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Summary 

The r u p t u r e  of  the  polymer s o l i d  i s  c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s :  

1. A b r i t t l e  f r a c t u r e  takes  p l a c e  at  ve ry  r ap id  or low t empera tu re  e x t e n s i o n  

due to the  break-down o f  the  pseudo c r o s s - l i n k .  Craze or c rack  occu r s .  

2. An e l a s t i c  r u p t u r e  occurs  at  u l t i m a t e  e l o n g a t i o n  of  the  chain due to  the  

break-down o f  the  pr imary  bond. 5. A p l a s t i c  r u p t u r e  occurs  a t  e l e v a t e d  

t empera tu re  when t h e  r e s i s t a n c e  due to  v i s c o u s  f low predominates  over the  

e l a s t i c  f o r c e .  For cases  1 and 2 t he  e l o n g a t i o n  at break dec rease s  wh i l e  

the  s t r e n g t h  i n c r e a s e s  as the  r a t e  o f  e x t e n s i o n  i n c r e a s e s .  For the  case  3 

both the  e l o n g a t i o n  and s t r e n g t h  i n c r e a s e s .  F a i l u r e  enve lope ,  optimum cure ,  

e f f e c t  o f  f i l l e r ,  segmented rubber  and r u p t u r e  energy a re  d i s c u s s e d  

t h e o r e t i c a l l y .  

I n t r o d u c t i o n  

The r u p t u r e  o f  polymers i s  a v e r y  compl ica ted  problem, because  the 

r u p t u r e  i s  much a f f e c t e d  by the  c o n d i t i o n  such as the  r a t e  o f  de fo rma t ion  

and the  t empe ra tu r e .  There  a re  v a r i o u s  modes of  r u p t u r e ;  ve ry  r ap id  

de fo rma t ion  g ives  r i s e  to  t he  f r a c t u r e  whereas the  de fo rma t ion  at ve ry  slow 

or v e r y  high t empera tu re  r e s u l t s  in o the r  type of  r u p t u r e  or the  p l a s t i c  

r u p t u r e .  For vu l can i zed  rubber  r u p t u r e  occurs  at the  po in t  near  the  

u l t i m a t e  e x t e n s i o n  a l s o  a f f e c t e d  by the  r a t e  o f  e x t e n s i o n  and t em pe ra tu r e .  

T.L. Smith 1 proposed f a i l u r e  s p e c t r a  g i v i n g  r e l a t i o n s  o f  the  s t r e n g t h  and 

the  e l o n g a t i o n  a t  b reak  wi th  the  r a t e  of  e x t e n s i o n  and a l so  a f a i l u r e  

enve lope  between t h e  s t r e n g t h  and the  e x t e n s i o n  at  b reak .  

There may be v a r i o u s  causes  of  r u p t u r e .  In  a d d i t i o n  to  t he  a b s c i s s i o n  

of  the  pr imary bond the  cohes ion  o f  the molecule  may p lay  an impor tant  r o l e .  

The author  proposes  a t h e o r y  o f  r u p t u r e  based on a pseudo c r o s s - l i n k  concept  

which is to be available for various types of rupture 

Theory 

As pointed out by T.L. Smith I the dependency of strength on the extension 
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rate or temperature is similar to the relaxation spectrum, and this fact 

suggests that the mode of rupture is closely associated with the state of 

the polymeric material: the brittle, viscoelastic and plastic ruptures seem 

to correlate with the glassy, viscoelastic and viscous states of the polymer 

solids, respectively. 

On the other hand, the pseudo cross-link theory suggests two types of 

bond rupture as a cause of failure: One is the abscission of the primary 

bond and the other is rupture of pseudo cross-link. The latter induces 

the flow of chain at slow extension due to the regeneration of the link) 

but the break-down of the pseudo cross-link remains as the craze in the 

glassy state, which grows up to the crack or failure. As the result, three 

types of rupture are proposed. 1. The brittle fracture occuring at the 

very rapid or low temperature extension or impact, at which the rupture of 

pseudo cross-link is a main mechanism. 2. The elastic rupture occuring at 

a moderate rate extension and temperature at which the abscission of the 

primary bond of the molecular chain occurs. 3. The plastic rupture for 

non- or semi-vulcanized rubber occuring at elevated temperature and/or at 

very slow extension, at which the chain flow is a predominant process and 

the rupture occurs when the plastic force predominates over the elastic 

force~ 

io Brittle fracture 

It is assumed that the abscission of the primary or secondary bond occurs 

at the ultimate elongation~ In the very rapid deformation and/or at very 

low temperature, the polymer solid behaves as glassy and at this state a 

large number of pseudo cross-link exists) whose break-down is a cause of 

failure. The ultimate elongation of the chain, X, is given as a square of 

the chain length n, and as a function of the remaining pseudo cross-link as 

% = n I/2 = (N/v0e-k't) I/2 (I) 

where ~0 is the initial number of the pseudo cross-link and k' is its rate 

of break-down. The chain extension % also correlates with the extension 

of the specimen ~ as 
-k't/6 

= ~ e ( 2 )  

