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In the t e m p e r a t u r e  range  723 to 823 K (450 ~ to 550~ annealed,  c r y s t a l  ba r  c~-Zr exhibi ts  
anomalous  behavior  with r e spec t  to both s ingle  s t r e s s  and i n c r e m e n t a l l y  s t r e s s e d  c reep  
t es t s .  The na tu re  and extent of the anomalous  behavior  depends on t e m p e r a t u r e ,  s t r e s s ,  
and impur i ty  content .  Specimens with low oxygen content  exhibi t :  1) no r ma l ,  t h r e e - s t a g e  
creep behavior  dur ing  s ingle  s t r e s s  t e s t s ,  and 2) n o r m a l  t r a n s i e n t s  dur ing  i n c r e m e n t a l  
s t r e s s  and t e m p e r a t u r e  t e s t s .  Specimens with higher  oxygen contents  exhibit :  1) mu l t i -  
s tage creep curves  whose shapes  depend on t e m p e r a t u r e  and s t r e s s ,  2) i nve r se  t r a n s i e n t s  
following s t r e s s  and t e m p e r a t u r e  i n c r e m e n t s ,  and 3) peaks in ac t iva t ion  e n e r g y - t e m p e r a -  
tu re  curves .  The na tu re  of the anomalous  behavior  is cons i s ten t  with a model  for s t r a i n  
aging in which the poss ib i l i ty  of local ized deplet ion of the s t r a i n  aging spec ies  exis t s .  In 
the m a t e r i a l  be ing studied oxygen is p robab ly  r e spons ib l e  for the obse rved  effects.  

DYNAMIC s t r a in  aging r e s u l t s  f rom the in te rac t ion  
of dis loca t ions  and solute a toms dur ing  tes t ing  under  
c e r t a i n  condit ions of s t r a i n  r a t e  and t e m p e r a t u r e .  The 
mos t  common mani fes ta t ions  of this  phenomenon a re  
s e r r a t e d  yie lding (Po r t ev in -Le  Chate l ie r  E f f ec t ) and  
anomal ies  in both s t r a i n  r a t e  s ens i t i v i ty  and work ha r d -  
ening dur ing  t ens i l e  tes t ing.  Cer t a in  aspec ts  of a n o m a -  
lous c reep  behavior  have also been a t t r ibu ted  to dy-  
namic  s t r a i n  aging. 

The inf luence of dynamic  s t r a in  aging on the behavior  
of i ron  and mi ld  s tee l s  is well  documented.  1-s Cer t a in  
subs t i tu t ional  fcc al loys such as s - b r a s s ,  t i n -b r onz e ,  
and A1-Mg also exhibit  s t r a i n  aging c h a r a c t e r i s t i c s .  ~-n 
In hcp m a t e r i a l s  there  is evidence of weak s t r a i n  aging 
r e su l t i ng  f rom the in te rac t ion  of i n t e r s t i t i a l  a toms and 
d is loca t ions .  12 C o m m e r c i a l  pu r i ty  po lyc rys t a l l i ne  ~ - T i  
exhibi ts  s e r r a t e d  s t r e s s  s t r a i n  curves,lS'14 a peak in 
creep s t rength  at i n t e rmed ia t e  t e m p e r a t u r e s ,  ~s and in-  
cubation creep ,  16 al l  of which a re  a t t r ibu tab le  to s t r a i n  
aging. Ser ra ted  yielding ~7 and other  man i fes ta t ions  of 
dynamic s t r a i n  aging such as anomalous  work ha rden -  
ing 'a have been obse rved  in po lyc rys t a l l i ne  Z r - O  al loys .  
The c reep  behavior  of Z i r ca loy -2  is a lso inf luenced by 
a s t r a i n  aging reac t ion .  19 

This paper  de sc r i be s  the inf luence of dynamic  s t r a i n  
aging on the c reep  behavior  of c ry s t a l  ba r  z i r c on i um 
in the t e m p e r a t u r e  range  723 K (450~ to 823 K (550~ 

EXPERIMENTAL 

The m a t e r i a l  used in this  inves t iga t ion  was c rys t a l  
ba r  z i r con ium supplied in th ree  ba tches  by Wah Chang 
Corp. ,  Albany, Oregon.  The concen t ra t ion  r anges  of 
the major  impur i t i e s ,  f rom the s u p p l i e r ' s  ce r t i f i ed  
ana lys i s ,  a re  shown in Table I. The average  oxygen 
concen t ra t ion  in each batch,  d e t e r m i n e d  by the neu t ron  
act ivat ion method, is a lso shown. 

