
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  19 ( 1 9 8 4 )  2 5 0 1 - 2 5 1 2  

Static fatigue of rubbery polymers: statistical 
approach to the failure process 

K. FUKUMORI ,  T. KURAUCHI  
Toyota Central Research and Development Laboratories, inc, Nagakute-cho, Aichi-gun, 
Aichi-ken, 480-11, Japan 

A phenomenological theory of a stochastic process was applied to the study of the failure 
mechanism of static fatigue of rubbery polymers. Static fatigue, namely, creep and stress 
relaxation experiments, were made on two specimens, pure vulcanizate and carbon- 
reinforced vulcanizate of acrylonitrile-butadiene rubber (N B R). The distributions of the 
lifetime were analysed by means of the function in the form of the Weibull distribution, 
which is an improvement of the stochastic theory proposed by Kawabata et aL The 
experiments proved the validity of the theory. Furthermore, the experimental results 
suggest that, in pure vulcanizate, a critical crack initiates and propagates unstably 
(random process at Weibull modulus of unity), and that, in carbon-reinforced vulcanizate, 
multi-cracks initiate and propagate stably due to the presence of carbon black particles 
(wear-out process at Weibull modulus of 1 to "~ 3). The scattering in the lifetime of pure 
vulcanizate seems to reflect the inherent characteristics of the polymer. 

1. Introduction 
It is well-known that the strength of solid materials 
scatters remarkably even under identical con- 
ditions. Hence, for prediction of the lifetime of 
those materials, knowledge of the distribution 
function as well as its dependence on stress state is 
required. The purpose of this study is to estimate 
the failure mechanism of pure vulcanizate and the 
reinforcement mechanism of carbon black particles 
in the vulcanizate by application of the statistical 
analysis. 

In polymeric solids, the viscoelastic effect is 
observed in the failure behaviour as well as in the 
mechanical properties. Therefore, the failure 
behaviour depends on time mainly through the 
following two factors. One is that the viscoelas- 
ticity in the mechanical properties has indirect 
influence on the failure behaviour, and the other 
is that the failure mechanism itself, e.g. crack 
propagation, depends on time. Actually, however, 
both factors may be combined, which makes the 
study of the mechanism difficult. The factors 
should be separately studied to clarify the failure. 
Figs. la and b are schematic representations of 
creep and stress relaxation behaviours of rubber 

vulcanizates. As shown in the figures, the strain, 
e, or the stress, o, seems to be kept nearly constant 
(eo or go), and plastic deformation seems to be 
absent at the final stage of the failure in both 
processes. Therefore, in static fatigue, failure 
occurs suddenly under the stress state of the 
nearly constant true stress. Thus, it is considered 
that the independent observation of the time 
dependence of the failure mechanism alone can be 
made in static fatigue. 

In this work, static fatigue of rubber vulcan- 
izates was studied and analysed on the basis of 
the stochastic theory. The determination of the 
distribution function of the lifetime and obser- 
vation of the fracture surface were made. The 
failure mechanism of static fatigue was estimated 
from the results. 

2. Theoretical considerations 
Stochastic theory has been applied to various types 
of failure, e.g. creep failure in concretes by Hori 
[1, 2], tensile failure, creep failure, etc., in poly- 
meric fibres by Coleman [3-5] and Narisawa et al. 
[6], and failure in semicrystalline polymers by 
Kausch [7]. For rubbery polymers, Kawabata 
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(a) T ime ,  t tB (b) Time , t tB 

F~gure 1 Schematic representat ion of  static fatigue of  
rubber  vulcanizates, e0, constant  strain; % ,  constant  
stress; tB, t ime-to-break (lifetime). 

et al. [8-10] developed a stochastic theory of 
creep failure. In spite of the simplicity of the 
theory, it is very fruitful for the study of the 
polymers. This theory, however, seems to have 
to be modified for the study of the static fatigue 
of rubbery polymers, especially for that of the 
reinforcement mechanism by carbon black 
particles. 