Combining equations (i) and (2), it follows that 

= ( N / ~ o ) i / 2 e x p [ ( 2 / 3 ) ( k ' ( ~  - i ) / ~ } ]  
o r  

= (N/~o)I/2 i- (2/3)(k)/~) 
i - ( N / ~ o )  lZ2 ( 2 / 3 )  ( k ' / ~ )  

~ (N/~o)I/2[I + {(N/9o) I12- i}(2/3) (k'/&)] (3) 

Equation (3) indicates that the extension at break decreases as the rate 
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of extension increases or the temperature or k' is lowered. There is a 

critical value given by 

k'/~ < (3/2)(v0/N) I/2 (4) 

The strength at break may be given by the elastic force at the ultimate 

extension, but the force at this point is steeply increased to infinitive. 

On the contrary, if the strength at break is determined by the breaking 

force of the pseudo cross-link, it can be demonstrated by a product of the 

following factors. The number of pseudo cross-link remaining after the 

extension is given by 
-k't 

V = V0 e (5) 

The bond force of the pseudo cross-link is given as 

d(-AH)/N0s163 ~ -AH/V (6) 

where ~ is the molar heat of formation of pseudo cross-link whose diameter 

and molar volume are s and V, respectively, N O being the Avogadro's number. 

-AH is almost 1360 cal and V is 28 em 3 for the (CHz)2-unit Of polyethylene. 

The fraction of pseudo cross-link breaking is given by a probability of 

bearing the energy larger than the bond energy -AH when the total energy is 

X2RT. And 12 is equal to N/v at the ultimate extension. As a result, 

the fraction is 
exp{ - (-AH/X2RT) } = exp {(v/N) (AH/RT) } (7) 

and the force of breaking of the specimen f is 

f = (RT/V)(-AH/12RT) exp (AH/X2RT) 

= (RT/V) (v/N) (-AH/RT) exp{ (v/N) (AH/RT) } (8) 

Equa t ion  (8) i n d i c a t e s  t h a t  f i s  i n c r e a s i n g  wi th  i n c r e a s i n g  X to  some e x t e n t  

and a t t a i n s  a maximum fmax 

fmax = RT/eV (9) 

at ~2 = N/V = -AH/RT (i0) 

For a (CH2)2-unit , -AH is 1.36 Kcal, X becomes 1.5 and v/N becomes 0.66. 

The brittle fracture induces craze or void at the first stage which gives 

rise to crack or failure. However, craze is healed at elevated temperature. 

The high impact strength of the block polymer is ascribed to prevent the 

growth of craze to crack which is healed. 

2. Viscoelastic and elastic rupture 

In the extension of modelate rate a significant fraction of pseudo cross- 

link is released or flowed and the ultimate extension ~ is given as a 

function of the remaining pseudo cross-link as equation (II) instead of 

equation (2) 
= ~exp (-k't/6 - k'r (Ii) 

where exp(-k'r is a factor due to the flow of chains, and r is a fraction 
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of flowing chain given as 

= ~B/{~e+ (~0 -~e) exp (-k't)} = ~B/~2 

Here, ~2 is the remaining pseudo cross-link and ~B is the flowing chain or 

cross-link. The remaining pseudo cross-link is given by equation (12) 

instead of equation (I) 
-ktt 

V2 = ~e + (~)0 - ~e) e (12) 

However, the regenerated pseudo cross-link corresponding to Ve does not form 

at the same position as that broken but at the position after flow and 

therefore the actual value is given not by equation (12) but by equation (I). 

As a result, equation (3) is rewritten as 

= (Nlv0)l/2[l+<(Nl~)0) I/2- 1}(213 + ~)(k'lfi)] (13) 

On the other hand, the size of pseudo cross-link b to be broken increases 

and if the bond energy of the b-size pseudo cross-link, i.e. b(-AH) is 

larger than the primary bond energy, i.e. D, the primary bond is broken. 

