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T h e r e  a r e  two e n t i r e l y  d i f f e r e n t  a p p r o a c h e s  to s t r e n g t h :  the s t a t i c  (mechan ica l )  one and the k ine t i c  
( t h e r m a l  f luc tua t ion)  one .  

G r i f f i t h s  and Ioffe f o r m u l a t e d  the  s t a t i c  a p p r o a c h  long ago,  and h e r e  f a i l u r e  i s  c o n s i d e r e d  as  a c r i t i -  
ca l  even t  ( i n s t an t aneous  l o s s  of con t inu i ty ) ,  which  o c c u r s  only when a c e r t a i n  l i m i t i n g  load  i s  r e a c h e d  (the 
s t r e n g t h  l i m i t ) .  No a l l o w a n c e  i s  m a d e  for  the  e f f e c t s  of the  t h e r m a l  m o t i o n  of  the a t o m s  on the s t r e n g t h .  

In the k ine t i c  a p p r o a c h ,  f a i l u r e  i s  c o n s i d e r e d  as  g r a d u a l  a c c u m u l a t i o n  of  con t inu i ty  d e f e c t s  (damage) ,  
w i th  t h e r m a l  f l uc tua t i ons  p l a y i n g  a d e c i s i v e  p a r t .  The p r o c e s s  s t a r t s  a s  soon  as  a load  i s  a pp l i e d  and o c c u r s  
a t  v i r t u a l l y  any load .  The  l i m i t i n g  s t r e n g t h  c e a s e s  to have  a p h y s i c a l  m e a n i n g ,  and the l i f e t i m e  b e c o m e s  
the fundamen ta l  quan t i ty  c h a r a c t e r i z i n g  the i n t e g r a l  r a t e  of f a i l u r e  fo r  a g i v e n  t e m p e r a t u r e  and load ,  be ing  
the t i m e  f r o m  the i n s t an t  of l oad ing  to tha t  of b r e a k a g e  [1]. 

The  b a s i s  of the k i n e t i c  a p p r o a c h  is  e v i d e n c e  tha t  the s t r e n g t h  is  dependen t  on the t e m p e r a t u r e  and on 
the t i m e  spen t  by the m a t e r i a l  in the s t r e s s e d  s t a t e .  The p r e s e n t  p a p e r  d e a l s  wi th  t h i s .  

It has  long been  known that  the s t r e n g t h  i s  a funct ion of  t i m e .  F o r  i n s t a n c e ,  in 1926 W e l t e r  [2] showed 
tha t  the  t i m e  to f a i l u r e  in c o p p e r ,  d u r a l u m i n ,  o r  b r a s s  w a s  dependen t  on the l oad .  T h e r e  was  no doubt  that  
the  s t r e n g t h  was  t ime- -dependen t  u n d e r  s p e c i f i c  t e s t  cond i t i ons  ( l o n g - t e r m  s t r e n g t h  at  h igh t e m p e r a t u r e s ) .  
T h e r e  was  the  e v i d e n c e  f r o m  s low f a i l u r e  in s t e e l s  and on the w e a k e n i n g  e f f e c t s  of the e x t e r n a l  m e d i u m ,  a s  
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F i g .  1. Dependence  of  v on (r fo r  s i m p l e  b o d i e s  a t  18~ and 1 a rm:  1) NaCI ;  2) F e ;  
3) Ge  (700~ 4) Zn;  5) A1; (2700 a tm) ;  6) Cu; (10 -7 m m ) .  

F i g .  2. Dependence  of  T on ~ fo r  c o m p o s i t e  m a t e r i a l s  at  18~ 1) l u c i t e ;  2) c e m e n t ;  
3) A1 + 10% Zn (200~ ; 4) Mo - R e  a l l oy  ; 5) S A P - 1  p o w d e r  a l loy ;  6) C a p r o n .  
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F i g .  3. Dependence  of  "r on or fo r  99.9999% A1 
(left  l i n e s )  and AI + 4% Cu ( r igh t  l i nes )  a t  t e r n -  
p e r a t u r e s  (~ of: 1) 18; 2) 100; 3) 200; 4) 300. 

we l l  a s  much  e v i d e n c e  tha t  the  d e f o r m a t i o n  r a t e  ( e s -  
s e n t i a l l y  the  t i m e  f ac to r )  a f f e c t s  the l i m i t i n g  c h a r a c -  
t e r i s t i c s  of  the  s t r e n g t h .  

