
The Strain Rate Dependent Plastic Flow Behavior 
of Zirconium and its Alloys 

D. LEE 

The effect of s t r a i n  ra te  (10 -~ ~ 10 -1 m i n  -1) on the plas t ic  flow behavior  was examined  by 
means  of tens ion  t e s t s  over a range of t e m p e r a t u r e s  (RT ~ 500~ The pr inc ipa l  m a t e r i a l  
examined was Z i r c a l o y - 2 ,  and the o thers  were iodide z i r c on i um and b ina ry  a l loys  of Z r -0 .1  
pct O and Z r - l . 5  pct Sn by weight. In Z i r c a l o y - 2 ,  the behavior  was cha rac t e r i zed  by a sudden 
i nc r ea se  of flow s t rength  with dec rea s ing  s t r a in  ra te ;  c o n c u r r e n t l y  the duct i l i ty  dec reased .  
Other i n t e r rup ted  and hold t ime expe r im e n t s  showed that the p r oc e s s  is e s sen t i a l ly  that of a 
s t r a in  r a t e - i n d u c e d  s t rengthening  phenomenon,  with s e ve r a l  f ea tu res  which could be ident if ied 
with the s t r a in  aging p rocess .  It was fur ther  shown that the c r i t i c a l  range of s t r a in  r a t e s  and 
t e m p e r a t u r e s  at which the anomalous  behavior  took place could be co r r e l a t ed  with the m i n i m u m  
in the s t r a in  ra te  sens i t iv i ty  of flow s t r e s s .  A s i m i l a r  but l e s s  pronounced flow behavior  was 
observed  with pure z i r con ium and i ts  b i n a r y  a l loys ,  but with no marked  change in the t ens i l e  
ducti l i ty.  F r o m  these r e s u l t s ,  the role  of oxygen and t in on the ea r ly  stage of p las t ic  flow be -  
havior was d i s cus sed  in t e r m s  of d i s l o c a t i o n - i m p u r i t y  in t e rac t ion  m e c h a n i s m s .  It was how- 
ever  concluded that these e l emen t s  a re  not d i rec t ly  r e spons ib l e  for the duct i l i ty  loss  at slow 
s t r a in  rate  in Z i r ca loy -2 .  

I N  recent  yea r s  it  has  become inc reas ing ly  evident  
that z i r con ium and some of its a l loys exhibit  an anom-  
alous  mechanica l  behavior  over the t e m p e r a t u r e  range 
of approx imate ly  200 ~ to 400~ The observed  phenom- 
ena in this  t e m p e r a t u r e  range include the y ie ld -po in t  
effect and the flow s t r e s s  i nc rease  af ter  i n t e r r up t e d  
loading in tens ion t es t ing ,  1- lo the dec reas ing  c reep  
ra te  with i n c r e a s i n g  t e m p e r a t u r e ,  11-13 and the d e c r e a s -  
ing tens i le  duct i l i ty  with both i n c r e a s i n g  t e m p e r a -  
tu re  12'14 and dec rea s ing  s t r a i n  ra te .  Is Many of these  
phenomena have been  re l a t ed  to some form of s t r a i n  
aging,  and a va r i e ty  of m e c h a n i s m s  have been  proposed.  
For  example ,  the effects  have been a s soc i a t ed  with the 
prec ip i ta t ion  of tin in Z r - 1 . 5  Sn al loy,  a with hydrogen  
segregat ion  in Z i r c a l o y - 2 ,  5 with the Cot t re l l  locking 
of d is locat ions  by impur i t y  a tmosphere ,  is or with the 
other d i s l o c a t i o n - i n t e r s t i t i a l  i n t e rac t ions ,  such as  
with oxygenfl '9 The dynamic  dis locat ion model  for 
y ie ld ing  also has been  applied to explain the y ie ld-  
point behavior .  6 