However, the number of remaining chain is very small at this stage and the 

break-down of the primary bond is to be considered. In the case of 

vulcanized rubber, the remaining chain or cross-link is the sum of primary 

and pseudo cross-link, and the following equation holds o 

exp(-(k'/6 + k'q~/2)t}= {N/(~ I +~0 e-k't) }1/2 

It is approximated to equation(14) when ~)i is larger than ~)2 

= (N/~)I) 1/2ekt(l - (I/2) (~)0/~i) e-k't} (14) 

~= (NI,1)I12(I +k~l&){l-- (i12)(V01~)I) + (ll2)(,01~1)(k'~/&)} 

c~ ~ (N/~)1)1/2{1- ( 1 / 2 ) ( V 0 / ~ 1 ) / ( 1 - k ' / & ) }  (15) 

where k '  i s  ( k ' / 6 + k ' ~ / 2 ) .  The s t r e n g t h  at  b reak  depends main ly  on the  

p r imary  bond and i s  r e p r e s e n t e d  as 

f = (RT/V)(D/~2RT) exp (-D/~2RT) 

= (RT/V){(, 1 +,2)/N}(D/RT) exp [{-('l +~)2)/N}(D/RT)] (16) 

Equation (16) attains a maximum value, i.e., RT/eV at ~=(D/RT) I/2 . Taking 

D and RT to be 80 Kcal and 0.6 Kcal ~ becomes about i0 and the remaining 

cross-links close to ~I/N becomes 0.01. The latter implys that an optimum 

cure is about 1%. 

3~ Plastic rupture 

At elevated temperature non- or semi-vulcanized rubber is elongated 

accompanied by the flow of chain. The elastic force fel is much decreased 

with increasing viscous flow due to the decrease of the chain extension and 

cross-sectional area and is expressed as 

fel ~ (vl +~)2) kT (A/Ao)(k/a)(z = (~)I +~2) kTe-k'~t~ (17) 

On the other hand, the viscous flow resistance fv is given by 



430 

fv = n ~ a  = (~BkT&/k')a (18) 

I t  i s  p o s t u l a t e d  t ha t  f e l  i s  l a r g e r  than fv for  the con t inuous  deformat ion  

and a t  the  c o n d i t i o n  t h a t  fv a t t a i n s  f e l  the  p l a s t i c  r u p t u r e  occurs .  In  

o the r  words, the  equa t ion  for  the  p l a s t i c  r u p t u r e  i s  

($&/k')  e - k ' ~ t  = 1 (19) 

where ~ i s  a f r a c t i o n  of f lowing cha in ,  i . e .  ~B/(Vz +~2) .  Since the r a t e  

of break-down of pseudo c r o s s - l i n k  k ' , i s  much enhanced by ex t ens ion  as 

k' = k0exp{f(nl/2s163 = k0exp{F(~)} 

equation (19) is transformed to 

ina + 6bF(X) = 0~ = in (~/k~) + in in (k'/~&) (20) 

where 0 is a constant factor, Equation (20) indicates that ~ is increasing 

�9 k ! , with increasing the logarithmic function of ~/ 0~ On the other hand, 

the strength at bleak f is equal to fv, 

f = fv = (vBkT/k')&(a - X) ~ (~BkT/k')~( 1 e-k't) ~ ~BkTa 2 (21) 

and fv increases with increasing rate of extension. 

4. Failure envelope 

In this way, the relations of the strength or strain at break with the 

rate of extension or temperature are obtained as failure spectra as shown 

in figure i. The relation between the strength and strain at break is 

f 

-log ~ 

Fig.l Failure spectra; dotted curves Fig.2 Stress-strain relation and 
refer to the biaxial extension failure envelope denoted by 

broken line curve 
given as a failure envelope as shown in figure 2. The point A i.e., the 

transition from the brittle fracture to the elastic rupture is given by 

equation (4). The point B i.e., the transition from the elastic rupture 

to the plastic one is given at 

k'~t = 1 (22) 

Combining equations (19) and (22), it follows that 

~&/k' = 1/e (23) 

or r = ~2~ : i/e (24) 

Equation (24) gives a relation between ~ and ~. Taking the maximum a to 
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be 7, ~ becomes = (1 /e@112 __ 1 / 4 . 3  (25) 

or  X)l +v2 = 4 .3  ~)B 

At the optimum cure giving the maximum extension at break, the sum of the 

primary and secondary bond is 4.3 times larger than the VB, i.e.,the critical 

flow point. Equation (23) also gives the temperature TBgiving the maximum 

elongation at break,as 

lnqb~+ 1 = ink' = (1/2) in (kT/h n~) - E*/RT B 

or T B = (E~/R)/{ (1/2) in (kT/h) - in~& - I} (26) 

T B increases with increasing rate of extension & and decreasing degree of 

vulcanization as known in the literature 2. For the rubber capable of 

strain-induced crystallization T B is enhanced by the entropy of crystal- 

lization AS* as 
T B = (E~/R)/{(I/2) in (kT/h n~) - inO~ - I - AS*} (27) 

5. Biaxial extension 

For the equibiaxial extension equation (20) is modified as 

ln~ + 26bF(%) ~- 2p~ = In(&/k'0~)+inln(k'/~&) (28) 

Equation (28) suggests that the slope of the failure spectra becomes more 

flat than that for the uniaxial extension as pointed out by T.L. Smith. 