Generally, it is supposed that there are many 
pre-existing flaws distributed randomly in robber 
vulcanizates. In the theory by Kawabata e t  al., 
the flaws are assumed to appear and disappear 
with time in the viscoelastic body under a constant 
stress state, i.e. in creep and stress relaxation pro- 
cesses. In addition to this assumption, Kawabata 
et al. assume that if any one cell containing only a 
few flaws in a unit volume falls into a critical state 
and makes a crack, the crack propagates instan- 
taneously through the whole body, causing a cata- 
strophic failure of the solid immediately. The 
theory is based on the weakest link concept that  
the failure of a solid is determined by the strength 
of its weakest volume element. On these assump- 
tions, the probability density function of the life- 
,time, f ( t ) ,  is given by the following, on the basis of 
a stochastic theory [11, 12]: 

f ( t )  = Po exp (-- #o t) (I)  

where t is time and Po is a constant. The validity of 
Equation 1 has been proved experimentally for 
pure vulcanizate [8-10]. 

For carbon-reinforced vulcanizate, the second 
assumption is modified as follows, considering the 
interaction between rubber and filler: assuming 
independence of initiations of v cracks, the occur- 
rence of multi-cracks (v) in a unit volume causes 
the failure of the solid. The probability density 
function of the lifetime, f ( t ) ,  can be expressed as 

1 v v-1 
f ( t )  = ~-:--':. Po t  exp  (-- #o t) 

l~v)  
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where F is the gamma function. The validity of 
Equation 2 is proved experimentally, in which v is 
selected as 3 or 4 to fit the experimental remits 
[9, 10]. 

As mentioned above, the theory for the failure 
, mechanism of robber vulcanizates implies that a 

critical crack may initiate and propagate only at a 
portion of a specimen. For carbon-reinforced 
vulcanizate, however, it is often observed that 
there are many portions where visible macrocracks 
initiate prior to failure under a constant strain rate 
test condition; yet it is rarely observed for pure 
vulcanizate. This suggests that multi-cracks 
possibly may initiate in addition to the crack 
interruption [9, 10, 13-15] in carbon-reinforced 
vulcanizate. Therefore, modification of the theory' 
of Kawabata et al. might be necessary on this 
aspect. It is assumed that multiple (n) sites, from 
which the failure of the solid can originate, exist in 
the solid, that in any one of the sites v mutually 
independent microcracks occur, that the smallest 
value of tv, q determines the lifetime of the solid, 
where tv, ~ stands for the time in which the num- 
ber of the microcracks reaches v in the qth-site 
(q = 1,2 . . . . .  n), and that the period of the 
crack growth in the final stage of the failure is 
small in comparison with tv, ~. 

On this assumption, the statistical distribution 
of the lifetime would be obtained as the distri- 
bution of the smallest value of the initial distri- 
bution fo( t )  (the gamma distribution) in sites of 
size n(>> 1). In this case, finally, the distribution 
for the smallest value of tv, q, i.e. the probability of 
survival, R(t), is obtained as the limited form [16]: 

R ( t )  - exp - - n  fo ( t )d t  - exp - 

(3) 

where/3 and m are constants. The functional form 
of Equation 3 corresponds to that of Weibull 
distribution, or the distribution of the third 
asymptotic type. Hence, from Equation 3, the 
transition probability, or the failure rate, p(t), is 
given by 

-- d R ( t ) / d t  m t  m-2 
, ( t )  - - ( 4 )  R(t) ~"~ 

For m = 1, Equation 4 can be written as 

1 
p(t )  = ~- (= constant) (5) 

(2) 
Hence, the probability density function, f ( t ) ,  is 
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Figure 2 Failure rate, it(t), plotted against time for three 
ranges of m (schematic). m, Weibull modulus. 

T A B L E I Composition of specimens and condition of 
vulcanization 

Symbol SP-NBR SC-NBR 

NBR (AN = 33%) 100 phr 100 phr 
ZnO 5 5 
St. acid 1 1 
Carbon (SRF) - 40 
S 1.5 1.5 
Accelerator 1 1 

obtained as 

I - - f2  } 1 ( _ ; )  f(t) = /l(t) exp /~(t) dt = ~- exp 

i(6) 
The functional form of  Equation 6 is identical 
with that of  Equation 1. Therefore, the functional 
form of  Equation 3, or Weibull distribution, may 
express the stochastic process o f  the failure for 
pure vulcanizate as well as that for carbon- 
reinforced vulcanizate. 

