
C R E E P  O F  V A P O R I Z A T I O N - D E P O S I T E D  C O P P E R  F I L M S  

K .  K .  Z i l i n g  a n d  V .  Y u .  P c h e l k i n  

The  c h a r a c t e r i s t i c s  of  s h o r t - t e r m  c r e e p  of  c o p p e r  f i l m s  d e p o s i t e d  by  v a p o r i z a t i o n  a r e  d e t e r m i n e d ,  
and the  a p p l i c a t i o n  of  d i f f e r en t  v a r i a n t s  of the  h a r d e n i n g  h y p o t h e s i s  to  th i s  m a t e r i a l  i s  c o n s i d e r e d .  

The e x p e r i m e n t s  w e r e  p e r f o r m e d  on f i l m s  with  a t h i c k n e s s  of 5-7 /~ ,  ob ta ined  by v a p o r i z i n g  99.997% 
p u r e  m a t e r i a l  f r o m  a m o l y b d e n u m  c r u c i b l e  in  a vacuum of (3-5) �9 10 -6 t o r t .  The  m a t e r i a l  was  d e p o s i t e d  
on g l a s s  b a c k i n g s  c o v e r e d  wi th  a NaC1 buf fe r  l a y e r ,  which  w e r e  h e a t e d  to  (200 ~- 10)~ The  p r e p a r a t i o n  
t echn ique  has  been  d e s c r i b e d  in  [1]. F l a t  s p e c i m e n s  with  a 12 x 1 m m  2 gauge  s e c t i o n  w e r e  t e s t e d  fo r  c r e e p  
u n d e r  u n i a x i a l  t e n s i o n  in a m i e r o t e s t i n g  m a c h i n e  [2] which  was  m o d i f i e d  fo r  th i s  p u r p o s e .  The  a c c u r a c y  
of  d i s p l a c e m e n t  m e a s u r e m e n t s  was  1 g .  The  t e s t s  w e r e  p e r f o r m e d  at  (21 -~ 1.5)~ If  the  t e m p e r a t u r e  
v a r i e d  by 1 -2  ~ d u r i n g  an e x p e r i m e n t ,  a c o r r e c t i o n  fo r  the t h e r m a l  e x p a n s i o n  of the  s p e c i m e n  and the m a -  
chine  p a r t s  was  u sed .  The t e s t s  we re  p e r f o r m e d  u n d e r  c o n s t a n t  l o a d s ;  h o w e v e r ,  s i n c e  the  s t r a i n  of the  s p e c -  
i m e n s  u s u a l l y  a m o u n t e d  to l e s s  than  1%, the  change  in  the  s t r e s s  was  n e g l e c t e d .  

C o n s t a n t - S t r e s s  C r e e p .  We s h a l l  d e t e r m i n e  the de pe nde nc e  of the  p l a s t i c  s t r a i n  e on the s t r e s s  
and the  t i m e  t .  

F i g u r e  l a  shows  t y p i c a l  c r e e p  c u r v e s  fo r  f i l m s  in  a l o g - l o g  p lo t .  The  n u m b e r s  in  F i g .  l a  and b c o r -  
r e s p o n d  to the  fo l lowing  v a l u e s  of  ~ (kg /mm2) :  

1 2 3 4 5 6 7 8 

=25.8 24.5 23.9 23 :1  20.8 19 .9  19.0 17.0 

I t  i s  obvious  tha t  the  dependence  of ~ on t can  be  d e s c r i b e d  by  a s t e p  func t ion .  The  exponent  m,  d e -  
t e r m i n e d  with  r e s p e c t  to  the  s l o p e  of the  s t r a i g h t  l i n e s  in F i g .  1, can  be a s s u m e d  to be i ndependen t  of cr in 
the  f i r s t  a p p r o x i m a t i o n .  F o r  c e r t a i n  b a t c h e s ,  the  v a l u e s  of ~ c l o s e  to  the  u l t i m a t e  s t r e n g t h ,  fo r  which  a 
s h a r p  i n c r e a s e  in m f r o m  0 A0-0 .45  to 0 .70-0 .80  was  s o m e t i m e s  o b s e r v e d ,  c o n s t i t u t e d  an e x c e p t i o n .  