H o w e v e r ,  v i r t u a l l y  a l l  the  r e s u l t s  w e r e  a s c r i b e d  
e i t h e r  to i n t e r a c t i o n  of the  m a t e r i a l  wi th  the  m e d i u m  
(ef fec t s  of  s u r f a c t a n t s ,  c o r r o s i o n  c r a c k i n g )  o r  to 
s t r u c t u r a l  c h a n g e s  in n o n e q u i l i b r i u m  o r  h e t e r o g e n e o u s  
m a t e r i a l s ,  o r  a g a i n  to the  e f f e c t s  of  s p e c i a l  t e s t  c o n -  
d i t i ons  (high t e m p e r a t u r e ) .  

Then  the e f f e c t s  of  l oad ing  t i m e  on the s t r e n g t h  
was  t r e a t e d  as  the  r e s u l t s  of s p e c i f i c  f a c t o r s  tha t  
r e d u c e  the  s t r e n g t h  in p a r t i c u l a r  c a s e s .  

S y s t e m a t i c  s t u d i e s  have  been  m a d e  on the r e l a -  
t ion of f a i l u r e  to  l oa d ing  t i m e  and to the a t o m i c  t h e r -  
m a l  m o t i o n  in the S t r e n g t h  P h y s i c s  L a b o r a t o r y  of  the  
A .  F .  Ioffe P h y s i c o t e c h n i c a l  I n s t i t u t e .  The  s c o p e  of th i s  
p a p e r  a l l o w s  us  to e x a m i n e  t h e s e  s t u d i e s  in s o m e  d e t a i l .  

The e f f e c t s  of  t i m e  on the s t r e n g t h  w e r e  e x a m -  
ined  wi th  u n i a x i a l  t e n s i o n .  The  l i f e t i m e  r was  m e a -  

s u r e d  as  a func t ion  of  s t r e s s  or and t e m p e r a t u r e  T,  wi th  or and T kep t  c o n s t a n t  du r ing  s t r e t c h i n g  to f a i l u r e  
fo r  e ach  i nd iv idua l  s p e c i m e n .  A d i s t i n c t i v e  f e a t u r e  of  the t i m e - - d e p e n d e n c e  s t u d i e s  w a s  the  wide  r a n g e  of 
t i m e s  (10 -3 to 107 s e c ) .  A l s o ,  "r a s  a func t ion  of T was  e x a m i n e d  b e t w e e n  - 1 9 6 ~  and 1300~ 

The  m a i n  t e s t s  w e r e  p e r f o r m e d  u n d e r  o r d i n a r y  a t m o s p h e r i c  c o n d i t i o n s ,  but  s o m e  w e r e  done at  10 -7 
m m  Hg [3, 4] and a few at  h y d r o s t a t i c  p r e s s u r e s  up to 10 k b a r  [5]. 

An  i m p o r t a n t  f e a t u r e  of the  s t u d i e s  was  tha t  they  w e r e  s y s t e m a t i c ,  s i n c e  i t  w a s  r e q u i r e d  to e l u c i d a t e  
the  b a s i c  ques t i on  w h e t h e r  a t i m e  d e p e n d e n c e  i s  a l w a y s  found,  o r  w h e t h e r  it  o c c u r s  only u n d e r  s p e c i f i c  t e s t  
cond i t i ons  o r  wi th  m a t e r i a l s  hav ing  c e r t a i n  p h y s i c o c h e m i c a l  p r o p e r t i e s .  

