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Synopsis 

SBR, unfilled and filled with glass beads, MT, and HAF carbon blacks, was tested for tearing 
energy, rupture values in simple tension, tear diameter, and strain distribution at  four rates and 
seven temperatures. The energy density to failure at the tear zone Wt was obtained from the 
tearing energy T and the natural tear diameter d using a modified Rivlin and Thomas relation- 
ship Wt = s/d.  This was then compared with the nominal energy density a t  rupture in simple 
tension W. It is shown that always Wt > W (sometimes Wt/W = lo), that Wt is subject to a 
smaller statistical scatter than W, and that Wt is more amenable to the WLF type of superposi- 
tion than W. It is concluded that Wt and not W is the strength-determining property. Where 
W data permitted superposition, it followed the WLF equation. It is presumed that so would 
Wt. 7, although more superposable than W, showed a bigger shift factor than that dictated by 
WLF, the difference being the result of the temperature dependence of the diameter. The rein- 
forcing effects of the various fillers are also discussed. It is shown that the carbon black fillers 
increase both Wt and d.  Glass beads have only a small effect on d and none on Wt. 

INTRODUCTION 

The uniaxial stress-strain curve of rubber as obtained from the simple ten- 
sion test of either rings or dumbbell-shaped samples does not represent the 
entire behavior of the material up to failure. Since the material, in particu- 
lar, crystallizing or filled rubber, is capable of sustaining stable cracks (exam- 
ination by stretching of such sample after failure reveals the presence of nu- 
merous nicks that had formed during testing but had not propagated cata- 
strophically), it is clear that stress and strain ahead of these cracks are much 
higher than the values measured at  the sample’s boundaries. Contrary to 
more rigid materials, for rubber there is no guaranteed way of computing the 
stress or strain concentration at  the onset of tearing by the use of elastic for- 
mulae such as that of Inglis, for example. However, the knowledge of the en- 
tire range of behavior right up to failure is important for various purposes 
(such as for predicting failure, for investigation the effect of rate and temper- 
ature on it, or for the understanding of the reinforcing mechanisms of fillers). 
One way of looking closely at  the near-ultimate behavior of the material is by 
conducting a tearing test such as the familiar “trousers” test. In contrast to 
the conventional tension test, the tearing test provides a quantity, i.e., the 
tearing force, which is a manifestation of events occurring at the fracture 
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zone. Unfortunately, this force cannot be interpreted explicitly in terms of 
the critical stresses or strains at that zone, due to the uncertainty with regard 
to the distribution of these quantities. However, a fairly accurate estimate of 
the energy density a t  the tear zone may be made. This value may then be 
compared with the nominal energy density in a uniformly tensioned sample 
to show how limited in extent the latter test is. 

THE TEARING TEST 

Rivlin and Thomas1 derived the expression for the tearing energy r (de- 
fined as the energy expended irreversibly for a tear of unit length). They 
used a criterion for tearing similar to the Griffith criterion for an elastic brit- 
tle material. This was 

-(”> = r h  
ac i 

where E is the elastically stored energy density, c is the length of the tear, h is 
the thickness, and I is the loading machine grip separation. For a “trousers” 
type sample, they arrived at the relation 

where F is the force needed to maintain tearing and X is the extension ratio at 
the two legs. Since (aElac)F is the change in the stored energy due to the 
transference of a unit length of the sample from the nonstretched to the 
stretched state, this term may be neglected in cases of sufficiently wide sam- 
ples when, in addition, X may be approximated to 1. In such cases, therefore, 

r = 2F/h (3) 

from which the tearing energy may be very conveniently obtained by means 
of the force F. Experience shows that this force is not uniform and the force- 
tear diagram has considerable fluctuations. Since eq. (1) is a criterion for in- 
stability, the value of F to be used in eq. (3) must be the force at  instability or 
the peaks of the force-tear diagram. In practice, the mean of all the peaks is 
used. 

Thomas2 has postulated the relationship 

T Z  Wd (4) 
where W is the energy input to break in uniaxial tension and d is the effective 
tear diameter or the “bluntness” offered by the tear, which tends to deviate 
laterally. He proved the validity of eq. (4) by making incisions of varying tip 
diameter and measuring the corresponding tearing energies. He showed r /d  
to be fairly constant and approximately equal to W as obtained from uniaxial 
tension tests. Actually, his r /d  values were about 20% higher than W ,  but he 
ascribed the difference to a size effect, the tension sample being much larger 
than the tensional zone in the tearing sample. 