Other re la ted  anoma l i e s  in these a l loys  have a l so  
been  repor ted .  It was found that the apparen t  ac t iva -  
t ion energy in c reep  i n c r e a s e d  abrupt ly  followed by a 
sharp  drop at about 350~ 13'16 This  was again a t -  
t r ibu ted  to a so lu te -d i s loca t ion  in t e rac t ion .  Another 
notable c h a r a c t e r i s t i c  is  that of the sharp ly  lower  
s t r a in  ra te  sens i t iv i ty  of the flow s t r e s s  in the t em-  
pe ra tu re  range of 300 ~ to 400~ in pure z i r c o n i u m ,  7 
Z i r c a l o y - 2 ,  3 and Zircaloy-4.17 Simi lar  m i n i m a  in 
s t r a i n  rate  sens i t iv i ty  were  also observed  in single 
c r y s t a l s  both of Zircaloy-218'19 and z i r c o n i u m  oxygen 
a l loys  .20,21 

Fo r  some of the widely used complex c o m m e r c i a l  
a l loys  like Z i r ca loy -2 ,  this  anomalous  behavior  has 
not yet been adequately cha rac t e r i zed .  The m u l -  
t ip l ic i ty  of a l loying e l e m e n t s  in addit ion to t in  and 
oxygen in such a l loys  is the r eason  for this  lack of 
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unders tand ing .  It is  the re fore  impor t an t  that the na-  
ture  of th is  anomalous  behavior  be ident if ied and a lso  
that the f l o w - s t r e s s  behavior  up to and including f r ac -  
ture  be cha rac t e r i zed .  

An a t tempt  was made in this  work to es tab l i sh  the 
phenomenology of the s t r e s s - s t r a i n  r a t e - t e m p e r a t u r e  
r e l a t ionsh ip  in Z i rca loy-2  as  well as  the s t r a i n - r a t e  
dependence of the f rac tu re  s t r a i n .  Also examined  were 
the effects  of a l loying e l e m e n t s  such as oxygen and t in  
in z i r con ium in amounts  comparab le  to those found in 
Z i r ca loy -2 .  The mechan ica l  behav ior  of these a l loys  
were in tu rn  compared  with that  of pure z i r con ium,  
where the s t r uc t u r e  and tes t ing  condi t ions  were com- 
parable .  

EXPERIMENTAL PROCEDURE 

P r o c e s s i n g  and S t ruc tu re s  

Both iodide grade z i r con ium and Z i r c a l o y - 2  were 
obtained in  the form of forged ingots.  The b ina ry  a l -  
loys of oxygen and tin were p r e p a r e d  by r eme l t i ng  the 
same iodide grade z i r con ium using a vacuum a rc  m e l t -  
ing method. The detai ls  of the subsequent  t he rma l -  
mechan ica l  p rocess ing  schedule a re  given in Table I; 
the f inal  r e c r y s t a l l i z a t i o n  t r e a t m e n t  was des igned to 
produce comparab le  g ra in  s i ze s  in a l l  the m a t e r i a l s .  
The m i c r o s t r u c t u r e s  of the r e c r y s t a l l i z e d  m a t e r i a l s  
a re  shown in Fig.  1. The r e s u l t s  of the chemica l  ana ly -  
ses  made af ter  the f inal  heat t r e a t m e n t  a re  shown in 
Table  II. 

The c rys ta l log raph ic  texture  was de t e rmined  by the 
S i emens '  pole- f igure  device,  d e s c r i b e d  elsewhere.IS 
The pole f igure of Z i r ca loy -2  was n e a r l y  the same as  
that of Schedule J in the prev ious  work,  15 i .e. ,  the 
(0002) pole was t i l ted about 35 deg f rom the sheet  n o r -  
mal  toward  the t r a n s v e r s e  d i rec t ion .  A s i m i l a r  tex- 
ture  was found for the iodide grade z i r con ium.  The 
texture  of the b ina ry  alloy shee ts  was not de t e rmined  
s ince  the m e a s u r e m e n t s  of the t r a n s v e r s e  s t r a i n  in 
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t e n s i o n  i n d i c a t e d  a b e h a v i o r  s i m i l a r  to the p u r e  z i r -  

c o n i u m .  

