.42 mm/s tests are show
plotted against the appropriate loss modulus in Fig. 5.

At this rate mostly smooth tear surfaces are produced.
As expected the necessary energy release rate INCreaSET e 6 The effect of temperature and extension rate on the strain en-
C_Ontmuous_ly as the swollen .eIaStomer become_s mor@rgy release rate), tear rate () relationship for trouser test pieces of
visco-elastic. Under these circumstances this iS moreBRr-C swollen with Dibutyl Adipate to\() = 0.38.
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Figure 5 The strain energy release rai8)(for SBR-C swollen with
Dibutyl Adipate for a trouser test piece at a rate of tear of 0.42snin
as a function of the measured dynamic loss modufif9.(
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Figure 7 The tear rater() as a function of the strain energy release
rate G) for SBR-C as in Fig. 6 for pure shear test pieces showing the
threshold for crack growtfso.
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Figure 8 The effect of swelling SBR-C with Dibutyl Adipate on the Figure 9 The tear rater() as a function of the strain energy release rate
cyclic crack growth rate @dn) strain energy release rat&) rela- (G) for a series of HAF carbon black filled or Dibutyl Adipate swollen
tionship. SBR-C compounds.

were measured in pure shear test pieces tested cycli- The unfilled /non-swollen SBR-C shows a very clear
cally at 5 Hz, the results of which are given in Fig. 8. change from smooth behaviour at high tear rates in
The amount of crack growth per cyclec(@in) isseento  region C to rough behaviour at low rates of tear in
increase dramatically for a given strain energy releaseegion A. In the intervening region B, a mixed be-
rate as the extent of swelling increases and the viscdaaviour is seen. In this region stick/slip crack propa-
elastic loss decreases. Crack growth in the most highlgation occurs with the crack growing in slow and fast
swollen material does not quite become catastrophic asursts. It is the average values of these combined crack
the magnitude of the necessary energy release rates griowth rates which are plotted on Fig. 9, averaged over a
20°C remains larger thaG,, as shown in Fig. 7. crack growth length o€otq1 = 160 mm. In each region
All the data reported in this section are consistentactual crack growth rates were measured over much
with time dependent crack growth in SBR being con-shorter crack growth increments,j@nd these results
trolled by visco-elastic loss in the crack tip region, with are shown plotted in Fig. 11 in the form of histograms
the role of the swelling liquid being to markedly reduce of crack growth frequencyQ;/Crota) against incre-
this loss process. The measuf@glvalue is consistent mental crack growth rate. In region C the distribution
with previously published data [11-15] as is the cyclicis narrow and cracks are seen to grow at a very pre-
and static crack growth behaviour in the regiorGaf  cise rate. In region A the distribution is broader but
The role of the swelling liquid will be discussed further the crack growth rate can reasonably be represented by
in the next section when the effects of other materialsa mean or average value. In region B the distribution
variables are included. is clearly bimodal and cracks either grow at a slow or
fast rate. These fast and slow rates are plotted together
with the average rate in Fig. 12. It is clear that cracks

3.2. Effect of carbon black addition and grow in this transition region at rates associated with
swelling on the behaviour either the high energy/high rate process or the low en-
at various temperatures ergy/low rate process as was originally reported [22].

The tear rater() as a function of the strain energy re- It was as a result of this phenomenon that the original
lease rate for the SBR compounds cross linked withsuggestion was made that the low rate process involved
1.5 parts of sulphur and containing various parts of eisignificant cavity growth ahead of the crack tip, which
ther carbon black or swelling liquid is shown in Fig. 9. was suppressed at high rates [22, 30—-32], hence caus-
In general the effect of addition of carbon black is toing significant changes in effective crack tip diameter.
increase the tearing energy necessary to drive a crackhe present work was intended to extend this previous
and that of the swelling liquid is to cause a reduction.study and the procedure described above was an im-
As discussed in the introduction these changes couldortant vehicle in this respect. Hence a large number
result from energy loss effects W, or from changes of measurements of this type were made, only some of
in the crack tip diametet and associated crack surface which will be illustrated here.

roughness or from a combination of both effects. Inan Measurements were made of the temperature depen-
attempt to gauge changes in crack tip behaviour opticallence of the strain energy release rate versus tear rate
micro-graphs were taken of fracture surfaces as illusrelationship for this unfilled/non swollen SBR material
trated in Fig. 10. Micro-graphs were taken from regionsas illustrated in Fig. 13a. As expected the strain energy
A, B, C or boundaries between the regions as indicatedelease rate necessary to drive a crack at a given rate de-
on Fig. 10. creases with increasing temperature as the visco-elastic
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Figure 10 Optical micrographs of the fracture surfaces of the specimens used to generate Fig. 9. The crack propagation direction is right to left.