A f t e r  w r i t i n g  the  r e l a t i o n s h i p  e = e(~ ,  t) as  

e = [f (O) /m]mt  m 
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we f ind the f o r m  of  f ( c r ) .  By ana logy  wi th  s o l i d  m a t e r i a l s ,  we a s s u m e  tha t  

1( ~) =ker A 

w h e r e  A and k a r e  the  c o n s t a n t s  of the  m a t e r i a l .  Then ,  

8 = (kt/m) TM e m~/A (1) 

F o r  t = 1, r e l a t i o n s h i p  fl) in  a l o g e  vs  ~ p lo t  d e s c r i b e s  a s t r a i g h t  l ine  whose  s lope  i s  d e t e r m i n e d  by 
the va lue  of A,  whi le  the  d i s t a n c e  f r o m  the  c o o r d i n a t e  o r i g i n  i s  d e t e r m i n e d  by  k.  The  e x p e r i m e n t a l  r e s u l t s  
fo r  m = 0.40 l i e  on a b r o k e n  c u r v e  whose  s a l i e n t  poin t  c o r r e s p o n d s  to cr ,  = 23.9 k g / m m  2 fo r  the  b a t c h  in  
ques t ion  (F ig .  2). In th i s  c a s e ,  d i f f e r e n t  v a l u e s  of A and k m u s t  be  u s e d  fo r  cr _> G ,  and G _< or, , n a m e l y  

k=7.53.  • l0 -is rain "z, A = i . i 5  kg/mm z for cr~23.9 
k =  t .26•  10 -~ rain "z, A 0.37kg/mrn 2for o>~23.9 

The a c c u r a c y  wi th  which  e x p r e s s i o n  (1) d e s c r i b e s  the  e x p e r i m e n t a l  r e s u l t s  fo r  the  g iven  m,  k, and A 
i s  i l l u s t r a t e d  in  F i g .  l b .  The  t h e o r e t i c a l  c u r v e s  a r e  g i v e n  by  d a s h e d  l i n e s .  F o r  a l l  c u r v e s  ~ <- a . .  C o n -  
s i d e r i n g  tha t ,  f o r  the  s a m e  va lue  of ~ ,  the  s c a t t e r  be tween  i nd iv idua l  s p e c i m e n s  a t t a in s  15-20% even  fo r  
s o l i d  m a t e r i a l s ,  we f ind the above  a c c u r a c y  quite s a t i s f a c t o r y .  

V a r i a b l e - S t r e s s  C r e e p .  We sha l l  d i s c u s s  the  p o s s i b i l i t y  of app ly ing  to th in  f i l m s  c e r t a i n  h y p o t h e s e s  
u s e d  in  c r e e p  m e c h a n i c s  fo r  d e s c r i b i n g  the  b e h a v i o r  of  s o l i d  m e t a l s .  A c c o r d i n g  to [3, 4], the  c r e e p  r a t e  
a t  c o n s t a n t  t e m p e r a t u r e  i s  a funct ion  of  the  p r e s e n t  va lue  of cr and a c e r t a i n  s e t  n of  p a r a m e t e r s  qi, wh i l e  

dqi ~ aide ~ bider -~ cidt 

w h e r e  a i ,  b i ,  and c i a r e  g e n e r a l l y  func t ions  of g ,  e ,  t ,  and qk. Since  the  f i l m s  w e r e  d e p o s i t e d  on a back ing  
h e a t e d  to a h igh  t e m p e r a t u r e ,  i t  i s  not  v e r y  l i k e l y  tha t  t h e i r  s t r u c t u r e  changed  a p p r e c i a b l y  in t i m e  at r o o m  
t e m p e r a t u r e s .  T h e r e f o r e ,  we c h e c k e d  t h e  h a r d e n i n g  h y p o t h e s i s  f o r  the  u sua l  c a s e  w h e r e  

n ~- l ,  dq = de (2)  

and the  c a s e  w h e r e  the  fo l lowing  quant i ty  i s  u s e d  as  the  h a r d e n i n g  p a r a m e t e r  fo r  n = 1: 

dq = ~de, q = l ~d~ (3) 