The a s - r e c e i v e d  m a t e r i a l  was in the fo rm of 2.29 m m  
(0.090 in.)  sheet  and 95.3 mm (0.375 in.) d iam rod.  Both 
the sheet  and rod were  cold reduced  by 50 pct and m a -  

chined into spe c i me ns  with gauge length 2.54 cm (1 in.) 
and gage a r e a  6.46 mm 2 (10 -2 in.2). After chemica l  pol -  
ishing in a solut ion of 10 pct  HF, 45 pct HNOs, and 45 
pct H20 , mos t  spe c i me ns  were  annealed  in a vacuum 
of l e s s  than 5 • 10 -6 t o r r  to produce a gra in  s ize  of 
50 ~m.  Other g ra in  s i zes  s tudied were  12 and 300/zm. 
After annea l ing  the spec imens  were  repo l i shed  and ex-  
amined  in a tex ture  goniomete r .  All spec imens  exhib-  
i ted the expected ro l l ing  or wire  drawing t ex tu res .  All 
t es t s  were  conducted on longi tudinal  spec imens .  

Tes t s  were  pe r f o r me d  in vacua less  than 3 • 10 -6 
t o r r  in c reep  mach ines  equipped with A n d r a d e - C h a l m -  
e r s  type cons tant  s t r e s s  lever  a r m s .  Load t r a n s m i s -  
s ion was accompl i shed  through a coun te rba lanced  
bel lows a s se mb l y .  Strain was m e a s u r e d  with a Day- 
t ronic  t r a n s d u c e r  sy s t em with a sens i t iv i ty  of 1 • 10 -8. 
Creep curve  shapes and c reep  r a t e s  were  obtained 
f rom s ingle  s t r e s s ,  s ingle  t e m p e r a t u r e  t e s t s ;  incuba-  
t ion c reep  behavior  and apparent  ac t iva t ion  ene rg i e s  
were  d e t e r m i n e d  using i n c r e m e n t a l  s t r e s s  and t e m p e r -  
a ture  changes .  

M i c r o s t r u c t u r e s  of annealed  and deformed spec i -  
mens  were examined  us ing both optical  and e lec t ron  
mic roscopy .  Dis locat ion dens i t i es  were  m e a s u r e d  by 
the random l ine in te rcep t  method ~~ in foils  t i l ted  to 
max imize  the n u m b e r  of v i s ib le  d i s loca t ions .  The foil 
th ickness  was a s s u m e d  to be 2000~.. It was cons ide red  
that the subsequent  compara t ive  t r e a t m e n t  of the d i s -  
locat ion dens i ty  r e s u l t s  did not w a r r a n t  th ickness  
ca lcula t ion  for al l  foi ls .  

RESULTS 

Genera l  Behavior  

Creep r a t e s  and creep curve  shapes were r e p r o -  
ducible only within ba tches  A and C. Batch B exhibi ted 
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Table I. Concentration of Major Impurities in wt ppm 

Supplier's 
Analysis, Range Neutron Activation Analysis 

for 3 Batches Batch A Batch B Batch C 

50 to 150 
5 to 50 

50 to 200 
100 

22 45 65 
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Fig. 1--Creep curves of batches A, B, and C at 723 K (450~ 
and 44.8MN.rn -2 {6500 psi). 
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Fig. 2--Schematic illustration of batch B and C material  
creep behavior. 

a s p e c t r u m  of b e h a v i o r ,  the l i m i t s  of which were  d e -  
l inea ted  by  the o the r  two b a t c h e s .  