We e x a m i n e d  m a t e r i a l s  d i f f e r i n g  in s t r u c t u r e  and p r o p e r t i e s ,  wh ich  had  m e t a l l i c ,  c o v a l e n t ,  and ionic  
b o n d s ,  inc lud ing  about  20 m e t a l s  wi th  v a r i o u s  l a t t i c e  t y p e s  (A1, F e ,  T i ,  Zn,  e t c ) ,  wh ich  w e r e  g iven  v a r i o u s  
p r e l i m i n a r y  m e c h a n i c a l  and t h e r m a l  t r e a t m e n t s  and (in c e r t a i n  i n s t a n c e s )  r a d i a t i o n  t r e a t m e n t  [6-9] .  The  
m e t a l s  v a r i e d  in c h e m i c a l  s t a b i l i t y  (Cu, P t )  and in i m p u r i t y  con ten t  (1 to 10-4%). P o l y c r y s t a l l i n e  a g g r e -  
g a t e s  and about  ten  p e r f e c t  s i n g l e  c r y s t a l s  ( e . g . ,  NaC1, Mo,  Ge ,  Si) w e r e  u sed  [4, 10-12] .  F i g u r e  1 shows  
t y p i c a l  e x a m p l e s  of  "r(or) f o r  v a r i o u s  m a t e r i a l s  and c o n d i t i o n s .  

S ing le  c r y s t a l s  and p o l y c r y s t a l l i n e  a g g r e g a t e s  show a s i n g l e  type  of  b e h a v i o r  fo r  T a s  a func t ion  of  a ,  
w h i c h  fo r  a c o n s t a n t  t e s t  t e m p e r a t u r e  T i s  

x' = Aexp (-- ao'), (1) 

in which  A and o~ a r e  c o n s t a n t s .  

We e x a m i n e d  s o m e  m o r e  c o m p l i c a t e d  m a t e r i a l s  in o r d e r  to e s t a b l i s h  w h e t h e r  th i s  t r e n d  i s  g e n e r a l ;  
about  20 p o l y m e r s  ( C a p r o n , L a v s a n ,  Tef lon) ,  g l a s s e s ,  c e m e n t ,  wood [1"]*, and o v e r  30 a l l o y s  [1.3-15]. F i g u r e  
2 shows  r a s  a func t ion  of or f o r  s o m e  of t h e s e .  

The  r e l a t i o n s h i p  i s  a l s o  e x p o n e n t i a l  fo r  t h e s e  m a t e r i a l s .  In a l l ,  o v e r  100 m a t e r i a l s  ( inc luding  h e t e r o -  
g e n e o u s  ones)  show th i s  r e l a t i o n  fo r  v a r i o u s  e x t e r n a l  c o n d i t i o n s ,  so  t h e r e  i s  a u n i v e r s a l  e f f ec t  of  t i m e  on 
s t r e n g t h  fo r  s o l i d s .  

Th i s  f e a t u r e  i s  e s s e n t i a l l y  i n c o m p a t i b l e  wi th  the  v i ew tha t  t h e r e  a r e  l i m i t i n g  f a i l u r e  s t r e s s e s ;  i t  c o n -  
f i r m s  tha t  the  k i n e t i c  a p p r o a c h  i s  c o r r e c t .  A d e c i s i v e  e f f ec t  f r o m  t i m e  on the s t r e n g t h  h a s  been  o b s e r v e d  
not  only  in t e n s i o n  t e s t s  ( see  [16, 17] in add i t i on  to the  above)  but  a l s o  in  t o r s i o n  [18] and in f a t igue  t e s t s  
[19]. 

*The a s t e r i s k  to a l i t e r a t u r e  c i t a t i o n  i n d i c a t e s  tha t  i t  i s  not  a p r i m a r y  s o u r c e  but  a p a p e r  tha t  g i v e s  the 
p r i m a r y  s o u r c e .  
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TABLE 1 

Material * State 

NaC1 (natural single 
crystal) 100 

110 

NaC1 (synthetic single 
crystal) 100 

110 
111 

NaC1 (polycrystalline) 

A1 (99,9999%) 300"C: tempering 

A1 (99.96ak) 550"C: tempering 

A1 (99.06%) 400~ tempering 
+ 10 zz n/cm z irradia- 
tion 

A1 (99.907o) 300~ tempering 

A1 (99.3%) rolled 

A1 + 2% Mg 400"C: tempering 

A1 + 4% Cu 310"C: annealed 

SAP-2 aluminum alloy 600"C: tempering 

�9 r0 = 10 -xa sec for all materials. 