In Weibull's expression, the failure rate, /a(t), 
indicates three types of  failure mode [17] corre- 
sponding to three ranges o f m  as shown in Fig. 2: 

m = 1 . . .  random failure (constant failure rate) 

~n > I . . .  wear-out failure (increasing failure rate) 

m < 1 . . .  initial failure (decreasing failure rate) 

Thus, by evaluation o f  the shape parameter, or 
Weibull modulus, m, in Equation 3, the influence 
of  stress state and the carbon-reinforcement on the 
failure mechanism can be estimated. Moreover, 
this theory could be useful in discussing the spatial 
distribution o f  flaws in the solid as well as the time 
dependence of  the initiation of  the microcracks 
leading to failure, in a similar way to the study of  
failure in metals by Yokobori  and Sawaki [ 18, 19]. 

3. Experimental procedure 
3.1. Materials 
The materials used to test the theory are pure 
acrylonitrile-butadiene rubber (NBR) vulcanizate 
and carbon-reinforced NBR vulcanizate. The com- 
position o f  specimens and the vulcanization con- 
ditions are shown in Table I. Ring specimens were 
punched out from the compression-moulded 
sheets 1 or 2 mm thick. The dimensions of  these 
are shown in Table II. 

3.2. Measurement of time-to-break 
(lifetime), t B 

Static fatigue experiments were carried out a~ 

Notes 
phr: parts per hundred parts of rubber by weight. 
AN: Acrylonitrile. 
Cure condition: 15 min at 160 ~ C. 

23~ in ambient atmosphere. Fig. 3 shows 
schematic diagrams of  the measurement o f  the 
lifetime, t B. As shown in Fig. 3a, in a creep 
experiment, a constant load or constant engineer- 
ing stress, Oe, was applied to a specimen with the 
use o f  a dead load. In a stress relaxation exper- 
iment, a specimen was held at a constant stretch 
ratio, X, as shown in Fig. 3b. The test conditions 
are shown in Table III. The measurement of  the 
lifetime, tB, was made on 20 specimens under 
each test condition. 

3 .3 .  O b s e r v a t i o n  o f  f r a c t u r e  su r faces  
Fracture surfaces o f  specimens were observed with 
scanning electron microscope (SEM). To get a 
clear image, fracture surfaces were sputter-coated 
with gold. 

4. Results 
4.1. Weibull plot of the distribution 

of the lifetime, tB 
The fitness of  Weibull distribution to express the 
distribution o f  the lifetime for rubber vulcanizates 
is first examined. Equation 3 can be transformed 
into 

In [-- In R(t)]  = m In t -- m in fl (7) 

Following Gumbel [16], the cumulative distri- 
bution o f  the lifetime, F(q), where t i is the ith 
failure time, is obtained as follows: 

i 
F(ti) - N + 1 (8) 

T A B L E I I Dimensions of specimens 

Diameter (mm) Volume 

Outside Inside (mm3) 

SP-NBR 22.0 19.0 169.3 
SC-NBR 20.0 18.6 35.0 
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Figure3 Schematic diagrams of the apparatus for 
measurement of lifetime: (a) creep; (b) stress relaxation. 

where N is the number of  specimens tested. Hence, 
the probability o f  survival, R(ti), is given by 

N + l - - i  
R(ti) = 1 - - F ( t i )  - N +  1 (9) 

Substituting Equation 9 into Equation 7, the 
following equation is obtained: 

in In 1 - - i  = m i n t  i - m l n f l  

(10) 

Following Equation 10, In [-- In R(ti)] (=  In {In 
[(20 + 1)/(20 + 1 -- i)]}) is plotted against In te in 
stress relaxation experiments for SP-NBR and 
SC-NBR, i.e. WeibuU plot, as shown in Fig. 4. 
As seen in this figure, the observed values for 
SP-NBR and SC-NBR appear to give a good fit to 
a straight line, which proves that the Weibull 
distribution is appropriate to express the exper- 
imental results. 

T A B L E I I I Test conditions 

SP-NBR SC-NBR 

Creep, 0.686, 0.934 5.88, 11.76 
o e 0.750, 1.323 7.84, 14.70 
(MPa) 0.784, 1.695 9.80, - 

Stress 3.00, 5.17 4.50, 6.00 
relaxation, 3.62, 5.79 5.00, 6.50 
X 4.24, - 5.50, 7.00 

Oe, constant engineering stress. 
h, constant stretch ratio. 