Fig.  1 i l l u s t r a t e s  the v a r i o u s  t ypes  of c r e e p  curve  
(A, B, and C) obta ined  by  t e s t ing  s p e c i m e n s  f rom the 
r e s p e c t i v e  ba t ches  at  723 K (450~ and 44.8 MN.m -2 
(6500 ps i ) .  Type A, o r  " n o r m a l "  c r e e p  behav io r ,  is  
s i m i l a r  to that  exh ib i ted  by  o the r  pu re ,  p o l y c r y s t a l l i n e  
m a t e r i a l s  at  s i m i l a r  homologous  t e m p e r a t u r e s .  Type 
B and C, o r  " a n o m a l o u s "  behav io r ,  s u m m a r i z e d  s c h e -  
m a t i c a l l y  in Fig .  2, is  c h a r a c t e r i z e d  by  a s h o r t e r  s t age  
I, a lower  c r e e p  r a t e  in s t age  II, fol lowed,  under c e r -  
ta in  condi t ions ,  by  an i n v e r s e  t r a n s i e n t  (per iod  of in-  
c r e a s i n g  c r e e p  r a t e )  which is  t e r m i n a t e d  by  e i t h e r :  
a) a n o r m a l  t r a n s i e n t  (pe r iod  of d e c r e a s i n g  c r e e p  r a t e ) ,  
b) a n o r m a l  t r a n s i e n t  fo l lowed by a new s t eady  s t a te ,  
or  c) a new s t eady  s t a t e .  The o c c u r r e n c e ,  under  con-  
s tan t  t e s t  condi t ions ,  of an i n v e r s e  t r a n s i e n t ,  fo l lowed 
by e i the r  (a), (b), or  (c) wi l l  be r e f e r r e d  to subsequen t ly  
as  a "spontaneous'" reaction. The m a j o r  d i f f e r ences  
be tween type B and type C behav io r  a r e  in the d e g r e e  
of d e p a r t u r e  f r o m  n o r m a l  behav io r  and in the abso lu te  
c r e e p  r a t e s .  Type C s p e c i m e n s  exhibi t  m o r e  p r o -  
nounced b e h a v i o r a l  a n o m a l i e s  and the lowes t  s t e ady  
s ta te  c r e e p  r a t e s .  Spontaneous r e a c t i o n s  in type C 
s p e c i m e n s  occur  r a r e l y  and only a f t e r  ex tens ive  p e -  
r i ods  of s t e ady  s t a t e  c r e e p .  

Effect  of T e m p e r a t u r e  

The behav io r  of ba tch  A s p e c i m e n s  was the s a m e  
throughout  the t e m p e r a t u r e  r ange  s tudied .  Fo r  ba tch  
B and C s p e c i m e n s  at  723 K (450~ spontaneous  r e -  
ac t ions  involved c h a r a c t e r i s t i c s  (a) o r  (b), Fig.  2; a t  
773 K (500~ and 823 K (550~ i n v e r s e  t r a n s i e n t s  
were  fol lowed by c h a r a c t e r i s t i c s  (b) o r  (c). 

Effect  of S t r e s s  

Batch A s p e c i m e n s  showed n o r m a l  v a r i a t i o n  of b e -  
hav io r  with s t r e s s .  At low and i n t e r m e d i a t e  s t r e s s e s ,  
a l l  t h r e e  c r e e p  s t ages  were  o b s e r v e d ;  at  high s t r e s s e s ,  
s p e c i m e n s  p a s s e d  d i r e c t l y  f r o m  p r i m a r y  to t e r t i a r y  
c r e e p .  

The inf luence of s t r e s s  on the b e h a v i o r  of s a m p l e s  
f rom ba t ches  B and C was m o r e  c ompl i c a t e d .  The in-  
f luence of s t r e s s  on the behav io r  of ba tch  B at  773 K 
(500~ and ba tch  C at  723 K (450~ is  i l l u s t r a t e d  in 
F igs .  3 and 4, r e s p e c t i v e l y .  At low s t r e s s e s  only type 
C behav io r  is  o b s e r v e d .  At i n t e r m e d i a t e  s t r e s s e s ,  both 
ba t ches  exhib i ted  type B behav io r ,  with the spontaneous  
r e a c t i o n  o c c u r r i n g  at  lower  s t r e s s e s  and s t r a i n s  in 
ba tch  B s a m p l e s .  At high s t r e s s e s ,  only  type A b e h a v -  
ior  was exhibi ted .  

Steady State C r e e p  Rates  

The a b n o r m a l  behav io r  exh ib i ted  by  s p e c i m e n s  f r o m  
ba tches  B and C c o m p l i c a t e s  the p r e s e n t a t i o n  of s t e a d y  
s t a t e  c r e e p  da ta .  Under c e r t a i n  condi t ions ,  the e a r l y  
o c c u r r e n c e  of a spontaneous  r e a c t i o n  p r e c l u d e d  the 
m e a s u r e m e n t  of p r e r e a c t i o n  s t eady  s t a t e  r a t e s .  For  
s p e c i m e n s  t e s t e d  under  condi t ions  such that  s t e a d y  
c r e e p  both p r e c e d e d  and fol lowed spontaneous  r e a c -  
t ions ,  both r a t e s  a r e  p lo t ted ,  with open and f i l l ed  s y m -  
bo ls  r e p r e s e n t i n g  p r e -  and p o s t r e a c t i o n  behav io r ,  r e -  
spec t i ve ly .  The symbol  S is  used to connect  c o r r e -  
sponding p r e -  and  p o s t r e a c t i o n  s t eady  s t a t e  c r e e p  
r a t e s .  

