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T h e  exp ress ion  fo r the  a p p a re n t a c tiv a tio n  energy  fo r c reep  co n tro lle d  by  jo g -d rag  an d  cell-fo rm atio n  is given in te rm s o f the 
p a ra m e te rs  o f th e  physica l m odel. It is show n th a t, in general, th is  energy  does n o t co in c id e  w ith  th a t fo r self-d iffu sion . T he  
resu lts  a re  a p p lied  to  ac tu a l e x p erim en ta l d a ta  o b ta in e d  in stress-re lieved  Z ircaloy -4  a t 673 K.

1. Introduction

G ittu s  [1] has deduced  a  theoretical eq uation  for 
s tead y -s ta te  d isloca tion  creep  con tro lled  by jo g -d rag  
a n d  cell-fo rm ation . In this m odel, the creep  ra te , é, and  
the  app lied  stress, o , are  re la ted  by

oto =  ( é / é * ) ' /3 +  sinh~  1 [ ( t / t * ) ' 73/ ? ] , 

w here: 

a  =  b 2l / k T ,

i*  =  K ^ c ^ k T ) 2 Dv/ G 2bl3.

P = b K 6ci/ 2 0 l ,

£ > v  =  D0 e x p ( - U d/ k T ) ,

C j ~ e x p ( ~  U / k T ) ,

( O

(2)

(3)

(4)

(5)

(6)
b is the Burgers vector, G is the shear m odulus, / is the 
d is tan ce  betw een neighbouring  jogs, T  is the abso lu te  
tem p era tu re , k  is B o itzm an n ’s co n stan t, £>v is the  volum e 
self-d iffusion  coefficient, Cj is the jo g  co n cen tra tio n , K  is 
the  ra tio  o f cell-d iam eter to  m ean d isloca tion  spacing, 
í/d is the energy (strictly  en th a lp y ) for self-d iffusion , l/¡ 
the  energy to  form  a jo g  an d  D0 the  p re-exponen tia l 
facto r for self-d iffusion . By considering  tw o lim iting  
cases o f eq. (1), G ittu s  concluded  th a t the a p p aren t 
activ a tio n  energy for creep will generally  vary betw een 
Ud -  2Uj an d  Ud +  U¡ and  the  average valué will be cióse 
to  th a t for volum e self-diffusion.

It is the p u rp o se  o f this p ap er to  show  th a t w hen the 
tem p era tu re  depen d en ce  of all the  pa ram ete rs  included

in to  eq. (1) is considered , the a p p a re n t ac tivation  energy 
fo r creep  m igh t d iffer su b stan tia lly  from  th a t for self- 
d iffusion . F inally , the resu lts will be app lied  to  creep 
d a ta  o b ta in ed  in Z ircaloy-4,

2. Theory

T he ap p a re n t activation  energy for creep, Q , is de- 
fined by

0 = - 9  1 n c / a ( l / * r ) | B ( 7)

an d  it is o b ta in ed  experim entally  by m easuring  the 
change  in the p lás tic  s tra in  ra te  induced  by a b ru p t and 
sm all changes in tem p era tu re , a t co n stan t stress. T he 
logarithm ic  derivative, a t co n stan t stress, o f  eq. (1) with 
respect to 1 / k T  can  be w ritten  as

9 l n ( a a ) i /3 9 l n ( É / « * ) ' /3

“ a a O A T )  9(1 / k T ) "

9 u 9 z 
+  9 7  9 ( l / A r T )  ’

w here

u =  s in h -1 [ ( é / é * ) l/3 /?] 

an d

z = ( i / i * y /3,s .

In ad d itio n , since

d u / d z  = 1 / [  1 +  ( f / ¿ * ) 2/3/ ! 2] ' /2 ,

(8)

(9 )
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9z =  - 8 ( i / é * ) ' /3 ¡ 8 l n ( ¿ / ¿ *) / J  +  3 a » " / !
9(1 / k T )  , P (  /  ’ { 9(1 / k T )  <S ( \ / k T )  I

9 ln o / 9 (  1 / k T ) = O,

eq. (8) can be w ritten  as

„ 9 ln a  , ,  , , 9  l n ( i / i * )
3 v =  (1 + x ) -
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1/3

9( l / A T )

+ 3x

9( 1 / k T )  

9 ln ¿3 
9(1 / k T )

1/3

with

y  =  o t o / ( i / i * )  

an d

*  =  M >  + z 2 ) ' / 2 .