Thus, the Weibull plots of  the distribution of  
the lifetime for SP-NBR and SC-NBR under all test 
conditions were examined as shown in Fig. 4. 
The results for SP-NBR and SC-NBR are shown 
in Figs. 5 to 8. From the slope o f  the Weibull plot, 
the Weibull modulus, m, was determined by taking 
least-squares according to Equation 7. 

4.2. Re la t ionsh ip  between m and the  
mean l i fe t ime,  ( t a )  

The mean lifetime, (tB), is calculated from fl and 
m, using Equation 4, as follows: 

= f l .r(1 + 1/m) (11) 

where F is the gamma function. The value of  rn is 
plotted against the mean lifetime, (tB), in Fig. 9, 
for SP-NBR and SC-NBR under each test con- 
dition. From this figure, the dependence of  m on 
(t B) for SP-NBR and SC-NBR is clearly seen. 
It shows that m also depends on the stress state. 

Q: 
2 - 1  

-2 

-3 
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Figure 4 Typical Weibull plots of the 
distribution of the lifetime, tB, in 
stress relaxation for SP-NBR and 
SC-NBR [plot of In (--In R) against 
in tB]. R, probabihty of survival; 
k, constant stretch ratio. The values 
of WeibuU modulus, m, were evalu- 
ated by taking least-squares. 
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Figure 5 Weibull plots of the distri- 
bution of the lifetime, tB, for 
SP-NBR tested under creep con- 
ditions (constant engineering stress, 
ae). R, probability of survival. 

For SP-NBR, the value of m appears to range 
from about 0.95 to 1.35. In the stress relaxation 
experiments, the value o f m  nearly equals 1.0 over 
a wide range of (tB). In the creep experiments, it 
equals about 1.35 in a short-term failure, but 
approaches 1.0 in a long-term failure. Thus, it 
can be concluded that the value of m equals 1.0 
for SP-NBR, although it is thought that there 
might be some difference between the failure 
behaviour in the creep process and that in the 
stress relaxation process, in the short-term failure. 
According to Equation 4, it is known that the 
failure rate, IX(t), is constant against time, which 
means that the failure probability is kept constant 
in any unit time. Hence, it is considered that the 
failure behaviour in pure vulcanizate may be of 
the random process (m = 1). 

For SC-NBR, as seen in Fig. 9, the value of m 
depends strongly on <tB). In the short-term failure, 
the failure behaviour may be of a random process 
in a similar manner to that in pure vulcanizate, 
while, in the long-term failure, it gradually 

approaches ~ 3.0, which implies that the failure 
behaviour changes to the wear-out process 
(m > 1). In the latter case, the failure rate, Ix(t), 
increases monotonically with time. Moreover, the 
difference between the failure behaviour in the 
creep process and that in the stress relaxation 
process seems to be more remarkable than that 
in pure vulcanizate. For ( t B ) >  102h, however, it 
is considered that both processes may have almost 
the same characteristics in the failure behaviour. 

4.3.  F rac tu re  surfaces  
Scanning electron micrographs of fracture surfaces 
of SP-NBR are given in Fig. 10a for the creep 
experiment and in Fig. 10b for the stress relax- 
ation experiment. These figures show the charac- 
teristic features of brittle fracture. Brittle fracture 
traverses through the matrix and leaves some 
cleavage patterns, where there are some inhomo- 
geneties in the material. But, in the smooth frac- 
ture surfaces, any evident traces of the crack 
initiation can hardly be recognized. It is con- 
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Figure 6 Weibull plots of the distri- 
bution of the lifetime, tB, for 
SP-NBR tested under stress relax- 
ation conditions (constant stretch 
ratio, ~t). R, probability of 
survival. 
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sidered that a crack in the abrupt failure propa- 
gates unstably along a wide front. These features 
of fracture surfaces of SP-NBR are almost the 
same under all test conditions (creep, stress 
relaxation) with those shown in Figs. 10a and b. 
Thus, it is suggested that, in pure vulcanizate, 
a critical crack may propagate unstably and that 
the failure behaviour may be of the random 
process, corresponding to the value o fm (--~ 1). 