F igs .  5, 6, and 7 i l l u s t r a t e  the b e h a v i o r  of a l l  the 
m a t e r i a l s  t e s t e d  at  723 K (450~ 773 K (500~ and 
823 K (550~ At a l l  t e m p e r a t u r e s  p r e r e a c t i o n  c r e e p  
r a t e s  of batch B and C s p e c i m e n s  we re  m o r e  than one 
o r d e r  of magni tude  lower  than those  of ba tch  A. P o s t -  
r e a c t i o n  c r e e p  r a t e s  were  s i m i l a r  to those  of ba tch  A 

) BATCH B 
"1"~ / /  / T=773 K tSO0"C) 

/ ~ STRESS IN MNm'Z(psi) ,o / / 
/ /36.5 

'06 

~ _ _  _ - (4o00) 
~ 1  I I I I I I I I 

20 40 60 80 I 0 0  
TIME (h) 

Fig. 3--1nfluence of s t ress  on creep curves of batch B ma- 
ter ial  at 773 K (500~ 
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Fig. 4--I~fluence of stress on creep curves of batch C ma- 
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Fig. 5--Relationship between stress and steady state creep 
rate or diffusion compensated creep rate (~/D) at 723 K 
(450~ where D = bulk diffusion of oxygen in a-Zr.  

at 723 K (450~ but were  lower  at the h igher  t e m p e r -  
a tu re s .  

The ef fec t  of g ra in  s ize  on s teady  s ta te  c r e e p  r a t e  
was inves t iga ted  for  batch A m a t e r i a l  at 723 K (450~ 
and 773 K (500~ only. The g ra in  s i z e s  used were  12, 
50, and 300 / lm.  F r o m  the r e s u l t s  in F igs .  5 and 6 it 
would appear  that  the ef fec t  of g ra in  s i ze  on s teady 
s ta te  c r e e p  is sma l l  and v a r i e s  with s t r e s s ,  sugges t -  
ing a t r ans i t i on  f r o m  sl ip dominated  to g ra in  boundary 
dominated  behav io r .  

S t r e s s  I n c r e m e n t  Tes t s  

The r e s p o n s e  of s p e c i m e n s  to s t r e s s  i n c r e m e n t s  wil l  
be d e s c r i b e d  as  " i n d u c e d "  r eac t i ons ,  the t h r ee  types 
of which a r e  d e s c r i b e d  s c h e m a t i c a l l y  in Fig. 8. Normal  
induced r e a c t i o n s  o c c u r r e d  under a l l  condi t ions  for  
batch A s a m p l e s ,  but only f r o m  i n c r e m e n t s  applied 
subsequent  to a spontaneous r eac t i on  for  ba tches  B 
and C. I n c r e m e n t s  appl ied p r i o r  to spontaneous r e a c -  
t ions caused  abnormal  induced r e a c t i o n s  in batch B 
s p e c i m e n s  and incubation induced r e a c t i o n s  in batch C. 
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Fig. 6--Relationship between stress and steady state creep 
rate or diffusion compensated creep rate (~/D) at 773 K 
(500~ where D = bulk diffusion of oxygen in c~-Zr. 
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Fig. 7--Relationship between stress and steady state creep 
rate or diffusion compensated creep rate (~/D) at 823 K 
(550~ where D = bulk diffusion of oxygen in c~-Zr. 

T e m p e r a t u r e  Inc remen t  Tes t s  

T e m p e r a t u r e  i n c r e m e n t  t e s t s  were  p e r f o r m e d  in the 
range  300 to 885 K (27 ~ to 612~C) to d e t e r m i n e  the ap -  
pa ren t  ac t iva t ion  e n e r g y  for  c r eep  in this  region.  The 
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Fig. 8--Schematic illustration of creep rate transients fol- 
lowing a perturbation. 
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Fig. 9--Relat ionship between apparent act ivat ion energy 
for creep and temperature.  

s t r a i n  r a t e s  were  m e a s u r e d  as  c l o s e l y  a s  p o s s i b l e  to 
the i n c r e m e n t  in an a t t e m p t  to a p p r o a c h  the i s o s t r u c -  
t u r a l  r e q u i r e m e n t .  