A ccord ing  to  eq. (2) 

9 ln a  9 ln /
+ k T = $  + k T ,

( 10)

( 1 1 )

( 12)

(1 3 )
9(1 / k T )  9(1 / k T )  

w here

£ =  9 \ n l / d ( \ / k T ) .  (14)

O n tak ing  in to  accoun t eqs. (3) an d  (5) it can be easily 
seen that

9 ln i*
=  6

9 ln K
9(1 / k T )  9(1 / k T )  d ( \ / k T )

- U , -  2 k T - 2
9 ln G 9 ln /

9(1 / k T )  d ( l / k T )

(1 5 )
ln  general, G changes linearly  with tem pera tu re , i.e..

G = G0 — q ( T  — 273 K ) , (1 6 )

w here G0 an d  q a re  c o n stan ts  for a given m ateria l and 
d o  no t dep en d  on tem p era tu re . T hen.

9 ln G / d ( \ / k T )  =  ( q / G ) k T 2 = <¡>(T). (17)

w here  í> is a func tion  o f T.
U¡ in eq. (6) is the  energy to form  a jo g  in therm al 

equ ilib rium  and  if as suggested by  G ittu s  [1]

í/j =  C í.3/8 7 t, (18)

then

8 ln C¡ =  - U  - r  .8 ln °  = -  U  -  a k T , (19)
9 ( l / * r )  J 9 ( 1 / * T )  J

w here

r = U / k T  (20)
an d

r ®  =  a . (21)

In ad d itio n . acco rd ing  to G ittu s  [2]

K ~ c

and

79

(22)

(23)9 ln K / d ( \ / k T )  = cp(U¡ + a k T ) .

O n su b stitu tin g  eqs. (14), (17). (19) and (23) in to  eq. 
(15) this leads to 

9 ln é*
(6tp •

d { \ / k T )

+ kTa(b<p — 1) — 2(1 +  <£>) — 3£. (24)

F u rth e rm o re , from  eq. (4) and tak ing  in to  accoun t 
eqs. (14), (19) and  (23) it is easy to  show  that

9 ln p
9(1 / k T )

=  í/¡ ( 6 <p — \ ) + a k T ( 6 < p -  l ) - £ . (25)

Finally , su b stitu tin g  eqs. (13), (24) and  (25) in to  eq. 
(10), tak ing  in to  accoun t eq. (7) an d  rearrang ing  term s, 
leads to

(2 6 )

(27)

(28) 

(29)

Q =  Ud + cU¡ + d¡; + e.  

w here

í  =  2 ( l  + <t>) + a(bcp -  1)^-

Eq. (26) gives the a p p a re n t activation  energy, w hich can 
be o b ta in ed  experim entally  in term s of the tem pera tu re. 
th e  app lied  stress, the  p lástic  stra in  ra te  and the param - 
e te rs o f the physical m odel.

3. Discussion

G ittu s  [1] has analyzed  the ap p aren t ac tivation  en ­
ergy for creep  for tw o lim iting  cases o f eq. (1). In the 
first case he assum ed th a t the second term  on the right 
h an d  side o f eq. (1) is negligible com p ared  with the first.

J / 3
(3 0 )aa  =  ( i / i * )

T hen

x  = 0 ; >■ = 1 ;  c =  1 — 6 <p; d  = 0; 

e =  ( 2 0  — 1) — a(6<p -  1) 

a n d  eq. (26) reduces to

£>= U¿ +  (1 -  6<p)t/j + [2<P -  1 -a(6< p- 1 )]AT . (31)
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A ccord ing  to G ittu s , if eq. (30) is valid then  Q  =  Uá + í/¡ 
bu t, from  eq. (31) th is is possib le on ly  if <p =  0  =  0 and  
the  c o n trib u tio n  due  to the term  involving k T  is negligi- 
ble. In the  second lim iting  case G ittu s  assum ed th a t the 
second  term  on  the  right h and  side o f eq. (1) is d o m i­
n a ra  and

a o  =  sinh~  1 [ ( c / é * ) ' /3>8] .  (32)

In th is lim it it is easy to show  th a t eq. (26) reduces to 

Q =  t/d +  2 (6 < p -  l ) í / j  +  2 [(  1 +  <f*) +  a(6cp — 1 ) ] k T .