Green~mith,~ in a similar work, took account of the relative strain velocities 
in the two types of test. If the tearing rate is R and the uniaxial strain rate 
ahead of the tear is V, then the relation between the two values is 
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R c A V d  A = -  (5) 

where ro is the distance from the tear front of the point at  which the strain 
decays to zer.0 and X is the extension ratio at  the root of the tear. A is a di- 
mensionless coefficient; Greensmith determined its value empirically and 
found i t  equal to 0.75. The simple tension data at  the extension rate V is to 
be compared to the tearing data at  the tearing rate R .  

[ :f11 

EXPERIMENTAL 

Materials 

SBR-1500 was used throughout. The fillers and their loadings $ (in vol-%) 
were as follows: series A, glass beads (6 = 0, 10, 20,30,40); series B, MT car- 
bon black ($ = 0, 10,20,30,40); series C, HAF carbon black ($ = 0,10,20,25, 
30,35). 

The formulations and the physical details of the fillers appear in the ap- 
pendix. 

Samples 

Four types of samples were used, all approx. 2 mm thick: 
(i) Tearing Samples. These were the regular trouser samples of 12.5-cm 

length, 3.8-cm width, and having a razor-made 5.0-cm-long incision in mid- 
width. (In some cases a double sample, i.e., with two symmetrically spaced 
incisions, was used instead. This gave the sample better stability and re- 
duced the load fluctuations somewhat.) 

(ii) Tension Samples. These were rings of the nominal dimensions 1.91- 
cm I.D. and 2.22-cm O.D., cut from the molded sheets by means of a specially 
designed four-blade cutter mounted in a high-speed mill. 

(iii) Tear Diameter Samples. To determine the natural tear diameter 
for every mix at  the various rates and temperatures, special tearing samples 
with perfectly circular holes of desired diameters were vulcanized in specially 
designed molds (Fig. 1). The hole diameters varied from 0.1 to 1.0 mm in 
0.1-mm intervals and from 1.0 to 9.0 mm in 1.0-mm intervals. They were 
formed by inserting pins of desired diameters through the unvulcanized ma- 
terial during vulcanization, typically about 5 min after heating started. The 
samples were smaller than the regular tearing samples: 2.9 cm long and 1.75 
cm wide, and had a 2.0-cm-long incision ending at  the hole so that the tear 
had to begin from the hole when the legs were pulled apart. When attached 
to the Instron, these samples were gripped close to the holes so that the onset 
of tearing would be distinctly marked on the chart by a point of maximum 
load or by a sudden change of slope (with long-legged samples the event of 
tear initiation would be obscured). Further details are given in Ref. 4. 

(iv) Strain Distribution Samples. To determine the constant A in eq. 
(5); samples such as described by Greensmith3 were employed (see also ref. 
4). 
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Fig. 1. Mold for tear-diameter samples 

Test Description 

(i) Tearing Tests. These were run on the Instron in the regular fashion 
a t  the following four tearing rates R (the grip separation rate was twice the 
tearing rate): 0.01, 0.1, 1.0, 10 in./min (0.0254, 0.254, 2.54 25.4 cm/min) and 
a t  the following seven temperatures: 2330, 253O, 273O, 293O, 313O, 333O, 
353OK, making in all 28 test conditions. The value of F for eq. (3) was ob- 
tained by taking the arithmetic mean of all the peaks in the chart. 

(ii) Tension Tests. These were also run on the Instron which was fitted 
with special metal hooks 1.0 cm in diameter. The cross-head rates were: 0.2, 
2.0, 20, 200 in./min (0.508, 5.08, 50.8, 508 cm/min), which corresponded with 
strain rates V of 0.17, 1.7, 17, 170 min-l, respectively. (For the highest 
speed, a special adjustment was made in the Instron.) These rates were 
adopted to enable correlation with the tearing rates R in accordance with eq. 
(5) and assuming d to vary between 0.05 and 0.5 cm. Tests were run at the 
forementioned 7 temperatures. Areas under the stress-strain curves ob- 
tained from these tests were used to compute W. 