Fig.  9 i l l u s t r a t e s  that  t h e r e  a r e  two peaks  in the a c -  
t iva t ion  energy ,  one in the t e m p e r a t u r e  r ange  673 to 
823 K (400 ~ to 550~ and one at  423 to 473 K (150 ~ to 
200~ 

Me ta l l og raphy  

Examina t ion  of s u r f a c e  d e f o r m a t i o n  c h a r a c t e r i s t i c s  
sugges t s  that  c e r t a i n  a s p e c t s  of the a b n o r m a l  c r e e p  
behav io r  exhib i ted  by  s p e c i m e n s  f r o m  ba t ches  B and 
C a r e  r e l a t e d  to changes  in s l ip  d i s t r i bu t ion .  P r i o r  to 
a spontaneous  r e a c t i o n ,  s l ip  i s  un i fo rmly  d i s t r i b u t e d  
a c r o s s  the g r a i n s .  Dur ing  and subsequen t  to the r e a c -  
t ion,  however ,  d e f o r m a t i o n  o c c u r s  by the i n t ens i f i c a -  
t ion of c e r t a i n  s l ip  bands ,  a s  i l l u s t r a t e d  in Fig.  10. 
Bands of in tense  s l ip  in ind iv idua l  g r a i n s  nuc lea te  
s i m i l a r  bands  in ad jacen t  g r a in s ,  e s t ab l i sh ing  ne tworks  
of c o n c e n t r a t e d  d e f o r m a t i o n .  No ev idence  of r e c r y s t a l -  
l i za t ion  o r  necking  was de t ec t ed  in the numerous  s a m -  
p le s  in which spontaneous  r e a c t i o n s  o c c u r r e d .  

After  annea l ing  a l l  t h r e e  m a t e r i a l s  c o n s i s t e d  of 
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Fig. 10--Example of slip band intensification. Magnification 
500 times. 

g r a i n s  in which no s u b s t r u c t u r e  was ev iden t  with an 
a v e r a g e  d i s loca t ion  dens i ty  of 2 • 107 c m  -2. However ,  
when d e f o r m e d  under  iden t i ca l  condi t ions ,  d i f fe ren t  
d i s loca t ion  a r r a n g e m e n t s  and d e n s i t i e s  w e r e  o b s e r v e d ,  
a s  shown in Table  II. 

DISCUSSION 

Resu l t s  ob ta ined  dur ing  th i s  i nves t iga t ion  have shown 
that  p o l y c r y s t a l l i n e ,  c r y s t a l  b a r  ~ - Z r  c r e e p  s p e c i m e n s  
ob ta ined  f rom t h r e e  ba t ches  of s i m i l a r  m a t e r i a l  and 
with iden t i ca l ,  annea led  m i c r o s t r u c t u r e s  can exhibi t  
s ign i f i can t ly  d i f fe ren t  c r e e p  behav io r  and m i c r o s t r u c -  
t u r e s  when d e f o r m e d  under  iden t i ca l  condi t ions  of 
s t r e s s  and t e m p e r a t u r e .  T h e r e  a p p e a r s  to be a c o r r e -  
la t ion  be tween  the b e h a v i o r a l  and m i c r o s t r u c t u r a l  v a r i -  
a t ions  and the oxygen content  of the t h r e e  ba t ches .  
Batch A, with the lowes t  oxygen content ,  exh ib i ted  n o r -  
ma l ,  r e p r o d u c i b l e  c r e e p  behav io r ,  Fig.  1, under  con-  
d i t ions  of cons tan t  s t r e s s  and t e m p e r a t u r e ,  and n o r m a l  
r e s p o n s e s  to s t r e s s  i n c r e m e n t s .  Ba tches  B and C e x -  
h ib i ted  v a r i a b l e ,  anomalous  behav io r  under  cons tan t  
c r e e p  condi t ions  and anomalous  r e s p o n s e s  to s t r e s s  
i n c r e m e n t s .  The d e g r e e  of d e p a r t u r e  f rom the n o r m a l  
(type A) behav io r  i n c r e a s e d  with oxygen content .  