(33)

A ccord ing  to  G ittu s , if eq. (32) is valid  then  Q = Ud -  
2U¡ bu t, from  eq. (33) this is valid only if <p =  =  0 and  
the co n trib u tio n  due  to  the term  involving k T  is ne- 
glected. F rom  eq. (22) it can  be seen th a t <p =  0 m eans 
th a t K  is in d ep en d en t o f c,, i.e., in d ep en d en t o f tem p er­
a tu ra . In ad d itio n , 0  = 0  m eans th a t G is tem p era tu re  
in d ep en d en t, w hich is no t the case. By using  a therm o- 
dy nam ic  a rg u m en t G ittu s  [2] has show n th a t <p =  0.4, so 
th a t the co n trib u tio n  due to  the tem p era tu re  depen- 
den ce  o f K  to the m easured  a p p aren t activation  energy 
can n o t be neglected. F u rth e rm o re , from  eqs. (31) and  
(33) it can  be clearly  seen that Q  does no t vary, in 
general, betw een t/d +  U¡ and  Ud -  2Uj, as assum ed by 
G ittu s , so th a t Q *  t/d . In fact, the term s includ ing  k T  
a n d  í/¡ in eqs. (31) and  (33) a re  o f the o rd er o f £/d even 
if k T  and  U¡ a re  m uch sm aller than  í/d . M easurem ents 
o f the a p p aren t activation  energy for creep, a t 673 K., o f 
b o th  cold-w orked  and  stress-relieved Z ircaloy-4  have 
given an  average valué o f (300 +  20) k j /m o l ,  for stresses 
betw een  110 and  250 M Pa [3,4], Since these d a ta  have 
been  in te rp re ted  in term s o f eq. (1), Q  will be expressed

in term s of the param ete rs  o f the physical m odel by eq. 
(26). F u rth e rm o re , it has been show n [4] by an  ap- 
p ro x im ate  calcu la tion  o f Q  th a t the influence o f the 
term s ad d in g  to  £/d , in eq. (26) c an n o t be neglected and , 
consequen tly , Q  =<= £/d . T his is confirm ed  by the fact that 
í/d =  100 k J /m o l,  as o b ta in ed  from  the creep and  stress 
re laxation  d a ta  in Z ircaloy-4  [4,5] an d  from  an ex trapo- 
la tion , to  673 K, o f recent m easurem ents o f the self-dif- 
fusion coefficient o f z ircon ium  by ion -b eam -sp u tte rin g  
techn iques [6],

T o  d em ó n stra te  its app licab ility , eq. (26) was used to 
calcú la te  £ as defined  by eq. (14). T ab le  1 gives the d a ta  
o b ta in ed  d u rin g  s tead y -s ta te  c reep  in stress-relieved 
Z ircaloy-4  a t 673 K. [4], T he valúes for the a p p aren t 
ac tivation  energy given in the tab le  were o b ta in ed  by 
m ak ing  a b ru p t and  sm all changes in the  tem pera tu re  
( +  20 K) and  m easuring  the co rresp o n d in g  changes in 
the  stra in  ra te , as suggested by eq. (7). T he num bers 
m arked  w ith an asterisk  co rresp o n d  to  valúes o b ta ined  
by decreases in tem pera tu re . A lso given in the  table  are 
the  co rresp o n d in g  stresses, the stra in  level an d  the stra in  
ra te  before  the change in tem p era tu re , and  the p a ram e­
ters a , i *  an d  /8 o b ta in ed  by fitting  the creep  curves to 
eq. (1) [4],

O nce a,  i *  and  /? a re  know n, the pa ram ete rs  c, d  and  
e o f eq. (26) can  be easily o b ta ined . In fact, a- and  v 
needed  for eqs. (27) to (29) can be calcu la ted  by using 
eqs. (11) an d  (12) an d  the p a ram ete rs  given in tab le  1. 0  
for eq. (29) can  be o b ta in ed  by using eq. (17) and  the 
valúes for q an d  G rep o rted  by R osinger e t al. [7], <p for 
eqs. (27) and  (29) can  be ob ta in ed  from  the experim en­
tal K  valúes rep o rted  by Povolo and  C ap itan i [5], o b ­
ta in ed  at 633 and  673 K on stress re laxation  in the 
b en d in g  of stress-relieved Z ircaloy-4; the valué <p =  0.9

T a b le  1
A p p a re n t ac tiv a tio n  energ ies fo r s te a d y -s ta te  c reep  o f s tress  relieved Z ircaloy -4  a t 673 K , o b ta in e d  by m ak in g  changes  in te m p e ra tu re  
o f + 2 0  K. T h e  Q  valúes m ark ed  w ith  an  aste risk  w ere o b ta in e d  on d ecreasing  the  tem p e ra tu re . T h e  c o rre sp o n d in g  p a ra m e te rs  
o b ta in e d  w hen  the  d a ta  a re  fitted  to  eq. (1) a n d  th e  s tra in s, befo re  th e  ch an g e  in te m p e ra tu re , a re  a lso  given

o
(M P a )

t X 10~2 a X  1 0 "3 
( M P a ’ 1)