T e n s i l e  S p e c i m e n s  and  T e s t i n g  

The  o r i e n t a t i o n  of a l l  s p e c i m e n s  was  s u c h  tha t  t he  
s p e c i m e n  a x i s  w a s  p a r a l l e l  to the t r a n s v e r s e  d i r e c t i o n  
in  the  s h e e t .  The gage  s e c t i o n  w a s  0.2 by  0.055 in.  a n d  
0.8 in .  long.  A s t r a i n  e x t e n s o m e t e r  w a s  u s e d  o v e r  a 
0 .5  in .  p o r t i o n  of the  g a g e  l eng th  in a l l  the t e s t s .  

Al l  t e s t s  w e r e  c o n d u c t e d  in an I n s t r o n  m a c h i n e .  At 

e l e v a t e d  t e m p e r a t u r e s ,  t e s t s  w e r e  m a d e  in an  I n s t r o n  
c h a m b e r  c o n t a i n i n g  a h e l i u m  a t m o s p h e r e .  T h r e e  t y p e s  
of t e s t s  w e r e  u s e d :  m o n o t o n i c  s t r a i n i n g  to f r a c t u r e  a t  
a f i x e d  c r o s s h e a d  s p e e d ,  i n t e r r u p t e d  s t r a i n i n g  w h e r e  
p r e s t r a i n ,  h o l d  t i m e ,  and  c r o s s h e a d  s p e e d  w e r e  v a r i e d ,  
and  f i n a l l y ,  d i f f e r e n t i a l  s t r a i n  r a t e  t e s t s .  In the l a t t e r  
t e s t s ,  the  c r o s s h e a d  s p e e d  w a s  v a r i e d  f r o m  2 • 10 -5 in .  
p e r  m i n  to  2 in .  p e r  m i n  in a m a n n e r  s h o w n  s c h e m a t i -  
c a l l y  in F i g .  2. Since the m a t e r i a l  a l w a y s  s t r a i n  h a r d -  
e n s ,  the  l o a d  e x t r a p o l a t i o n  m e t h o d  s h o w n  in F i g .  2 w a s  
u s e d  in the  d i f f e r e n t i a l  s t r a i n  r a t e  t e s t s  to  ob t a in  a 

Table I. Processing History and Material Details 

Primary and Final 
Material lnit]al Condition Final Working Treatment Gram Size,/~ 

Iodide grade Zr 3/4 m. thick plate cut from Hot roll to 0.140 in. in 600~ min 9.5 
a forged ingot thickness at 400~ and 

rolled at R T  to 0 062 m. 
Zr + 0.1 pct 0 Vacuum arc melted and Upset at 930~ to 0.220 in. 640~189 hr 9.4 

machined d]sc of 0.320 in. in m thickness and rolled from 
thickness 400~ to 0.062 in. 

Zr + 1.5 pct Sn Vacuum arc melted and Upset at 930~ to 0.220 in. 640~189 hr 8.5 
machined disc of 0.320 m. in ttuckness and roiled from 
in thickness 400~ to 0.062 in. 

Zircaloy-2 1 in. thick plate cut from Hot roll from 900~ to 0.160 m. 750~ rain l 1.0 
a forged ingot m thickness followd by cold 

rolling to 0.062 in. in thickness 

Fig. 1--Representat ive m i c r o s t r u c t u r e s  as 
in the r ec rys ta l l i zed  condition: (a) Iodide 
grade zirconium, (b) Z r -O  alloy. (c) Zr-Sn 
alloy, and (d) Zircaloy-2.  P r i o r  to the 
final mechanical  polish the spec imens  
were  etched in a solution of 2.5 par ts  HF, 
22 par t s  HNO 3, and 45 pa r t s  lactic acid 
with 22 par t s  water .  Rolling direct ion is 
vert ical .  
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T a b l e  I I .  C o m p o s i t i o n  o f  t h e  A l l o y s  

ppm by weight, except otherwise specified 

Material Sn Fe Cr Ni O N H C AI Cu Ta Cd Hf 

Iodide grade Zr <10 400 <10 <10 86 25 5 50 300 <10 <100 <10 200 
Zr + 0.1 pct O <10 300 <10 <10 1330 22 38 20 200 20 <100 <10 200 
Zr + 1.5 pct Sn 1.47, pct 300 <10 <10 68 12 37 55 300 500 <100 <10 200 
Z]rcaloy-2 1.51, pct 1380 900 500 1035 32 38 110 50 10 <100 <10 <100 