work necessary decreases. These data are shifted usiage given in Fig. 14a. The effect of increasing the tem-
the usual form of the WLF relationship perature is clearly to reduce the strain energy release
rate necessary to drive a crack. In addition, the discon-
tinuity in crack growth rates is not observed at elevated
temperatures. An attempt was made to superpose these
data as illustrated in Fig. 14b. The superposition works
with Ts=Ty+50°C as indicated in Fig. 13b. The data at high crack growth rates where smooth surfaces are
clearly tend to superpose particularly in the smooth angbroduced. In this region it is possible that the tear tip di-
slip/stick tear regions. The fact that they superpose irameter changes little with temperature and rate and that
the steady/smooth tear region is not surprising as théhe temperature dependence of crack growth rate arises
large visco-elastic losses at these tear rates are likely fourely from the decrease in the visco-elastic work thatis
dominate the crack growth process [3—7]. The superédone, as the temperature increases. Atlow crack growth
position in the stick/slip region is more surprising as itrates, in the slip/stick or rough regions no superposition
would be expected that variation in crack tip behaviouroccurs. This suggests that in these regions the variation
would play a role. However, it has been suggested thadf the crack tip diameter is important. Itis possible that
even the variation of crack tip diameter scales withat high crack growth rates the role of carbon black is
changes in the visco-elastic behaviour [19]. to markedly increase the hysteretic losses, resulting in
The addition of carbon black to this SBR compoundsignificant increases iw; [37]. However at low crack
clearly causes an increase in strength (Fig. 9). It alsgrowth rates it may be major changes in the crack tip
introduces a discontinuity into the strain energy releas@rofile which are important [38]. What is not clear is
rate data as average crack growth rates over a region @fhy a discontinuity in crack growth rate is observed
nearly four orders of magnitude do not occur. Crackdor these materials at 20 but is not observed at ele-
either grow slow or fast with no slip/stick region within vated temperatures. If cavitation ahead of the crack tip
which to generate average values. For both filled mateis important at low crack growth rates, it may be that
rials the fracture surfaces at high rates of tear are smooth filled materials cavities are more numerous open-
(Fig. 10). At lower rates of tear the surface of the 10 phring up at inherent flaws or filler particle aggregates.
carbon black filled SBR is rough and it behaves moreAt the same time cracks need a large energy to drive
like the unfilled material. However the surface of thethem due to the larger hysteretic losses in the crack tip
50 phr carbon black filled material is always relatively region. The result would be that the crack tip would
smooth, and if cavitation occurs the cavities must onlyintersect many growing cavities causing considerable
open up to a small extent. Crack growth rate experiblunting. A small increase in strain energy release rate
ments were carried out at various temperatures usingp this region would be enough to increase the rate of
the 10 phr carbon black material, the results of whichcrack growth so that voids grew very little before being
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(b)

absorbed by the advancing crack tip. This would therfigure 13 (a) The effect ofFempgrature on the strain energy release rate
cause the dramatic increase in crack growth rate of fouf®) versus tear rata| refationship for unfilied SBR-C. (b) Attempted
. . . superposition of the data given in Fig. 13a using the WLF shift factor

orders of magnitude. It appears that increasing the tem -y < given in the text.
perature reduces the hysteretic losses enough to allow
a slip/stick situation to reappear where cavities do or
do not intersect with a crack in a semi random mannetease rate as would be expected from the reduction in
over the transition region. visco-elastic losses. However while the behaviour of

The crack growth behaviour in the swollen materi-the material swollen to &, = 0.8 follows the general
als is by no means simple. Clearly swelling reducesattern of slip/stick behaviour (Fig. 9) and of a rough

the observed crack growth rates for a given energy reto smooth transition with increasing rate (Fig. 10), the
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highly swollen material appears to show mostly rough Logr /mm.s!

surfaces but maybe with some rough/smooth transitiomigure 16 The effect of the average molar mass between cross-links on
(Fig. 10) but with no slip/stick region (Fig. 9). It is pos- the strain energy release ra@)(ersus tear rate  relationship for SBR
sible that in very low loss materials with cracks growing cross-linked with dicumyl peroxide.

at relatively low strain energy release rates that cavita-

tion ahead of the crack tip occurs to some extent most
of the time. ing observed in the material of lowest molar mass be-