Scanning electron micrographs of fracture 
surfaces o f  SC-NBR are shown in Figs. 11 and 12. 
First, Figs. 1 la and b show fracture surfaces from 
creep and stress relaxation experiments in the 
long-term failure, respectively. These features of 
fracture surfaces evidently differ from those of 
SP-NBR. Owing to the presence of carbon black 
particles which causes mechanical hysteresis, 
normal stresses distributed unevenly over a cross- 
sectional area may cause the material to tear from 
the surface or macrocrack originating from 
microcracks or flaws in the matrix. As evidence 
of the tear fracture, chevron patterns are observed 

on the fracture surface, and their tips point in the 
direction opposite to the crack propagation. These 
features of fracture surfaces in carbon-reinforced 
vulcanizate appear to be the same in both creep and 
stress relaxation experiments. Chevron patterns 
are made when the crack propagation is inter- 
rupted locally and the patterns are absent in pure 
vulcanizate. Therefore, carbon black particles 
may be thought to be able to sustain stable cracks 
or interrupt the unstable (or catastrophic) crack 
propagation, which corresponds to the wear-out 
failure (m > 1). 

Secondly, as shown in Figs. 12a (creep) and 
b (stress relaxation), in the short-term failure, the 
features of fracture surfaces are quite different 
from those in the long-term failure: there is little 
evidence of tear fracture, and a macro-critical 
crack initiates and propagates widely, which seems 
to indicate that there is no slow crack propagation. 
Hence, it is supposed that, in the short-term 
failure, or at high stress levels, carbon black 
particles may be incapable of interrupting the 
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Figure 8 Weibull plots of the distri- 
bution of the lifetime, tB, for 
SC-NBR tested under stress relax- 
ation conditions (constant stretch 
ratio, ~.). R, probability of survival. 
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Figure 9 Plots of m against (tl~ for SP-NBR 
and SC-NBR. (tB) , mean lifetime; Cr, creep; 
St, stress relaxation. 

unstable crack propagation, in contrast with the 
long-term failure. In short-term failure, it is con. 
sidered that the failure behaviour may be of  the 
random process (m = 1). 

From the results mentioned above, it may be 
concluded that there is a good correlation between 
the values of  m and the features of  fracture sur- 
faces. It is suggested that a change in the failure 
statistics may reflect the change in the failure 
mode or type. 

4.4. Appearances o f  b roken  specimens 
Typical appearances of  broken specimens are 
shown schematically in Fig. 13. Fig. 13a shows 
that a specimen breaks transversely against the 
direction of  the applied stress without any plastic 
deformation in pure vulcanizate. In contrast, it is 
seen in Fig. 13b for carbon-reinforced vulcanizate 

that there is some deviation from a direct tear 
path, termed "knot ty"  tearing [13, 14]. This form 
of  tearing seems to be caused by the discontinuous 
stick-slip process. It is suggested that the material 
may locally attain some oriented structure due 
to an increase in the heterogenity of  the tear. 
Furthermore, in contrast to pure vulcanizate, it 
was observed that there were many cracks initiated 
on the surface of  the specimen. It infers the 
possibility of  multi-crack initiation in carbon- 
reinforced vulcanizate. Thus, it is considered that 
the reinforcement by carbon black particles may 
result from the influence of  hysteresis on the 
stress concentration near the tip of  tearing or 
growing cracks, and that, in addition, the dispersed 
particles may serve to interrupt or blunt the crack 
propagation through the spatial effects, delaying 
the onset of  the catastrophic failure. 

Figure 10 Scanning electron micrographs of fracture surfaces of SP-NBR in: (a) creep (% = 0.686 MPa, t n = 306.9 h), 
(b) stress relaxation (X = 4.24, t B = 21.4 h). tB, lifetime; Oe, constant engineering stress; X, constant stretch ratio. 
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Figure 11 Scanning electron micrographs of fracture surfaces of SC-NBR (long-term failure) in: (a) creep (a e = 5.88 MPa, 
t B = 56.4h); (b) stress relaxation (k = 4.50, t B = 247.9 h). tB, lifetime; ae, constant engineering stress; h, constant 
stretch ratio. Arrows indicate the direction of crack propagation (tearing). 