V, in./min 

. ~/~ ~ .0002 
I-i ,% .OOOl 
/ I p ,/ ' - ~ _ J ~ " ~ J -  .00005 

[ . > ' . / ~  'v2 

/ 'V' m =  LOG Pvz/PvI ' 

m -  LOG V21V I 

E 
Fig .  2--A s c h e m a t i c  d i a g r a m  showing  how the s t r a i n - r a t e  
s e n s i t i v i t y  of flow s t r e s s ,  m ,  w a s  ob ta ined  f r o m  the  load,  P ,  
v s  e x t e n s i o n ,  E, c u r v e  in  the  d i f f e r e n t i a l  s t r a i n - r a t e  t e s t .  
The  load  e x t r a p o l a t i o n  m e t h o d  i s  a l s o  ind ica ted .  

m e a s u r e  of s t ra in  r a t e  sens i t iv i ty  of f low s t r e s s ,  
m = ~ In ~/~ In ~ where  ~ is the flow s t r e s s  and d the 
s t r a in  rate.  

0.14 

0.1~ 

0.10 

I 

"~ 0.08 
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i I i I i I i I i 

25% 
= I i I = I = I = 

"to-5 =o-4 =o-3 io-Z to- I 
~, min -t 

Fig. 3--The strain-rote dependence of the strain-rate sensi- 
t ivity of flow stress, m(~) = (a In ~/a In ~), for Zircaloy-2 
at selected temperatures. 

0.14 

E l e c t r o n  Meta l lography 

Specimens  for e l e c t r o n  t r a n s m i s s i o n  m i c r o s c o p y  
were  f i r s t  ground to about 0.005 in. in th ickness ,  then 
e l e c t r o l y t i c a l l y  thinned in a solution of 950 m l  ace t i c  
ac id  and 50 ml  p e r c h l o r i c  acid.  

RESULTS 

Phenomenology  in Z i r c a l o y - 2  

The i n c r e a s e d  flow s t r e s s  in subsequent  r e load ing  
a f te r  a load in te r rup t ion  is ev idence  that th is  a l loy ex-  
h ib i t s  s t ra in  aging c h a r a c t e r i s t i c s .  Since such an in- 
t e r r u p t e d  loading method  however  invo lves  a l a rge  
number  of tes t  v a r i a b l e s ,  a l t e rna t ive  methods  were  
used  to broadly  c h a r a c t e r i z e  the mechan ica l  behav io r  
of Z i rca loy-2 .  These  include the d i f fe ren t i a l  s t r a i n -  
r a t e  technique and monotonic  tension tes t ing .  

The r e s u l t s  of the d i f fe ren t i a l  s t r a in  r a t e  t e s t s  a r e  
shown in Fig .  3 where  the ca lcu la ted  m v a l u e s  a r e  
plot ted over  the range  of s t r a in  ra tes .  The o v e r a l l  
l eve l  of m is  lower  at 350~ than at o ther  t e s t  t e m -  
p e r a t u r e s  for  mos t  of the s t r a in  r a t e s  examined .  At 
a l l  t e m p e r a t u r e s  except  400 ~ and 500~ the va lues  of 
.m tend to i n c r e a s e  with i n c r e a s i n g  s t r a in  ra te .  C r o s s -  
plot t ing Fig.  3 at s e l e c t e d  s t r a in  r a t e s  y ie lds  the t e m -  
pe ra tu r e  dependence of m as shown in Fig .  4. The 