(iii) Tear Diameter Tests. These tests were run at  only one out of the 28 
test conditions: temperature of 293’K and rate of 1 in.lmin (2.54 cm/min) in 
series A and C; 0.1 in./min (0.254 cm/min) in series B. The test determined 
the force for initiating a tear from a given hole. Plots were then made of this 
force versus the hole diameter. Regular tear tests, i.e., tears initiating from 
razor blade incisions rather than from holes, on samples of identical dimen- 
sions, were then run to determine the mean tearing force F, (the subscript in- 
dicates “small” samples, where Fs # F ) .  When F, was introduced into the 
forementioned plots, the natural tear diameter for the given material a t  the 
given test conditions could be read off. It was then assumed that this natural 
tear diameter was independent of the sample dimensions and was thus also 
applicable to the tear developing in the large size samples. 
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This test was in principle identical to that made by Thomas2; but, whereas 
Thomas made the holes by cutting into the vulcanized rubber, a method 
which must have nicked the cut surfaces causing stress concentrations far in 
excess of the intended ones, in the present work the circular surfaces were al- 
most perfect. (Prior to making the holes in the molds, as just described, an 
attempt was made to drill holes in the vulcanized (and cooled down) material. 
However, the scatter of tearing forces obtained from such holes was about 10 
times higher than that from molded holes. In fact, in some cases there was 
almost no correlation between the drilled hole size and the tearing force, indi- 
cating the nucleation of tears to be from random nicks within the nominal 
hole. Microscopic examination indeed revealed these nicks and also their ab- 
sence in the molded holes. The authors concede the possibility of some an- 
isotropy in the hole surface introduced during the vulcanization process.) 

(iv) Strain Distribution Tests. Only two such tests (for mixes B-0 and 
B-30) were conducted by stretching the samples on a rack with one fixed and 
one traveling clamp. The extensions of marked lines, equally spaced away 
from the circular hole, were measured by means of a traveling microscope for 
the various extensions of the sample, and from this ro of eq. (5) was deter- 
mined. 

TEST RESULTS 

Tearing Tests 

The tearing behavior of the material, as manifested by the force-tear charts 
as well as by the tear surface, was of the three familiar types: steady, stick- 
slip, and knotty with the deviations, and hence d values, increasing in that 
order. In addition, a “smooth” tear, which is a knotty tear of a very large di- 
ameter, was observed. In such a case, only part of a single knot had a chance 
to form before the tear reached the edge of the sample. The types of tear are 
shown in Figure 2, and a detailed description is presented in Reference 4. 
The fluctuations observed in the tearing force, even in the steady type of tear, 
could be associated with varying effective tear diameter. Careful observation 
always revealed correspondence between high peaks in the force diagram and 
relatively large chunks of rubber pulled out of one leg of the sample and leav- 
ing a pit in the other. 

The tearing energies derived from the tearing force were related to half the 
cross-head rate, although it was realized that the actual rate of tearing fluct- 
uated within the cycle, reaching a minimum toward-a peak and a maximum 
immediately following a peak. 

Graphs were made (not shown) of 7 versus @ for all rates and temperatures. 
These show for series A (glass) only a small increase of 7 with @ but at  a grad- 
ually increasing rate; for series B (MT) a small increase up to about @ = 20% 
and a very sharp increase beyond it with a maximum somewhere between 
35% to 40%; for series C (HAF), a similar behavior, but with a maximum at 
about 23% and a sharp drop beyond it. In all cases, stick-slip or knotty tears 
were observed whenever high 7 values were reached, knotty tears being re- 
sponsible for the highest values. 

The same results were also presented in the form of three-dimensional 
plots with log 7 plotted versus T and log R with the aim of bringing out the 



126 GLUCKLICH AND LANDEL 

GRAPH TEAR PATTERN 

t- DIRECTION OF GRAPH DIRECTION OF TEAR - 
mi TIME 

STEADY TEAR 

STICK-SLIP TEAR 

- 
KNOTTY TEAR 

r- TEAR REACHES EDGE 

Fig. 2. Schematical representation of four types of tear. 

contributions of temperature and rate. Such plots were made for each of the 
16 material combinations, but Figures 3 through 5 show only the zero and op- 
timum filler loadings of each material. The type of tear is also indicated on 
the 7 surfaces. 