5. Discussion 
5.1. Dependence of the mean lifetime (tB> 

on the applied true stress, at 
Theoretically or experimentally [1-6 ,  8-10,  18, 
19], the relationship between the failure rate, 
tz(0, in Equation 4 and the applied true stress, 
or(t) ,  is given by 

ll(t) = VC( t ) [a t ( t ) ]  n (12) 

where n is a material constant, V is the stressed 
volume of the specimen, and C(t)  is a function 
representing the dependence of the crack length, 
temperature, environmental effects, etc., on time, 
but independent of stress. For rubber vulcanizates, 
it is asumed that the true stress, at( t ) ,  is nearly 
constant against time in some period prior to the 
break in creep and stress relaxation processes. 

Hence, Equation 12 is transformed into 

~(t) = vc(t)a~o (13) 

where Oto is a constant. From Equations 4, 11 
and 13, the interrelation between the mean 
lifetime, <tB), and the constant true stress, Oto, is 
obtained as follows: 

( t  B> = A / a ~  ra (14) 

or  

m log<tE)+m logA (15) log Oto - n n 

where A is a constant. The value of ato is not 
always the same for each specimen, and for the 
prediction of the mean lifetime, the mean breaking 
true stress, (atb>, is to be substituted for ato. 

Figure 12 Scanning electron micrographs o f  fracture surfaces o f  SC-NBR (short- term failure) in: (a) creep (tre = 14.7 
MPa, t B = 0.3 h); (b) stress relaxat ion (k  = 7.00, t B = 0.7 h). tB, l ifetime; ae, constant  engineering stress; h, cons tant  
s t retch ratio. 
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r l i  
(a) SP-NBR (b) SC-NBR 

Figure l 3  Typical appearances of  broken specimens 
(schematic).  

Hence, 

m + m  
log(Orb) = - - - -  log(t B) logA (15a) 

n n 

Here, the mean breaking true stress, (orb), is 
approximately calculated by the following 
equations [10]: 

(O'e(~ b) in creep (16) 
/ 

(atb) ~(aeb)X in stress relaxation (17) 

where (Xb) is the mean breaking stretch ratio and 
(Oeb) is the mean breaking engineering stress. 
Using Equations 15a to 17, 1og(Gtb) plotted 
against log(t B) for SP-NBR and SC-NBR are shown 
in Figs. 14 and 15, respectively. 

As seen in Fig. 14, for SP-NBR, log(tztb) 
plotted against log(t B) gives a straight line in 
accordance with Equation 15a. Thus, it is con- 
cluded that the dependence of (t B) on (Orb) may 
be nearly the same in both creep and stress relax- 
ation processes for pure vulcanizate. In the figure, 
the material constant, n, can be evaluated from 
the slope of the straight line: the evaluated value 
o fn  is about 3.99. 

On the other hand, log(atb) plotted against 
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Figure 14 Plot o f  log(orb) against log<t B) for SP-NBR. 
(a tb  L mean  breaking true stress; (tB) , mean  lifetime; 
n,  material  constant .  The value o f  n was evaluated fro/n 
the  slope of  the  plot.  

2,2 
SC-NBR , 23"C 

2.0 ~ - -0--  Creep 
" ' ~  ---Z~-- Stress relaxation 

^ 1.8 

~ .6 " '""X-. 

1.4 

1._; 0 0 1.0 2.0 3.0 
Iog<tB> {h} 

Figure 15 Plot o f  log(otb)  against log(/B> for SC-NBR. 
(orb) , mean breaking true stress; (tB) , mean  lifetime; 
n,  material  constant ;  m, Weibull modulus .  The  value o f  
n was evaluated f rom the slope o f  the  linear por t ion o f  
the  plot where  m was put  at 3.0. 

log(ta) for SC-NBR does not give a straight fine, 
as shown in Fig. 15. Especially in the range of the 
short-term failure in the stress relaxation process, 
or at high stress levels, much deviation from the 
linear relation occurs. It is supposed that the 
occurrence o f  the deviation in SC-NBR may be 
caused by the following two factors: 

1. the failure behaviour of carbon-reinforced 
vulcanizate depends on the stress state as already 
mentioned, i.e. it changes to be of the random 
process (m = 1) in the short-term failure from the 
wear-out process (m > 1) in the long-term failure; 