It is clearly qualitatively possible to explain some tween crosslinks. At high rates of tear all the materials
of the effects observed in terms of cavity formation exhibit very smooth surfaces with rough surfaces being
ahead of a crack tip for the filled and unfilled SBR observed atlow rates, with a mixed transition region. In
materials. It is also likely that hysteretic losses are thedddition in the rough region the extent of roughness in-
main contributor ta5 via W, at high crack growth rates creases with increasing molar mass between crosslinks.
and crack tip blunting is the main contributor@via  In all cases the slow, fast and average crack growths
d at low crack growth rates. However quantifying the rates were determined for each valueg®fn the tran-

relative contributions is clearly very difficult. sition region. All three values are only plotted on the
graphs where space allows. Itis clear, however, that the

transition region consists of increments of crack growth
3.3. Role of molar mass between crosslinks DY éither the fast or slow crack growth process. =
The relationship between the strain energy release rate 1€ Strain energy release rate necessary to drive a
and the crack growth rate for materials of varying crosscrack at a rate of 1 m/s in the smooth growth region
link density is shown in Fig. 15 for SBR crosslinked IS plotted as a fraction of the molar mass between
with sulphur and in Fig. 16 for SBR crosslinked with €rosslinks in Fig. 17, for both the peroxide and sul-
dicumy! peroxide. The materials exhibit a slip/stick Phur cured materials. A line of slope 1/2 is drawn on
transition region. However the extent of this region de-th€ figure corresponding to
creases with decreasing molar mass between crosslinks
for the peroxide cured materials, with the region not be- G x Mcl/2 (6)
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5 greater size before they are intersected by the crack
tip.
The reason for the decrease in the extent of the
) slip/stick transition zone with increasing crosslink den-
----- sity is not clear. The effect is greatest for the peroxide
° cured materials with no transition being observed in the
o G versug plot for the highest crosslink density mate-
a” rial. This is the least visco-elastic material and a similar
behaviour is observed for the most highly swollen ma-
O terial (Fig. 9) with both showing some rough/smooth
’ transition. It is tempting to suggest that as the materials
become less visco-elastic the crack growth rate for a
given strain energy release rate increases and the effect
of cavity growth ahead of the crack tip continuously de-
o Sulphur System creases, this process continuing until in very low loss
O Peroxide System materials any cavity growth which occurs has a mini-
2 ‘ ‘ ‘ ‘ mal effect, resulting in the elimination of the transition
2 3 4 5 6 region. This effect would occur earlier for the peroxide
Log M/ g.mol’ cured materials, as the C—C crosslinks would contribute
little to the visco-elastic losses compared to the poly-
Sulphidic crosslinks [18, 19, 39].

o
o
5

o

Log G /Im’
<

Figure 17 The variation of the strain energy release rd (ith the
average molar mass between cross-links for sulphur and peroxide cur
SBR during smooth steady tearing at 1.0 m/s.

. . . 3.4. Specimen thickness effects
A similar relationship was found by Geetal.[19] for The effect of specimen thickness on the strain energy re-

an SBR mater_|al wher@_was measur_ed via a cutling o556 rate versus crack growth rate relationship for sul-
experiment, with essentially a crack tip diameter inde-

dent of K thrate. M the strai phur cured SBR-C is shown in Fig. 18a. Only average
pendentorcrack growth rate. HOWEverine strain energy, g of crack growth rate are plotted on this figure in

release rate necessary to drive a crack_ atagiven rate hﬂ?e slip/stick region due to shortage of space. However,
been f_ound to b_e greater in systems with pon-su_Iph|d|cthe slow/fast/average values are plotted for the thinnest
cros_slmks thanin systems with short C—C crossh_nks re'specimen in Fig. 18b. Itis clear that the specimen thick-
sulting from F’?“’X'de curing[18, 9, 39]._However m_the ness has no effect on the measured crack growth rates
present case, in the smooth grOWth region, t_he strain erHuring steady/smooth tearing. However, a continuous
ergy release rate depends to a flrst.approxmatlon onl ecrease in crack growth rate is observed with decreas-
on the_ m_olar mass between crossllnks. The C!egree % g specimen thickness in the slow/rough region. De-
crosslinking has peen shown theoretically to Increas%reasingthe specimen thickness will reduce dilatational
the threshold strain energy release rate as stresses ahead of the crack tip hence reducing the extent
05 of cavity growth. This would result in crack tips being
Go o« M¢* (7)  sharper in thinner specimens, hence reducing the strain
energy release rate necessary to drive a crack at a given
At the high rates of tear observed in the smooth growttrate as observed (Fig. 18a). At high crack growth rates
region it would appear that cracks grow with a rela-if little cavity growth occurred, the crack tip diameter
tively fixed crack tip geometry at a rate determined bywould be largely independent of specimen thickness,
the visco-elastic losses, which scale with the thresholdesulting in no specimen thickness effect as observed
strain energy release ra@&y. The contribution of the (Fig. 18a). It should be noted, however, that at low strain
polysulphidic crosslink chains to this energy loss in thisenergy release rates for the thinnest specimen, slip/stick
region must be small although perhaps not negligible ifoehaviour is still observed in this sulphur cured SBR,
the relative slopes for the peroxide and sulphur cureguggesting that cavitation is still significant.
materials in Fig. 17 are compared. The most highly swollen SBR-C material exhibited
In the rough region changes in the crack tip diameteno slip/stick transition but had generally rough sur-
must make some significant contribution to the strainfaces (Figs 9 and 10), suggesting that cavitation was
energy release rate. It has been suggested that changezurring. Limited experiments were hence carried out
in the tip diameter will scale with changes in the visco-to investigate the effect of specimen thickness on this
elastic losses [19], increasing as the visco-elastic losbehaviour as illustrated in Fig. 19. The thin mate-
increases. This may be true in the present case with théal showed clear slip/stick behaviour suggesting that
resulting strain energy release rate necessary to driviae thickness effect was to reduce dilatational stresses
a crack increasing rapidly with increasing molar masshence tending to reduce the extent of cavitation.
between crosslinks (Figs 15 and 16). If the change in Crack growth rate experiments were carried out on
crack tip diameter is associated with cavitation aheadhe SBR-C material filled with 50 phr carbon black
of the crack tip it may be that in the more visco-elastic(SBR-F), for two specimen thicknesses. The results
materials (higher molar mass between crosslinks) thare shown in Fig. 20. It is clear from these data that
slower crack growth rate allows cavities to grow to ano specimen thickness effect is observed. This is not
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Figure 19 The effect of specimen thickness on the strain energy release
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Figure 18 (a) The effect of specimen thickness on the strain energy a4
release rate@) versus tear rater ) relationship for SBR-C showing Logr / mm.s