Tension Tests 

Values of W as obtained from the areas under the stress-strain curves were 
similarly plotted versus 4 (as function of V) and, in three-dimensional plots, 
versus T and R. To save space, these are not shown here, but it should be 
mentioned that, as compared with their 7 counterparts, the W plots show a 
much higher scatter. 

Tear Diameter Tests 

The F,-versus-d curves were made for all mixes and the natural tear diam- 
eter determined for the specified combination of temperature and rate. Fig- 
ure 6 is an example of such a curve. In view of eqs. (3) and (4), these curves 
might perhaps be expected to be linear, with slopes being measures of the en- 
ergy density. However, the following two reasons could account for this not 
being so: (a) T is proportional to F but not to F, because of the geometrical 



Fig. 

6- 

TEARING TEST 127 

?- STEADY TEAR 

STICK-SLIP TEAR 

KNOTTY TEAR 

f STEADY TEAR 

STICK-SLIP TEAR 

9 

.. 
/' 

/ 

7 
-0 

374 
74 

Fig. 4. Plot of 7-T-R for series B (MT) at zero and optimum filler loading. 
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Fig. 5. Plot of 7-T-R for series C (HAF) at zero and optimum filler loading. 

considerations involved in the derivation of eq. (3); (b) the strain rate varies 
with the size of the hole so that every point in such a curve represents a dif- 
ferent rate. Consequently, this procedure should be viewed not as a means of 
obtaining directly the energy density at the tear zone, but rather as a “cali- 
bration” procedure from which the size of the natural tear is obtained from 
the force needed to tear holes of known sizes. 
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The tearing energy 7 which had been evaluated from the large tearing sam- 
ples data (as previously described) was also derived from the small tearing 
samples using F, values instead of F and the load-extension data obtained in 
the simple tension tests. The procedure followed the theory of Rivlin and 
Thomas’ without the approximation requiring wide trouser legs. The ratio 
FIF, averaged approximately 1.33, and the 7 values were within 10% of their 
large sample counterparts, but some tendency for 7 to decrease with the de- 
creasing sample was indicated. Due to the small number of the “small” mea- 
surements, no statistical analysis was possible. 

Strain Distribution Tests 

The curves 1-1 versus rld, used to determine the constant A ,  are not 
shown. In both B-0 and B-30 materials, a mean value of 0.85 was obtained 
for the constant A .  

ANALYSIS AND DISCUSSION 

Two categories of factors are involved in this work: (1) the filler, and (2) 
the test condition. 

Effect of Filler on the Material Parameters 

The effect of filler loading on the various material parameters are shown in 
Table I for all three series. Since d was obtained at  only one test condition, 
the information in the table is confined to this condition. The parameters 
involved are as follows: 7,  as measured by the tearing tests; d,  as obtained 
from the “calibration” curves; Wt, being the energy density at  the tearing 

TABLE I 
Effect of Filler Loading (@) on Material Parametersa 

Wr V 
R, $9  (= ~ / d ) ,  (= RIAd),  k 

Series cm/min % 7, g/cm d, cm g/cm2 min-’ W,  g/cm2 (= W,/W) 

A (Glass) 2.54 0 1,790 0.034 52,600 88.0 4,900 10.70 
2.54 10 1,540 0.065 23,700 46.0 5,200 4.55 
2.54 20 1,540 0.070 22,000 43.0 5,660 3.90 
2.54 30 2,020 0.080 25,300 37.0 5,450 4.65 
2.54 40 3,180 0.090 35,300 33.0 4,950 7.15 

B (MT) 0.254 0 1,360 0.033 41,200 9.03 4,090 10.10 
0.254 10 5,200 0.095 54,700 3.14 11,960 4.58 
0.254 20 12,300 0.110 112,000 2.72 75,000 1.49 
0.254 30 61,000 1.000 61,000 0.30 60,200 1.02 
0.254 40 63,300 0.650 97,400 0.46 77,850 1.25 