2. the applied true stress in the stress relaxation 
process has a maximum value at the time when the 
strain is complete (constant stretch ratio, X), 
while in the creep processs, it is at a maximum at 
break. As seen in Fig. 15, the failure behaviour in 
the stress relaxation process differs remarkably 
at high stress levels from that in the creep one. 
This suggests that the stress relaxation process, 
especially at high stress levels, may be connected 
with the irreversible change of the structure after 
the first application of strain, in contrast to the 
creep process. It is considered that it may be 
caused by the progressive detachment of weak 
bondings, i.e. brealang of network chains in inter- 
action with carbon black particles, etc. [20]. 

In long-term failure important in engineer- 
ing practice, however, 1og(otb) plotted against 
log(t B) yields virtually a straight line. In this 
portion, it seems that the dependence of (t B) on 
(Otb) may be similar in both creep and stress 
relaxation processes as well as that for pure 
vulcanizate. The value of n is evaluated as 1.12 
from the slope of this portion of the plot, where 
the value of m is put at 3.0. 
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The material constant, n, obtained is concerned 
with the relationship between the failure rate, ta(t), 
and the true stress Or, as shown in Equation 13. 
As shown above, the value of n obtained for 
carbon-reinforced vulcanizate (n - 1.12) is lower 
than that obtained for pure vulcanizate (n - 3.99), 
in long-term failure. Therefore, in engineering 
practice, it is estimated that the failure behaviour 
of carbon-reinforced vulcanizate may be relatively 
insensitive to the change in true stress in com- 
parison with that of pure vulcanizate. 

1,< 

6.0 

5.0 

4.0 

3.0 

2.O 

1.0 

i i 

SP-N BR 

23"C ---O-- k c 
--~-- k r 

110 o 1101 110 2 

<tB> (h} 

5.2. Effect of viscoelasticity on the 
distr ibut ion of the l ifetime, tB 

Although it has been assumed that the true stress, 
at, is constant against time in both creep and 
stress relaxation processes, it will change slightly 
monotonically with time: it increases in the creep 
process and decreases in the stress relaxation 
process with time. Thus, to examine the effect of 
viscoelasticity in the distribution of the lifetime, 
tB, the mechanical behaviour of the rubber vulcan- 
izates used here was observed. 

The mechanical behaviour of rubber vulcan- 
izates in creep and stress relaxation processes is 
empirically approximated by the following 
equations, respectively [ 10]: 

~k(t) = )t o t ke in creep, for the case of large X 

0 8 )  

ere(t) = % t  -~r in stress relaxation (19) 

where )to, go, ke and k r are constants. Hence, 
from Equations 18 and 19, the true stress, Or(t), 

in both processes are obtained as 

t%x(t )  = OeX0t ke in creep (20) 
ot(t) 1 

[ Oe(t)~k Oo~.t -hr in stress relaxation 

(21) 

respectively. In these cases, comparing the failure 
rate, /~(t), in Equation 4 with Equations 12, 20 
and 21, the Weibull modulus, m, can be divided 
into two terms as follows: 

m = m ' + n k  (22) 

where m'  is a constant, and k equals/% (the creep 
rate) in the Creep process and - -k r  (the stress 
relaxation rate) in the stress relaxation process, 
respectively. That is, k corresponds to the effect of 
viscoelasticity. 

The dependence of the creep rate, ke, or the 
stress relaxation rate, kr, on the mean lifetime 

Figure 16 k e and k r plot ted against (t B) for SP-NBR. 
ke, creep rate; kr, stress relaxation rate; (tB) , mean 
lifetime. 