t ~U  

0.08 

b 
~, min -I 

6.3x10 -t 

o.o4 - / 6.3 1o -3 

i I I I L 
0 200 400 600 

T, ~ 
Fig.  4--The t e m p e r a t u r e  d e p e n d e n c e  of the s t r a i n - r a t e  s e n s i -  
t i v i t y  of f low s t r e s s ,  m,  in  Z i r c a l o y - 2  f r o m  r o o m  t e m p e r a -  
t u r e  upwards at selected strain rates. 
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value of m does not i n c r e a s e  monotonica l ly  with t e m -  
pe ra tu re  as is the case for a s imple  t h e r m a l l y  ac t i -  
vated p rocess ,  but is  subs tan t i a l ly  dep re s sed  over a 
b road  t empera tu re  r ange ,  reaching  a m i n i m u m  over  
the t empera tu re  range  of ~300 ~ to 350~ Above this  
t e m p e r a t u r e  range ,  m i n c r e a s e d  sharply .  This  may 
be an indicat ion that  with fu r the r  i nc r ea se  in t e m p e r -  
a tu re  m will i n c r e a s e  to a ve ry  large value a s  in the 
case  of superp las t i c  Zircaloy-4.17 

Monotonic tens i le  t e s t s  were c a r r i e d  out to s t r a i n  
at f r ac tu re  at va r ious  s t r a i n  r a t e s  at 350~ the t e m -  
pe ra tu r e  that co r r e sponds  to the m i n i m u m  value of m 
in Fig.  4. In the reg ion  of uniform s t r a in ,  the effect of 
changes  in s t r a in  ra te  on the flow s t r e s s  conf i rm the 
expecta t ions  from the m m e a s u r e m e n t ,  as  shown in 
Fig .  5. As the s t r a in  ra te  dec reased  below 6.3 x 10 -3 
m i n  -~, the flow s t r e s s  at  a fixed s t r a in  i n c r e a s e d ,  
Fig.  6; the s t r a in  ra te  sens i t iv i ty  of flow s t r e s s  is 
the re fore  negat ive ,  as  has been observed  in other  a l -  
loys .  22'23 The flow s t r e s s  depends on s t r a in  in a 
pecu l i a r  m a n n e r ,  as  shown by the true s t r e s s - t r u e  
p las t ic  s t r a in  r e l a t ionsh ip  of Fig.  7. Except at  the 
f a s t e s t  s t r a in  rate  (~ = 6.3 • 10 -1 min-1),  the data at 
each ra te  could be approx imated  by two se t s  of s t ra igh t  
l ines .  As shown in Table  III the s t r a in  ha rden ing  ex-  
ponent  a lso  dec reased  with i n c r e a s i n g  s t r a in .  

Another c h a r a c t e r i s t i c  behav ior  of these m a t e r i a l s  
is  the subs tant ia l ly  r educed  f rac tu re  elongat ion at 
s low s t r a in  ra tes  as  seen  in both Figs .  5 and 8. This  
is  cons i s ten t  with p rev ious  observa t ions .  ~s The p e r -  
t inent  tens i le  data a re  s u m m a r i z e d  in Table  III. With 
dec rea s ing  s t r a in  ra te  the uniform s t r a in  d e c r e a s e d  
m o r e  than a factor  of 2; the necking s t r a in  was r e -  
duced but the reduct ion  of a r e a  was not apprec iab ly  
a l t e r ed .  The deta i ls  of the f r ac tu r e  p roces s  and i ts  
s t r a i n  ra te  dependence will  be desc r ibed  in a separa te  
paper  24 