C (HAF) 2.54 0 2,060 0.036 57,200 83.0 6,160 9.28 
2.54 10 20,150 0.150 134,500 19.9 57,200 2.35 
2.54 20 49,600 0.165 300,000 18.1 180,000 1.67 
2.54 25 66,600 0.430 154,500 6.9 125,300 1.23 
2.54 30 35,300 0.285 124,000 10.5 74,040 1.67 
2.54 35 30,400 -0.200 -152,000 -15.0 -50,000 -3.04 

aTemperature = 293°K. 
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Fig. 7. Effect of the MT carbon-black filler concentration on the material parameters. 

zone (and differentiated from W, the mean energy density), by use of the 
equation 

7 x Wtd (6) 

which is now offered to supersede eq. (4). (This was first suggested by Lake, 
Lindley and Thomas: but not pursued further.) Finally, W, as obtained 
from the simple tension tests. To be able to compare W against Wt, the two 
quantities should relate to the same strain rate. Therefore, the rate V was 
computed from the given R by the use of eq. (5) with A = 0.85 and d being 
the tear diameter corresponding to the respective filler loading. The W 
values corresponding to this V was then interpolated from the W-versus-$ 
curves as function of V (not shown) and entered in the table. Also included 
in the table is the energy concentration factor k = W,/W. The above infor- 
mation as pertaining to the MT and HAF fillers is presented in graph form in 
Figures 7 and 8, respectively. 

The first thing that comes to light is that in all cases Wt > W, i.e., as ex- 
pected, the true input energy to break is higher than that measured in the 
simple tension test. Secondly, the dependence of k on d is also as i t  should 
be, with k showing a minimum in cases of knotty tears (maximum d values). 
Other points worth noting are: 
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Fig. 8. Effect of the HAF carbon-black filler concentration on the material parameters. 

(i) Glass beads, nonreinforcing fillers, have some reinforcing effect pre- 
sumably by causing secondary microtears (or dewettings) in the tearing zone 
which is equivalent to blunting of the tear. The tear is only of the steady 
type. 

(ii) MT and HAF carbon blacks have very strong reinforcing effect (in 
terms of tearing energy) which, contrary to some opinions> is the result of the 
increase of both the intrinsic strength (WJ and the tear diameter, although 
the latter is predominant. 

(iii) MT is as good a reinforcing filler as HAF but needs a higher filler 
loading (approx. 35% versus 25%) for optimum effect. The difference in be- 
haviors may be due to the bigger size of the MT particles. (Actually, MT is 
probably a somewhat better reinforcer than HAF in view of the fact that the 
values for series B relate to a rate of 0.1 in./min while for series C to a rate of 
1.0 in./min). 

This value is 
about the same as that reported by Greensmith3 for SRF-filled SBR (at the 
same loading and temperature) and was ascribed by him to a size effect. It is 
now clear that this cannot be so, for the following reasons: (1) Size effect has 

(iv) k is equal to 1.23 at 4 = 25% for the HAF material. 
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Fig. 9. Dependence of tearing energy T on rate and temperature for series A (glass) (Tg = 
213’ K). 

to do with the distribution of flaws. While such distribution may indeed af- 
fect the failure values of whole samples, such as the present tension samples, 
i t  is of no consequence when the tear locality is predetermined by the pres- 
ence of an incision, as in the present tearing samples. Size effect may ac- 
count for differences in strength only between similar whole samples which 
vary only in size. (2) The table shows a strong dependence of k on the filler 
loading 4. Unless 4 affects the size of the highly stressed zone ahead of the 
tear, and there is no indication of this, size effect cannot be the cause of this 
behavior, The observation Wt > W made by Greensmith and by the present 
author is clearly the result of energy concentration at  the tearing zone: In 
simple tension the energy density W is the mean value for the entire sample; 
in tearing, the energy density Wt is the peak value at  the highly stressed zone. 
Also, in any simple tension test, W is the nominal density while Wt is the ac- 
tual density reached at some locality where the tear actually developed. 

(v) The curves in Figures 7 and 8 show quite interesting features which 
will not be discussed here. Mention will only be made of the following 
points: the Wt curves, in both the MT and the HAF materials, have a maxi- 
mum, followed by a minimum; in both materials, these features occur at  the 
same 4 values; the W curves tend to follow the same pattern. In reference 4, 
this is discussed more fully in terms of dewetting versus interlocking of the 
filler particles and the relation of these mechanisms to the particles’ size. 