only the average values pfplotted in the stick-slip region. (b) Some of Fi 20 The eff ¢ . hick h . |
the data from Fig. 18a re-plotted to illustrate the slow/fast crack growth igure 20 The effect of specimen thickness on the strain energy release

behaviour in the stick-slip region (B) for the thinnest specimen. rate (G) versus tear rate ) relationship for SBR filled with 50 phr. HAF
carbon black (compound F).

surprising at the high crack growth rates in the smooth. Conclusions

region, as cavitiation effects will not be present. At low The relationship between the strain energy release rate
crack growth rates in this material relatively smooth(G) necessary to drive a crack and the consequent crack
surfaces were observed (Fig. 10), although the possgrowth rate or tear rate ) is found to be of the form
bility of a roughness being present on a scale belowllustrated in Fig. 2 for most of the materials studied.
that observable in the present optical micrographs can- In region C where rapid steady tearing occurs pro-
not be ruled out. For both specimen thicknesses a disducing smooth surfaces, it is likely that the increase in
continuity is observed in the measured crack growththe magnitude ofs necessary to drive a crack at higher
rates (Fig. 20) which suggests a change in crack growthates arises from an increase in magnitude of the visco-
mechanism. It may be that cavitation does occur irelastic work that has to be done in the crack tip region
this highly hysteretic material at the relatively high rather than from an increase in crack tip diameter. This
strain energy release rates but that the cavities thas evidenced by the fact that the data in this region scale
grow are numerous but small compared to the specimewith the WLF relationship for both unfilled (Fig. 13b)
thickness. and filled materials (Fig. 14b). The value®flecreases
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with the extent of swelling in a manner proportional to tleman, always pleasant, often amusing and always
the decrease in the loss modulus (Fig. 5). Finally theclear thinking. He was an excellent storyteller par-
contention is further supported by the fact that the valueicularly when recounting stories of his own experi-
of G necessary to drive a crack at a given rate increasesnces around the world. Andrew was very much a fam-
with the average molar mass between crosslinks in th#dy man—his family was vital to him. He has made an
same manner for both peroxide and sulphur cured maenormous contribution to polymer science, particularly
terials (Fig. 17). In region A rough surfaces are ob-in the area of polymer crystal structure/crystallisation
served and it has been postulated that the origin of thand associated processing/structure/property relation-
roughness may be cavitation ahead of the crack tip duships. He was creative, very productive, often with real
to dilatational stresses (21, 30-32). In this region thesparks of insight. Andrew was forceful and persuasive
extending crack would intersect with growing cavities of his ideas but always in a quiet, convincing, enthusi-
causing an increase in crack tip diameter and hence aastic manner. He could and would talk to anyone from
increase in the magnitude Gf This hypothesisis sup- student to Nobel Laureate always being willing to give
ported by the specimen thickness effects reported heref his time. Andrew was a genuine scientist, a little un-
In the unswollen materials (Fig. 18) in region A, the worldly who lived in and for his subject. He was a one
value ofG necessary to drive a crack at a given rate de-off who will be sorely missed, but his contribution to the
creases with decreasing specimen thickness in a mannsubject will continue to make a major impact for many

that would be expected from the decrease in magnitudgears to come and will remain forever.

of the dilatational stresses and hence propensity to cavi-
tate. Inregion C, however, the value®fs independent

of specimen thickness suggesting that cavitation eitheReferences
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