F u r t h e r  insight  into the p roce s s  leading to these 
anomalous  s t r e s s - s t r a i n  r e l a t i onsh ips  can be gained 
f rom a s e r i e s  of con t ro l led  in t e r rup ted  loading tes t s .  
A total  of four such t e s t s  were made,  the loading 
schedules  and r e s u l t s  be ing  p resen ted  in Fig.  9. The 
r e s u l t s  a re  r e p r e s e n t e d  by the solid l ines  and com-  

pared  with the r e fe rence  tes t  data at two s t r a in  r a t e s  
which a re  indica ted  by dotted l ines  in al l  four cases .  
In the f i r s t  t e s t  (A), the spec imen  tes ted  at the fast  
s t r a in  ra te  was given the same t h e r m a l  h is tory  as 
that  t es ted  a t  the slow s t r a in  ra te  by prehea t ing  the 
spec imen  at the tes t ing t e m p e r a t u r e  for an appropr ia te  
t ime before  tes t ing .  This  p rehea t ing  had e s sen t i a l l y  
no effect.  In the second test  (B), the effect of p r e -  
s t r a in  and aging under  s t r e s s  was examined.  The 
spec imen  was given an in i t ia l  5 pct deformat ion  at the 
fast  s t r a i n  ra te ;  the load was then ma in ta ined  at t e m -  
pe ra tu re  for a t ime comparab le  to that of slow s t r a in  
ra te  test .  When it was pulled aga in  at the fast s t r a i n  
r a t e ,  the spec imen  f r ac tu red  at a s t r a i n  comparab le  
to that of the un in te r rup ted  fast  s t r a i n  rate  tes t .  In the 
th i rd  test(C),  the spec imen  was t es ted  at the fast  s t r a i n  
ra te  af ter  a 5 pct p r e s t r a i n  at the slow s t r a in  ra te .  
The f r ac tu r e  s t r a in  was again s i m i l a r  to that obtained 
from the fas t  s t r a i n  rate  test .  Tes t s  (B and C) show 
that the s t r a i n  to f r ac tu re  at fas t  ra te  is  not path de-  
pendent  if the load is i n t e r rup ted  before  it r eaches  the 
ma x i mum load. The f inal  i n t e r r u p t e d  tes t  (D) was 
approx imate ly  the converse  of t e s t  (C); the spec imen  

2 8  I I I I  ~ 
E=O.05 --o 

2B ~.o.o2-o----__~..~ 
~ 24 

22 E=O.OI 
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20 
E=O.O05 ,, ~ 
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L I l I ~ L l I l 

10-5 iO -4 io -3 io -2 io -I 
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Fig. 6--Engineering stress, (~, vs strain rate, ~,  curves for 
Zircaloy-2 tested at 350~ and at various levels of engineer- 
ing strain. 
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Fig. 5--Engineering stress, or, vs engineer- 
ing strain, c, curves for Zircaloy-2 
tested at 350~ and at various initial 
strain rates. 
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w a s  t e s t e d  at  the  s l o w  s t r a i n  r a t e  a f t e r  a 10 pc t  p r e -  
s t r a i n  a t  the  f a s t  r a t e .  The  r e s u l t i n g  f r a c t u r e  s t r a i n  
w a s  c o m p a r a b l e  to  t ha t  o b t a i n e d  when  the  e n t i r e  t e s t  
w a s  c o n d u c t e d  at  the  s l o w  s t r a i n - r a t e  t e s t .  F r o m  
t h e s e  t e s t s  it  can  be  i n f e r r e d  tha t  t e n s i l e  d u c t i l i t y  i s  
s t r o n g l y  d e p e n d e n t  on the  s t r a i n  r a t e  p r e v a i l i n g  d u r -  
ing  the  f r a c t u r e  p r o c e s s .  

E f f e c t  of A l l o y i n g  E l e m e n t s  

The  e f f e c t  of two i m p o r t a n t  a l l o y i n g  e l e m e n t s  on the  
m e c h a n i c a l  b e h a v i o r  of z i r c o n i u m  w a s  e x a m i n e d  by 
t e s t i n g  e a c h  a l loy  at  two  s t r a i n  r a t e s  s u f f i c i e n t l y  d i f -  
f e r e n t  tha t  the  c h a n g e s  in t he  f low s t r e s s  a n d  d u c t i l i t y  
wou ld  be  l a r g e  enough  to  be  e a s i l y  c o m p a r e d .  The  
c o m p l e t e  s t r e s s - s t r a i n  c u r v e s  a r e  g iven  in F i g .  10 and  
the  da t a  a r e  i n c l u d e d  in F i g .  8 and  T a b l e  III. T h e  d u c -  
t i l i t y  d e c r e a s e  at  low s t r a i n  r a t e s  o b s e r v e d  in  Z i r c a l o y -  
2 i s  a b s e n t  in a l l  the  o t h e r  m a t e r i a l s .  On the  o t h e r  
h a n d ,  s o m e  a n o m a l i e s  in t he  f low s t r e s s  b e h a v i o r  a r e  