Effect of Temperature and Rate on the Parameters 

The main thesis offered here is that Wt and not W is the material parame- 
ter. One way of checking this would be to try the rate-temperature equiva- 
lence principle on both these quantities. Unfortunately, Wt values are avail- 
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Fig. 11. Temperature dependence of the shift factors a~ in the cases of T and W. 

able for only one rate and one temperature (because of the similar limitations 
in d) .  The next best thing would be to try r. Mullins,7 using data of Greens- 
mith and Thomas, applied this principle to r and, by shifting and superpos- 
ing, obtained a master curve which indeed confirmed the equivalence of T 
and R. However, his aTversus-(T - Tg) curve (where aT is the shift factor 
and Tg is the glass transition temperature) was higher than the WLF curve 
by a factor of about 1.4. Mullins explained this discrepancy by assuming 
that both the input energy and the tear diameter, the two factors of the tear- 
ing energy, are rate and temperature dependent reflecting the viscoelastic na- 
ture of the rubber. Gent and Henrf proved this assumption to be true by 
showing that the dependence of 7 on T and R was exactly according to the 
WLF equation when tear deviations were prevented. When not prevented, 
they too obtained a dependence 1.4 times greater than the WLF. 

In the present work, only in the case of series A was there a chance of ob- 
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taining a WLF type relationship for 7, because of the strong tear deviations in 
the carbon black materials. The raw data of materials A-0 and A-40 are 
shown in Figure 9, the transformed curves are in Figure 10 (upper two 
curves), and the temperature-dependence of the shift factors is in Figure 11. 
In the latter figure, the WLF equation 

log UT = -Col(T - Ta)/(C02 + T - To) 

was included. Here, To was taken as the glass transition temperature T, (= 
213'K), Col  and Co2 were taken to be 20.3O and 25.6"c, respectively after 

(4 + = 0 

0.17 1.7 17 170 

I 233°K 

(b) 9 = 40 

0.17 1.7 17 170 

V, min-' 

Fig. 12. Dependence of nominal input energy W on rate and temperature for series A (glass) 
(Tg = 213OK). 

Ferry.8 As can be seen, 7 was found to be superposable although the shift 
factor was in this case 1.33 times greater than the WLF prediction. The con- 
clusion must be similar to that of Mullins, i.e., that the tear diameter as well 
as the input energy is rate and temperature dependent although in an oppo- 
site sense: while the increasing rate increases the energy, it decreases the di- 
ameter by reducing the time available for deviations. 

Again, 
A-0 and A-40 were used (other materials showed the same behavior) in Figure 
12 to represent the rate and temperature dependence of W. It was immedi- 
ately apparent that no superposition was possible due to the high scatter of 
W values. 

The idea thus lends itself that 7 is more fundamental than W.  Actually, 
Wt is the fundamental property and W is merely an arbitrary fraction of it, 
whose magnitude depends on the statistics of various geometrical factors. 
The scatter of results in the measurements of W throughout this investiga- 
tion supports this idea. 

The rate-temperature superposition was then attempted for W.  
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If Wt is the fundamental strength-determining property, it should not 
merely superpose easily but should also adhere to the WLF equation. This 
could not be checked in the present work but on the assumption that W ,  al- 
though only a fraction of Wt, is equally temperature and rate dependent, it 
was employed for this purpose where the scatter permitted the operation. 
Thus, in Figure 12a, all but the two higher temperatures, and in Figure 12b, 
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Fig. 13. Dependence of tear diameter d on temperature for series A (glass), based on (a) actual 
data; (b) on a hypothetical case where d is related to viscoelasticity. 

all but 233", 313O, and 333" data were used for superposition. In the remain- 
ing temperatures, other points had to be discarded for the superposition to be 
possible. The transformed curve is shown in Figure 10 below, and the tem- 
perature dependence of aT in Figure 11, alongside the 7 results. Despite the 
uncertainty at  high temperatures caused by the great scatter, there is an indi- 
cation of agreement with WLF. (Also of interest is the fact that the data of 
the filled and unfilled materials coincided in the transformed curve. This 
suggests that the contribution of the glass beads to strength is only through 
the increase of the tear diameter.) 