¿ * X  10~4 
( s “ 1)

P Q
(k J /m o l)

120 0.57 19.1 1.9 229 9.2 x  10’  10 296
0.69 19.4 2.2 288 3.6 x  10-9 291*

147 1.19 20.1 3.4 478 3 .3 x  10” 9 297
169.4 1.90 20.7 4.5 661 6.9 X  10 9 298
188.9 4.89 21.1 5.6 855 1 .8x  10~8 298

6.21 21.1 5.6 855 7.5 x  10~8 281*
216 7.14 21.1 5.6 855 7 .9 X I 0 “ 8 303*

7.70 21.1 5.6 855 1.1 X I 0 ~ a 315
242 10.31 21.1 5.6 855 3.3 X I 0 ~ 7 302*

11.90 21.1 5.6 855 4.9 X  10’ 8 315



F. Povolo, A.J. Marzocca /  Apparent activation energy 81

120 140 160 180 200 220 240

a [MPa]

Fig . 1. |  =  3 ln / / 3 (  \ / k T )  fo r stress-re lieved  Z ircaloy-4 , ob- 
ta in e d  by  so lv ing  eq. (26) w ith the  p a ra m e te rs  given  in ta b le  1.

is o b ta in ed  on assum ing th a t eq. (22) is valid. Finally , 
on ce  <f> is know n, a can  be  o b ta in ed  by using  eqs. (20) 
a n d  (21) w ith t/¡ =  21 k J /m o l.  as o b ta in ed  by using eq. 
(18) w ith b =  3.23 X 10 “ 10 m and  C  =  26 G P a  a t 673 K 
[7].

O nce eq. (26) is solved for tak ing  Ud =  105 k J /m o l,  
the  valúes show n in fig. 1 a re  ob ta in ed , as a function  of 
th e  app lied  stress. T he circles co rresp o n d  to  valúes 
o b ta in ed  by increasing  the tem p era tu re  an d  the d o ts  to 
valúes ob ta in ed  by decreasing  the tem p era tu re . F u rth e r- 
m ore. on assum ing  th a t

I ~  e x p l ü ^  o ) / k T ] (3 4 )

then , acco rd ing  to eq. (14)

€ = Ü j ( « 0 -  (3 5 )

Eq. (34) m eans th a t the average d istan ce  betw een 
n e ighbouring  jogs is no t only given by the  jo g s pro- 
d u ced  therm ally , in w hich case í / j ( o ) =  Uy  bu t there  is 
a lso a c o n trib u tio n  from  the ex ternal w ork. If it is 
fu rth e r assum ed that

U¡( a ) = U ¡0- o V .  (36)

w here V  is the ac tivation  volum e an d  U¡0 is the  energy 
to  form  a jo g  w ithout app lied  stress, V  and  í/j0 can  be 
o b ta in ed  from  the slope an d  the in te rcep t, respectively, 
o f the  average s tra ig h t line show n in fig. 1. T he follow-

ing valúes w ere o b ta in ed  by th is p ro ced u re

V =  1.05 X 1 0 ^ 26 m 3 =  4¿>3.
£7,0 =  22 k J /m o l .

It can  be seen th a t U¡0 — V¡ and  the ac tivation  volum e is 
o f the  o rd er o f b 3, as shou ld  be expected . T hese ap- 
p ro x im ate  calcu la tio n s fu rth er confirm  the valid ity  of 
eq. (26) since no  assu m p tio n s were m ade an d  the physi- 
cal param ete rs  were o b ta in ed  d irectly  from  the experi­
m ental da ta .

4. Conclusions

T he a p p a re n t ac tivation  energy for creep  con tro lled  
by  jo g -d rag  and  cell-fo rm ation  does not. in general, 
co inc ide  w ith th a t for self-d iffusion . F u rth e rm o re , the 
a p p a re n t activ a tio n  energy m easured  du rin g  creep ex- 
p erim en ts has a physical significance on ly  w ith in  a 
specific  m odel. F inally , the energy to form  jogs, as a 
fu n c tio n  o f the app lied  stress an d  the ac tivation  volum e 
have been o b ta in ed  from  creep  d a ta  in Z ircaloy-4  a t 673 
K.
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