6. Filled rubber 

For filled rubber the chain extension % is smaller than the extension 

of the specimen ~ by a volume effect of filler as 

= x i / 3  + ~ ( l - x )  I /3  

where x is a volume fraction of the filler. Accordingly, the slope of the 

failure spectra become flat. In the same sense as equation (28) 

pe/(l-x) I/3 =in (&/k'0r + inln(k'/O&) (29) 

Horeover, for the active filler the additional pseudo cross-link forming on 

the filler surface participates in the viscous flow and equation (21) 

becomes 
fv/kT = (~B/k' + x~f/k~)~ (30) 

where the suffix f refers to the filler and ~f is the number of pseudo 

cross-link on the surface of the unit fraction of the filler. In other 

words the filler decreases the elongation but enhances the strength at break 

for the plastic rupture. For the elastic rupture the viscous flow 

resistance participates in the rupture force as 

fmax = (RT/eV)(~)B/k' + x ~ f / k ~ ) h ( ~ -  X)kT (31) 

The second term i s  t r a n s f o r m e d  to  

(X)B/k' + x v f / k ~ ) h ( a -  %)kT = {(~)B + xvf)/NV}~2RT 

= { (V B + x~)f)/x h } (~I /N) ~2 (RT/V) 

S inc e  (~ I /N)~  2 i s  a lmos t  u n i t y ,  e q u a t i o n  (31) becomes 
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fmax ~ (RT/eV){I + (~B+X~f)/~1} (32) 

The same equation can be derived: If the ultimate extension giving rise to 

rupture is taken to be (N/~I) I/2 although the strength is determined by the 

sum of the primary and secondary cross-link, equation (16) becomes 

f = (~l +~B +x~f) (D/V) exp (-D/~2RT) 

= (RT/V) (yz/N){I + (,B+X,f)/,1} exp {-(,z/N) (D/RT)} (33) 
Equation (33) leads to equation (32) at a maximum. It is noticed that the 

chemical reactive filler loses the flowing nature and therefore equation 

(31) becomes 
fmax = RT/eV 

and equation (32) becomes 

fmax = (RT/eV) { 1 + ~)B / (~ z + x~)f) } (34) 

In other words, the reactive filler acts as the vulcanizing agent to give a 

bound rubber and loses the reinforcing effect, although the stiffening 

effect remains. Equation (32) may be extended to the segmented polymer 

like the styrene-butadiene-styrene block copolymer, The strength is much 

enhanced by the reinforcement of the hard block domain, which acts as a 

filler, because the block copolymer gives a well-dispersed hard domain 

particle. 

7. Crystallizable rubber 

A rubber capable of strain-induced crystallization such as natural 

rubber exhibits very high tensile strength at break, In this case the 

Boltzmann's exponential factor in equation (33) is to be increased by the 

crystallization. At the degree of crystallization X, equation (33) becomes 

f = (RT/V) (~I/N) exp {- (,I/N) (D/RT) (i - X) } (35) 

It gives fmax as 

fmax = (RT/eV) {i/(i - X) } (36) 

When X is 0.5, fmax is doubled. At X closes to unity fmax becomes 

infinitive and equation (36) is not available but instead, equation (37) 

can be used 
f = (D/V)  (1  - X) ( 3 7 )  

In  t h i s  case equa t ion  (37) i s  no t  f o r  r ubbe r ,  bu t  for  f i b e r .  

8. Rupture energy 

The v i scous  flow r e s i s t a n c e  i s  impor tant  fo r  r e in fo rcemen t  of vu l can ized  

rubbe r .  Grosch 3 proposed an impor tant  empi r i ca l  equa t ion  t h a t  the r u p t u r e  

energy U absorbed in  ex t ens ion  i s  p r o p o r t i o n a l  to the 2/3-power of the 

h y s t e r e s i s  Ho This can be der ived  t h e o r e t i c a l l y  in  terms of the pseudo 

c r o s s - l i n k  concept  as fo l lows :  

U = ~ f a d a  = ~( '1  +~)2)(RT/V) a d a =  ( '1  +~)2)(RT/V)(~B/2) (38) 
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and 
H= I(VB~/k)a(RT/V)da = (WBh/k')(RT/V)(aB/2) 

= ~ B (RT/V) r (a~/2) (39) 

where B is  a tu rn -back  po in t  or  the rup tu re  po in t  and k'qbt is  u n i t y  at  t h i s  

p o i n t .  Combining equa t ions  (38) and (39) the  equat ion  s im i l a r  to  the 

Grosch ' s  equa t ion  is  obta ined as 

U = (RT/V) 1/3 (~1 + ')2) / (VBr 2/3H2/3 (40) 
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