In o r d e r  to  ob ta in  c o n t r a s t i n g  r e s u l t s ,  the t e s t s  w e r e  p e r f o r m e d  with  s t e p w i s e  i n c r e a s e s  in s t r e s s .  
F i g u r e  3 shows  t y p i c a l  t e s t  r e s u l t s  u n d e r  such  c o n d i t i o n s .  The  po in t s  denote  the  e x p e r i m e n t a l  v a l u e s  of e .  
The  d a s h e d  c u r v e  was  o b t a i n e d  on the b a s i s  of h y p o t h e s i s  (2), whi le  the  Sol id  c u r v e  p e r t a i n s  to  h y p o t h e s i s  
(3). The  t i m e  i n t e r v a l s  At  = 120, 100, 260 m i n  c o r r e s p o n d  to e f f ec t ive  s t r e s s e s  ~ = 17.6, 19.0, 24.2.  

I t  i s  ev iden t  tha t ,  fo r  s l i gh t  i n c r e a s e s  in s t r e s s ,  both  h y p o t h e s e s  y i e l d  r e s u l t s  tha t  a r e  c l o s e  to e x -  
p e r i m e n t a l  d a t a .  F o r  l a r g e r  i n c r e a s e s  in ~ ,  the  h a r d e n i n g  p a r a m e t e r  (3) y i e l d s  b e t t e r  r e s u l t s ,  as i t  a p -  
p a r e n t l y  does  fo r  s o l i d  m a t e r i a l s  [5]. 

We s h a l l  now c a l c u l a t e  the  r e l a x a t i o n  c u r v e s  by us ing  the  above  two h y p o t h e s e s .  P a s s i n g  to the  
d i m e n s i o n l e s s  v a r i a b l e s  

O' ~ o / A ,  8 '  ~ 8 E / A  I t '  ~ k ( E [ A ) I + %  
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and differentiating (1) we obtain 

e"~'~ = co" (a = m-1 - t) (4) 

Here, E is the Young modulus. 

In the case of pure relaxation, or' + e' = const;  however, in 
our experiments,  the length of the specimens var ied somewhat 
due to the displacement of the stiff dynamometr ic  spring.  In this 
case, 

M~' * s ,  ~ c o n s t  (M = t + c ~ )  

Here, e is the pliancy of the spring, L is the specimen 's  length, and s is its t r ansve r se  c ross  section.  
For  the investigated specimens,  the value of M var ied from 1.5 to 1.6. 

For  e = 0 and t = 0, the function ~ '  = a'(cr~, t) can be obtained from (4) and (5) in the following form: 

eGO ' 

Here, ~o, is the inverse function of ~o, where 

x 

(x) = i z: eZdz 
0 

If express ion (3)is  used as the hardening parameter ,  Eq. (4) can be writ ten thus: 

q.,q,a = z,~+l e z" (7) 

In the case of relaxation, 

q' = 'h (~o '~ -  ~'~) (8) 

By taking into account the cor rec t ion  for  the displacement of the spring, we obtain the following from 
(7) and (8) for  the same initial conditions: 

~o 

(9) 
2~ " j 

F igure 4 provides a comparison between the exper imenta l  data (circ les and sol id  curve) and the r e -  
sults of calculat ions by means of (6) and (9) fo r  a specimen wi th a Young modulus of 9600 k g / m m  2 and an 
initial s t ress  if0 = 23.9 k g / m m  2. The values of the constants A and k are given above. The dashed curve 
pertains to calculations based on (6), while the dot-dash curve pertains to calculations based on (9). Al-  
though expression (9) yields a lower relaxation rate ,  which was to be expected, it is obvious that both hy-  
potheses produce resul ts  that are very  close to each other and in good agreement  with the experimental  

data. 

Thus, it has been shown that, in spite of the differences in dimensions and s t ruc tures ,  the creep be -  
havior is qualitatively s imi lar  for the investigated films and for solid mate r ia l s .  The mechanical  models 
used for  describing the creep of s t ructura l ly  stable solid metals  can also be used for  films with equal 
s u e c e s s .  
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