)'1, kcal- 
mm2/mole - o$, kg/mm 2 
kg 

55 0.34 
44. 0.42 

33 0.55 
24 0.77 
20 0.92 

16 1.2 

10 3.5 

7.8 4.5 

5.2 6.8 

3.5 10 

2.35 15 

1.6 22 

1.2 29 

0.82 43 

U0, kcal/mole 

66~3 
66*3 

66 *3 
66*3 
66 +3 

66:~3 

52 +2 

52 +2 

52 ~2 

52 :~2 

52 ~2 

52 *2 

52 ~2 

52 ~2 

I" We can use [1", 27] to estimate the overstTess coefficient via the values for y. 
For r = 10 see and 500"C (for NaC1) and 18"C (for A1). 

The  t i m e  dependence  as a funct ion  o f  t e m p e r a t u r e  i n d i c a t e s  the g e n e r a l  r e l a t i o n  of ~" to r and T ,  as  
F i g .  3 shows  fo r  p u r e  a l u m i n u m  and an a l u m i n u m  a l loy .  A p lo t  of log I- aga ins t  cr g i v e s  a s e t  of s t r a i g h t  l i ne s  
c o n v e r g i n g  to a s i n g l e p o i n t .  E a c h  l ine  s a t i s f i e s  (1), and the s lope  i s  g o v e r n e d  by T;  the h i g h e r  T,  the l e s s  

s t e e p  the l i ne ,  i . e . ,  the c l e a r e r  the t i m e  d e p e n d e n c e  of  the s t r e n g t h .  

F i g u r e  3 shows  how the concep t  of  a l i m i t i n g  s t r e n g t h  a r o s e ;  the p lo t  of log T aga in s t  o" b e c o m e s  s t e e p e r  
as  T d e c r e a s e s  and g i v e s  the i m p r e s s i o n  that  t h e r e  is  a t h r e s h o l d  f a i l u r e  s t r e s s ,  which ,  i f  s l igh t ly  e x -  
c e e d e d ,  g i v e s  i n s t an t aneous  f a i l u r e .  

The  r e s u l t s  g i v e  the fo l lowing  r e l a t i o n  o f t  to a and T: 

�9 -~ % exp ( ~ J - - a ) ,  (2) 

w h e r e  k i s  B o l t z m a n n ' s  cons t an t  and U 0, r 0, and ~ /a re  cons tan t  c o e f f i c i e n t s .  

Equa t ion  (2) i s  of  k ine t i c  type ,  which  shows  that  f a i l u r e  i s  a g r adua l  p r o c e s s  in a s t r a i n e d  body,  not  a 

c r i t i c a l  e v e n t .  I r r e v e r s i b i l i t y  i s  d e m o n s t r a t e d  by t e s t s  wi th  i n t e r r u p t e d  load ing ,  w h e r e  the to ta l  "r equa l s  the 
7" f o r  s p e c i m e n s  t e s t e d  wi thout  i n t e r r u p t i o n  [1"]. T h e r e  i s  now m u c h  d i r e c t  e v i d e n c e  that  f a i l u r e  d e v e l o p s  

a g a i n s t  a background  of s u b m i c r o s c o p i c  and m a c r o s c o p i c  c r a c k s  [20-24].  

We now c o n s i d e r  the c o e f f i c i e n t s  in the equa t ion  fo r  1- and the f o r m  of th i s .  

It i s  found that  T o i s  of  the s a m e  o r d e r  (10 -13 sec)  fo r  al l  s o l i d s ,  which  c o i n c i d e s  wi th  a fundamenta l  

quan t i ty ,  n a m e l y ,  the p e r i o d  of  t h e r m a l  v i b r a t i o n  fo r  a t o m s  in a so l i d .  