The c r e e p  behav io r  exhib i ted  by  ba t ches  B and C is  
s i m i l a r  to the anomalous  behav io r  o b s e r v e d  in ~ - F e ,  l ' s  
~ - T i ,  2' a - b r a s s ,  22 and A1-Mg aa a l l oys  in which the 
a n o m a l i e s  have been a t t r i bu t ed  to dynamic  s t r a i n  
aging.  Behav io r a l  a n o m a l i e s  s h a r e d  by ba t ches  B and 
C and th is  group of s t r a i n  aging m a t e r i a l s  a r e :  

- -a  r a p i d  d e c r e a s e  in the in i t i a l  c r e e p  r a t e  fo l lowed 
by  a low s t e a d y  s ta te  c r e e p  r a t e ,  

- - induced  a b n o r m a l  and incubat ion r e a c t i o n s ,  
- - m a x i m a  in appa ren t  ac t iva t ion  ene rgy .  
The c o r r e l a t i o n  be tween the a p p e a r a n c e  of the s t r a i n  

aging c h a r a c t e r i s t i c s  in the t h r e e  ba t ches  and the i r  r e -  
spec t ive  oxygen conten ts ,  Table  I, sugges t s  that  oxygen 
is the i m p u r i t y  r e s p o n s i b l e  for  the s t r a i n  aging r e a c -  
t ion.  F u r t h e r  suppor t  for  th is  sugges t ion  i s  obta ined  
f rom the app l i ca t ion  of C o t t r e l l ' s  a t m o s p h e r e  d r a g  
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Table II. Dislocation Densities and Grain Sizes of Creep Specimens Tested at 723 K (450~ and 56.5 MN.m "2 (8200 psi) 

Before Creep Test After Creep Test 

Material 
Dislocation Grain Creep Creep Dislocation Grain 

Density,* cm "2 Size, #m Strain Rate, h "~ Density,* cm "2 Size,/am 
Subgrain 
Size,/lm 

batchA 2• 107 50 0.14 4.8X 10 "3 9X 10 s 50 4to6 
batch C 2 • 107 50 0.08 7 X 10 "s 7 X 10 a 50 (50) 
before spontaneous 
reaction 
batchC 2• l07 50 0.14 2.4X 10 .3 2X 109 50 4to6 
after spontaneous 
reaction 

*Dislocation densities based on measurements of 10 or more plates of magnification l0 K. 

model  24 in which the c r e e p  r a t e  and diffusion r a t e  of 
the s t r a in  aging solute  a r e  r e l a t e d  by the e x p r e s s i o n  

< 10 '  (in cgs  units)  [1] 
D - 

Using P e m s l e r ' s  r e s u l t s  2s for  the bulk diffusion of 
oxygen in a - Z r ,  the ca lcu la ted  r a t io  of e/D is plot ted 
on the r igh t  hand side of F igs .  5, 6, and 7. At a l l  t h r ee  
t e m p e r a t u r e s ,  the c r e e p  r a t e s  for  ba tches  B and C 
m e a s u r e d  p r i o r  to the o c c u r r e n c e  of spontaneous r e -  
ac t ions  sa t i s fy  Eq. [1]. 

However ,  C o t t r e l l ' s  dynamic  s t r a in  aging model  does  
not explain al l  a spec t s  of the o b s e r v e d  anomalous  b e -  
hav ior .  The o c c u r r e n c e  of spontaneous r e a c t i o n s  and 
the r e su l t an t  changes  in both c r e e p  behav io r  and m i -  
c r o s t r u c t u r e  r e q u i r e  a modi f ica t ion  of the s t r a in  aging 
m echan i sm .  

Spontaneous r e a c t i o n s  occur  at lower  s t r e s s e s  and 
s t r a in s  in batch B than in batch C s p e c i m e n s .  Sponta- 
neous r e a c t i o n s  a r e  a l so  accompan ied  by: 

--an i n c r e a s e  in s teady s ta te  c r e e p  r a t e  of m o r e  
than one o r d e r  of magni tude 

--an i n c r e a s e  in d i s loca t ion  dens i ty  and the f o r m a -  
tion of subgra ins  

- - s l ip  band in tens i f ica t ion ,  
- -a  t r ans i t ion  in r e s p o n s e  to s t r e s s  i n c r e m e n t s  f r o m  

anomalous  to no rma l .  
The appearance  of spontaneous r e a c t i o n s  in ba tches  