(tB>, for SP-NBR and SC-NBR is shown in Figs. 
16 and 17, respectively. For SP-NBR, the value of 
k e or k r seems to be nearly constant against the 
level of deformation: k e - 0.028, k r ~ 0.033. 
On the other hand, for SC-NBR, the value of k e 
or kr is a little larger than that for SP-NBR, and 
depends on the level of  the deformation: 0.023 ~< 
k e ~< 0.040, 0.035 ~<kr ~< 0.056. In short-term 
failure, or at large deformation, k in Equation 22 
is relatively large and some discussion would be 
needed about the influence of the values of  k e 
and kr on the difference between the processes 
of creep and stress relaxation. According to 
Equation 22, the increment in k e causes that in 
the value of m, and the increment in k r causes 
the decrement in the value of m. Then, the 
relatively large values of k e and kr would explain 
qualitatively the difference between the value of 
m in the creep process and that in the stress 
relaxation process. The values of nk  e (n < 4) and 

% 
x 

6s 

5s 

4s 

3.( 

2s 

' ' 'SC-NSR 
- - z x  . . . . . . .  ,x 2 3  *C 

A " ' - . .  ,x 

- -o-  k0 
--zx-- kr 

1.0 

%, ;o o I 
1101 10 2 

<tB> (hi 

Figure l 7  k e and k r plot ted against (tB) for SC-NBR. 
ke, creep rate; kr, stress relaxation rate; (tB) , mean 
lifetime. 
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Figure 18 Failure behaviour under the constant stress 
state as a stochastic process: , for SP-NBR and 
for SC-NBR (short-term failure); . . . . .  , for SC-NBR 
(long-term failure), rn, Weibull modulus. 

nkr (n < 10), however, are small in comparison 
with those of m determined experimentally, and 
it is concluded that the contribution of visco- 
elasticity to the value of the WeibuU modulus, 
1 < m  ~< 3, is not so large as to modify the failure 
behaviour. Kawabata [10] similarly examined this 
effect of viscoelasticity on the creep failure of  
styrene-butadiene rubber (SBR), plasticized 
poly(vinyl chloride) (PVC), and NBR/PVC blends. 
He estimated by the calculation that this effect 
might not be considerable, even if not negligible. 
Thus, it is confirmed that the difference between 
the values of m, or the distributions of  the life- 
time, for rubber vulcanizates may be caused by 
the difference in their failure mechanisms. 

From these results, the following model for 
static fatigue of rubber vulcanizates is presented, 
as shown in Fig. 18. As seen in this figure, the 
failure behaviour of pure vulcanizate (or carbon- 
reinforced vulcanizate in short-term failure) as the 
stochastic process is connected with the probabil- 
istic initiation of an unstable crack, while that of 
carbon-reinforced vulcanizate in long-term failure 
as the stochastic process is connected with the 
probabilistic multi-crack initiation, accompanied 
by slow crack propagation; however, the period o~' 
crack propagation in the final stage of failure is 
small in comparison with the lifetime, t B. 

distribution of the lifetime of rubber vulcanizates: 
the theory could be applied to deal with the 
spatial distribution of flaws in the solid as well as 
the time dependence of the crack initiation leading 
to failure. 

The failure mechanism of static fatigue of 
rubber vulcanizates is concluded as follows: 

1.in pure vulcanizate, the random failure 
(m = 1) followed by the initiation and propa- 
gation of an unstable crack without delay occurs, 
in which a flaw or microcrack grows to some 
critical size. The failure behaviour appears to reflect 
the inherent characteristics of pure vulcanizate; 

2. in carbon-reinforced vulcanizate, the failure 
behaviour depends on the stress state: in short- 
term failure, random failure occurs in similar way 
to that in pure vulcanizate. In long-term failure, 
wear-out failure occurs (m ~-- 3), due to the energy 
loss or spatial effect near the tips of growing 
cracks in the presence of carbon black particles. 
In this case, the multi-crack initiation plays an 
important role; 

3. finally, the authors present a model for the 
static fatigue of rubber vulcanizates, as shown in 
Fig. 18. 

Although the statistical analysis introduced 
here may be an indirect method, the authors 
consider that this may be one of the most useful 
tools for examining various kinds of other effects, 
e.g. temperature, environmental effects, strain- 
induced crystallization, etc., on the failure behav- 
iour. Furthermore, it is expected that this method 
will be applied to other studies and confirmed by 
further experiments, connecting the phenomen- 
ological study of the mechanical properties with 
the physical properties. 
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6. Conclusions 
The failure mechanism of static fatigue of rubber 
vulcanizates was estimated by statistical analysis 
of the distribution of the lifetime. The stochastic 
theory, proposed by Kawabata et al. [8-10] ,  was 
modified, and, on modification, a functional form 
of the Weibull distribution was derived for the 
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