The e n e r g y  b a r r i e r  U 0 v a r i e s  wi th  the m a t e r i a l ,  but i t  is a p h y s i c a l  cons t an t  independent  of the s t a t e  
fo r  a g i v e n  m a t e r i a l .  Tab l e  1 g i v e s  r e s u l t s  fo r  a l u m i n u m  and r o c k s a l t .  
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These results show that U 0 is related to the short-range atomic order, which is determined by the 
atomic interaction; U 0 in fact agrees closely with the heat of sublimation [4-6], i.e., with a quantity related 
to the energy of atomic interaction. 

The results show that failure arises from successive elementary acts of breakage in atomic bonds, 
where the decisive part is played not by the external force but by the thermal energy of the atoms, which 
accumulates at the bonds in a fluctuating fashion (thermal fluctuations). In fact, the equation for "r contains 
a Boltzman~ factor, which coincides with Frenkel's expression for Tfl, the time between two successive 
thermal fluctuations, which occur with the vibrational frequency T0 of the atoms: 

�9 fl ---- t0 exp (- -  E/kT), (3) 

where  To is  about 10 -13 s ec ,  as  in (2). 

This e x p r e s s i o n  r e s e m b l e s  the expe r imen ta l  equation (2), which shows that the t he rma l  motion i n -  
f luences  the fa i lu re  not as  a weak the rma l  background (osc i l la t ions  of p e r i o d  10 -13 see  and energy  kT) but 
as  b u r s t s  of ene rgy ,  the energy  E of a bu r s t  being cons ide red  f rom (2) and (3) as needed to ove rcome  the 
potent ia l  b a r r i e r  U = U 0 - T a  se t  up by the in te rac t ion  of adjacent  a toms .  The following a rgumen t s  a l so  show 
that t he rma l  f luctuat ions a r e  dec i s i ve .  

The equation for  7 has  the fo rm usual  for  a kinet ic  t he rma l ly  ac t iva ted  p r o c e s s  (compare  A r r h e n i u s ' s  
equation),  and the dec i s ive  p a r t  is  p layed by t he rm a l  f luctuat ions in overcoming  obs tac l e s  in the s h o r t - r a n g e  
o r d e r  (here ,  in break ing  the bonds with adjacent  a toms)  [25]. 

We mus t  now cons ide r  what is  the ro le  of the ex te rna l  force  in f a i lu re  in the k inet ic  approach .  This 
force  r educes  the in i t ia l  energy  b a r r i e r  U 0 by T(~, f ac i l i t a t e s  t he r m a l  bond b reakage ,  and g ives  d i r ec t ion  
to this  p r o c e s s .  

F a c t o r  "y has the following meaning in the k inet ic  approach:  it  r e p r e s e n t s  the loca l  o v e r s t r e s s  in the 
prese)ace of a mean s t r e s s  in the body. The i n c r e a s e d  loading in the a tomic  bonds should reduce  U 0 m o r e  
and so fac i l i t a te  t he rma l  bond b reakage .  The lower  T, the g r e a t e r  the r ea l  s t r eng th  (Table 1), and ~/ for  
a given m a t e r i a l  is  a function of i ts  s t a t e ,  which is  de t e rmined  by t he r m a l  and mechan ica l  t r e a t m e n t s ,  p r e s -  
ence of i m p u r i t i e s ,  c r y s t a l l o g r a p h i c  o r ien ta t ion  (for s ingle  c r y s t a l s ) ,  and o ther  f a c t o r s .  