Smith,g as far back as 1958, applied the shifting technique to the stress and 
strain at  break obtained from a simple tension test of SBR ring samples. His 
work was based on theory advanced by BuechelO according to which the ten- 
sile strength for a given material is a universal function of the temperature- 
reduced time (or rate), the shift factor being the same as used for viscoelastic 
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data. Although Smith succeeded in performing a superposition, he must 
have resorted to a practice similar to the one employed in this work for W in 
order to overcome the very great scatter of his results. In principle, it must 
be recognized that only the quantities as measured at  the tearing zone- 
whether stress, strain or energy-could be expected to superpose well, be- 
cause only they represent true material properties. 

Since it is now agreed that Wt obeys the WLF superposition, the tempera- 
ture dependence of d may be deduced from the excess of shifting for r rela- 
tive to that of WLF. The details of the operation are not shown, but the final 
results is shown in Figure 13a where the tear diameter is presented as the 
ratio of the diameter at  any temperature to the diameter at  293'K, the latter 
being the value actually measured (shown in the table). 

If d is a property reflecting the viscoelastic behavior of the material, like 
Wt, then the shift factor for 7 would be 2 a ~  and the above curve would as- 
sume the shape shown in Figure 13b. It is seen that if this was the case 
(which obviously it is not), the tear diameter would become practically inde- 
pendent of temperature above 273OK. 

CONCLUSIONS 

1. The stress-strain behavior of rubber obtained from a simple tension test 
is only a part of the total behavior as experienced by the material at  the fail- 
ure zone. 

2. The nominal input energy density to failure is not a material property. 
The energy density at the tear zone is the strength-determining property. 

3. The tearing energy is the second-generation material property, being 
dependent both on the tearing-zone energy density and on the natural tear 
diameter. 

4. The energy density at the tearing zone is a property related to the visco- 
elastic behavior of the material and as such it obeys the WLF equation. The 
tear diameter does not obey WLF and therefore neither does the tearing en- 
ergy. 

5. The energy concentration at  the tearing zone is highest (k = 10) for the 
unfilled material and lowest (K - 1) for the carbon-filled material at  the op- 
timum filler level, i.e., when knots of large diameter develop. 

6. The reinforcement of the SBR by carbon blacks is due to the increase of 
both the input energy (the intrinsic strength) and the tear diameter, with the 
latter being the predominant factor. For HAF, the energy reinforcement fac- 
tor is about 3, and the tear-diameter reinforcement factor is 13. For MT, the 
corresponding figures are 1.7 and 30. The relatively small contribution of 
glass beads is only through the effect on the tear diameter. 

7. The fluctuations in the tearing force observed during any single tearing 
test (even in a steady tear) are the result of the variability of the tear diame- 
ter during the test, while the intrinsic strength is almost constant. 

This paper presents results of one phase of research conducted at the Jet Propulsion Labora- 
tory, California Institute of Technology in 1968/69 during a Sabbatical leave of the first author 
from the Technion, Israel Institute of Technology. It was conducted under Contract No. NAS7- 
100, sponsored by the National Aeronautics and Space Administration. The authors wish to ac- 
knowledge the help extended by Dr. R. F. Fedors of the Jet Propulsion Laboratory. 
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Filler level @J (vol-%) 
SBR-1500 
Glass beads 
Dicup R 

Filler level @J (vol-%) 
SBR-1500 
MT carbon black 
Dicup R 

Filler level @J (vol-%) 
SBR-1500 
HAF carbon black 
Dicup R 

Appendix 
I. Mix Formulations (all in grams) 

0 
1200 

0 
6.84 

0 
920 

0 
5.25 

0 
920 

0 
5.25 

Series A 

10 
1100 
323 

6.24 

Series B 

10 
870 
190 

4.95 

Series C 

10 
870 
190 

4.95 

20 30 40 
lo00 900 800 
660 1020 1410 

5.70 5.13 4.56 

20 30 40 
770 673 575 
380 570 760 

4.40 3.85 3.30 

20 25 30 35 
770 906 673 730 
380 594 570 770 

4.40 5.18 3.85 4.17 

11. Fillers’ Physical Properties 

Specific gravities, glcm3 
Glass beads 2.42 
Carbon black 1.80 
SBR-1500 0.943 

Mean diameters, p 

Glass beads 34 
M T  0.3 
HAF 0.03 
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