B and C, and the r e su l t an t  b e h a v i o r a l  and m i c r o s t r u c -  
tu ra l  t r ans i t i ons  can be unders tood  if it is  a s s u m e d  
that  these  phenomena  a r e  man i fes t a t ions  of a sudden 
d e c r e a s e  in s t r a in  aging capac i ty  dur ing s teady s ta te  
c r eep  r e s u l t i n g  f r o m  a l oca l i zed  deple t ion  of solute  
a toms .  The diffusion of solute  a toms  in the s t r e s s  
f ie ld  of a d i s loca t ion  ~'26 and the r e c u r r i n g  motion of 
d i s loca t ions  in an ac t ive  s l ip  band would have the e f -  
fec t  of sweepfng out the solute  a toms  in the v ic in i ty  
of the band. The r e s u l t  of so lu te  deple t ion  wil l  be a 
d e c r e a s e  in the solute  d rag  component  of the in t e rna l  
s t r e s s  and a c o r r e s p o n d i n g  i n c r e a s e  in d i s loca t ion  
ve loc i ty  under condi t ions  of constant  s t r u c t u r e ,  appl ied 
s t r e s s ,  and t e m p e r a t u r e .  The i n c r e a s e  in d i s loca t ion  
ve loc i ty  r e s u l t i n g  f r o m  deple t ion  wil l  be suff ic ient  to 
p rec lude  fu r the r  solute  a tom in te rac t ion  and the s o l -  
ute a tom drag  s t r e s s  van i shes ,  compounding the i n -  

c r e a s e  in d i s loca t ion  ve loc i ty .  The ex t e rna l  m a n i f e s -  
tation of such a phenomenon would be an i n v e r s e  t r a n -  
sient .  Dis loca t ion  mul t ip l i ca t ion  dur ing the i n v e r s e  
t r ans i en t  would r e s u l t  in an i n c r e a s e  in the s t r u c t u r e -  
s ens i t i ve  component  of the in t e rna l  s t r e s s ,  27 caus ing  
the ve loc i t y  of the d i s loca t ions  to d e c r e a s e .  Such a 
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p r o c e s s  man i f e s t s  i t se l f  as  a n o r m a l  t r ans i en t  in the 
c r e e p  cu rve .  As the ve loc i t y  of the d i s loca t ions  de-  
c r e a s e s ,  the p robab i l i ty  of in t e rac t ion  with solute  
a toms  i n c r e a s e s .  However ,  the m a x i m u m  drag  s t r e s s  
is  now r e l a t i v e l y  low, c o m m e n s u r a t e  with the loca l ly  
r educed  solute  concent ra t ion ,  and in subsequent  de -  
fo rma t ion  the solute  d rag  s t r e s s  p lays  a r e l a t i v e l y  
minor  ro l e .  

Phenomena  a t t r ibu ted  to solute  deplet ion have been 
o b s e r v e d  in i ron  containing 40 ppm by weight  d i s so lved  
n i t rogen,  a8 The low impur i ty  i eve l s  of our m a t e r i a l s  
make solute  deple t ion  a poss ib i l i ty .  This  hypothesis  is 
a l so  suppor ted  by the c o r r e l a t i o n  be tween  the o r d e r  of 
appea rance  of spontaneous r e a c t i o n s  in the t h r ee  
ba tches  of m a t e r i a l  and the i r  oxygen contents .  

In batch A m a t e r i a l  e f fec t ive  deplet ion p robab ly  o c -  
c u r s  e a r l y  in s tage  I c r eep .  At a given s t r e s s  and t e m -  
p e r a t u r e  spontaneous r e a c t i o n s  occur  e a r l i e r  in batch 
B than in batch C, s ince  l e s s  s t r e s s - d i r e c t e d  diffusion 
is  r e q u i r e d  to ach ieve  a c r i t i c a l  l eve l  of l oca l i zed  de-  
p le t ion  in the m a t e r i a l  with the lower  in i t ia l  oxygen 
content .  

The i n c r e a s e  in c r e e p  r a t e  a f te r  the spontaneous  r e -  
act ion is a s s o c i a t e d  with h igher  d i s loca t ion  dens i t i e s  
and the f o r m a t i o n  of subgra ins ,  Table H, i.e., higher  
in t e rna l  s t r u c t u r a l  s t r e s s .  These  obse rva t i on s  appear  
to con t rad ic t  the r e s u l t s  of o ther  i n v e s t i g a t o r s .  27'a9 
However ,  the con t rad ic t ion  is r e s o l v e d  by the solute  
deplet ion hypothes i s .  The spontaneous r e a c t i o n  indi-  
ca tes  the lo s s  of the solute  d rag  component  and an in-  
c r e a s e  in the s t r u c t u r a l  component  of the in te rna l  
s t r e s s .  This  i n c r e a s e  in the s t r u c t u r a l  s t r e s s  is con-  
f i r m e d  not only by an i n c r e a s e  in the d i s loca t ion  den-  
s i ty ,  and the fo rma t ion  of subgra ins ,  but a l so  by the 
p r e s e n c e  of a n o r m a l  t r ans i en t  in the c r eep  cu rve .  
The i n c r e a s e  in the c r eep  ra te ,  in spi te  of the i n c r e a s e  
in in te rna l  s t r e s s ,  ind ica tes  the impor tance  of the s o l -  
ute d rag  component  of the in te rna l  s t r e s s  p r i o r  to de -  
ple t ion.  