Na tu ra l ly ,  "y is  s t r u c t u r e - s e n s i t i v e .  F o r  ins tance ,  in a p o l y c r y s t a l l i n e  me ta l  it  is  de t e r m i ne d  by the 
d i s loca t ion  s t r u c t u r e  of the block boundar ies ,  which can be c h a r a c t e r i z e d  via  the angle between blocks [26- 
29], which i n c r e a s e s  subs tan t i a l ly  only at the s t a r t  of loading,  with ve ry  l i t t l e  subsequent  change up to the 
fa i lu re  point .  The s t ab i l i zed  level  is  dependent only on the s ta te  of the m a t e r i a l  and def ines  "y ('Y d e c r e a s e s  
as  the angle i n c r e a s e s )  [26-28].~ This r e la t ionsh ip  means  that  the local  o v e r s t r e s s  leve l  fa i l s  as  the d i s -  
locat ion dens i ty  i n c r e a s e s  at the s t ab i l i zed  block boundar ies .  This occur s  because  loca l i za t ion  of p l a s t i c  
de format ion  (high loca l  d i s loca t ion  densi ty)  may not only fac i l i t a te  f a i lu re  (the va r ious  d i s loca t ion  mode l s  
for  c r a c k  production)  but a l so  may r e t a r d  i t  by re lax ing  the haza rdous  o v e r s t r e s s e s  at the v e r t i c e s  of g r o w -  
ing c r a c k s .  We may thus a s s u m e  that product ion  of b lock boundar ies  ( regions  of i n c r e a s e d  d i s loca t ion  den -  
s i ty)  r e l a x e s  the o v e r s t r e s s e s  involved in continuity f a i lu re .  $ This  r e l axa t ion  i n c r e a s e s  with the d i s l o c a -  
t ion dens i ty  at the block boundar ies  and causes  T to fa l l ,  which r e t a r d s  fu r the r  development  of the f a i l u r e s  
and so i n c r e a s e s  the s t rength .  

The t ime  dependence of fa i lure  s o m e t i m e s  r e v e a l s  an anomaly in the s lope  of log ~" aga ins t  o-, or  a knee 
on the curve  [30, 31]. in such c a s e s  it i s  impor t an t  to e s t ab l i sh  whether  they a r i s e  f rom a change in the 
k ine t ic  (fluctuation) fa i lu re  m e c h a n i s m  or  f rom a change in the condit ions of opera t ion  of the m e c ha n i s m .  
Most ly ,  s t r u c t u r a l  s tudies  show that the effect  is  due to s t r u c t u r a l  ins tab i l i ty  in the m a t e r i a l  (unstable leve l  
of b lock d i so r i en ta t ion ,  which causes  ~/to va ry) .  T h e o r e t i c a l l y ,  it  is  pos s ib l e  for  the t he rma l - f l uc tua t i on  
c h a r a c t e r  of the fa i lure  to a l t e r  at 0 ~ ,  but a contr ibut ion f rom t he r m a l  f luctuat ion is unl ikely nea r  absolute  
z e r o .  A de ta i led  ana lys i s  f rom this viewpoint  involves cons ider ing  fa i lu re  at high r a t e s  (by shock or  exp lo -  
s ion) .  

J 'P re l imina ry  evidence  ind ica tes  that this  angle inf luences T not only for m e t a l s  but a l so  for  ionic and c o -  
va len t  c r y s t a l s .  
SForma t ion  of block boundar ies  c e a s e s  soon a f t e r  loading (at the end of the f i r s t  s tage  of c reep)  [28], and 
the re  a r e  r e a sons  for  supposing that ,  at  this  point ,  the me ta l  a l r e a dy  has a high concent ra t ion  of s u b m i c r o -  
scop ic  f a i lu re s  in con t inu i ty  [32]. 
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The kinetic approach indicates that mos t  solids fail in the same way, and so there is little jus t i f ica-  
tion for division into v iscous ,  bri t t le ,  h igh- tempera ture ,  and other fo rms  of fai lure.  Fai lure  is based  on a 
kinetic p roce s s  of bond breakage ~accumulation of vulnerability),  with thermal  fluctuations playing a ma jo r  
pa r t .  

This approach does not rule out specific features  in the fai lure,  which should be taken into account in 
s t rength  calculat ions.  These only serve  to emphasize  the common features .  

The basic concepts of the kinetic approach have recently been confirmed on po lymers ,  which are  the 
mos t  convenient for examination by physical  methods.  Infrared spect roscopy indicates that an external 
force  loads atomic bonds and reduces  the atomic interaction energy , thereby increasing the probabili ty of 
fluctuation breakage while ESR reveals  a high concentration of broken bonds even at the s ta r t  of loading 
[1"]. Small-angle x - r a y  scat ter ing shows that c racks  of size 102-103/~ a re  produced [22], which leads ulti-  
mate ly  to growth of mac roscop ic  c racks  [23]. 
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