Slip band in tens i f ica t ion  is  a lso  a mani fes ta t ion  of 
the t r a n s i e n t  na ture  of the solute  a tom drag  s t r e s s .  
As a r e s u l t  of deplet ion,  ac t ive  sl ip bands become  
so f t e r  than the sur rounding  c rys t a l ,  and sl ip will  con-  
cen t r a t e  in these  bands until  an i n c r e a s e  in the s t r u c -  
tu ra l  in te rna l  s t r e s s  compensa t e s  for  the absence  of 
the d rag  s t r e s s .  

Induced abnorma l  and incubation r eac t i ons  r e s u l t  
f r o m  the c r ea t i on  of " f r e e "  d i s loca t ions  by the p e r t u r -  
bat ion of a s t r a i n  aging m a t e r i a l ,  s A spontaneous r e -  
ac t ion  is  accompan ied  by a t r ans i t ion  in r e s p o n s e  to 
i n c r e m e n t s  f r o m  abno rma l  to no rma l .  This  t r ans i t ion  
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i s  i n  c o m p l e t e  a g r e e m e n t  w i t h  t h e  s u g g e s t i o n  t h a t  t h e  

s p o n t a n e o u s  r e a c t i o n  s i g n i f i e s  a l o s s  o f  s t r a i n  a g i n g  

c a p a c i t y .  
T h e  o b s e r v a t i o n  o f  a b n o r m a l  r e a c t i o n s  a f t e r  t e m p e r -  

a t u r e  i n c r e m e n t s  a l s o  i m p l i e s  t h e  c r e a t i o n  o f  f r e e  d i s -  
l o c a t i o n s .  T h i s  n o t  o n l y  i n v a l i d a t e s  t h e  i s o s t r u c t u r a l  

c r i t e r i o n  o f  t h e  i n c r e m e n t a l  t e s t ,  b u t  a l s o  c h a n g e s  t h e  

s t r u c t u r e  in  a w a y  w h i c h  w o u l d  y i e l d  a h i g h e r  a c t i v a -  
t i o n  e n e r g y .  T h e r e f o r e ,  t h e  p r e s e n c e  o f  t h e  p e a k  in  t h e  

a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  c o n s i d e r e d  to  b e  a n  i n d i -  

c a t i o n  o f  s t r a i n  a g i n g  r a t h e r  t h a n  a q u a n t i t a t i v e  m e a -  

s u r e m e n t  o f  t h e  a c t i v a t i o n  o f  t h e  a g i n g  p r o c e s s .  

C O N C L U S I O N S  

a - Z r  e x h i b i t s  a n o m a l o u s  c r e e p  b e h a v i o r  i n  t h e  t e m -  
p e r a t u r e  r a n g e  723  to  823  K (450  ~ to  5 5 0 ~  T h e  a n o m -  

a l i e s  c o n s i s t  o f  a b n o r m a l  r e s p o n s e s  to  s t r e s s  i n c r e -  
m e n t s ,  s p o n t a n e o u s  c h a n g e s  i n  c r e e p  r a t e ,  a c t i v a t i o n  
e n e r g y  m a x i m a ,  a n d  s l i p  b a n d  i n t e n s i f i c a t i o n .  T h i s  b e -  

h a v i o r  i s  c o n s i s t e n t  w i t h  a d y n a m i c  s t r a i n  a g i n g  m o d e l  

i n  w h i c h  t h e  p o s s i b i l i t y  o f  s o l u t e  d e p l e t i o n  e x i s t s .  A 

c o r r e l a t i o n  b e t w e e n  o x y g e n  c o n t e n t  a n d  t h e  s t r e n g t h  
a n d  d u r a t i o n  o f  t h e  a g i n g  e f f e c t  s u p p o r t s  t h e  m o d e l  a n d  

s u g g e s t s  t h a t  o x y g e n  i s  t h e  s p e c i e s  r e s p o n s i b l e .  
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