a l s o  o b s e r v e d  in  t h e s e  m a t e r i a l s ;  the  f low s t r e s s  a t  
two  s t r a i n  r a t e s  c r o s s  o v e r  wi th  i n c r e a s i n g  s t r a i n  in 
Z r - S n  a l loy  bu t  they  s h o w  l i t t l e  d i f f e r e n c e  a t  s m a l l  
s t r a i n  in  b o t h  iod ide  Zr  and  Z r - O  a l l o y .  A s e l e c t e d  
d i f f e r e n t i a l  s t r a i n  r a t e  t e s t  wi th  i od ide  Z r  i n d i c a t e d  
m a l s o  a p p r o a c h i n g  z e r o  at  350~ 

F o r  a l l  the  m a t e r i a l s  i n c l u d i n g  Z i r c a l o y - 2  the  un i -  
f o r m  s t r a i n  d e c r e a s e d  wi th  d e c r e a s i n g  s t r a i n  r a t e ,  
Tab le  III. The  p r i n c i p a l  d i f f e r e n c e  b e t w e e n  Z i r c a l o y - 2  
and  the  r e s t  of the  m e t a l s  i s  t h a t  the  n e c k i n g  s t r a i n  
d e c r e a s e d  wi th  d e c r e a s i n g  s t r a i n  r a t e  in Z i r c a l o y - 2  
whi le  the  r e v e r s e  w a s  t r u e  f o r  a l l  the  o t h e r  m a t e r i a l s  
t e s t e d .  F i n a l l y ,  fo r  a l l  the  m a t e r i a l s  e x c e p t  Z i r c a l o y - 2  
the  s t r a i n  h a r d e n i n g  e x p o n e n t  d e c r e a s e d  wi th  d e c r e a s -  
ing  s t r a i n  r a t e .  

I n t e r n a l  S t r u c t u r e  

If p r e c i p i t a t e s  f o r m  p r e f e r e n t i a l l y  a r o u n d  d i s l o c a -  
t i o n s  o r  g r a i n  b o u n d a r i e s  o r  if  d i s l o c a t i o n s  c l u s t e r  

40 

3~ 

30  

Fig. 7--True s t r e s s ,  a t, vs t rue  plastic 
s t rain,  et p, re la t ionships  for  Zircaloy-2 
and iodide zirconium tes ted  at 350~ and 
at various s t ra in  ra tes .  
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Table II I. Addi t ional  Tensile Data  

Uniform Strain Neclong Strain Total Elong.  Reduction of 
Material Strain Rate, rain "1 e u , pct e n , pct EL, pct Area RA, pct Strata Hard. Exponent, n 

6.3 X 10 -2 15 39 54 92 0.18 
Iodide grade Zr ~6.3 X 10 "s 4 79 83 95 0.12 

~6.3 X 10 .2 25 25 50 85 0.20 
Zr + 0.1 pct O [6.3 X 10 "s 15 53 68 88 0.16 (e <0.024) 

0.09 
Zr + 1.5 pct Sn 

Zircaloy-2 

6.3 X 10 "2 27 25.5 52.5 87.5 0.19 
6.3 X 10 "s 20.5 34.5 55 74.5 0.16 

"6.3 • 10 "1 16 40 56 81 0.12 
6.3 X 10 -2 15.5 37.5 53 81 0.13 
6 3 X 10 "a 14 28 42 79 0.18 (e<0 025) 

0.12 
6.3 X 10 "4 8 24 32 77 0.18 (e<0.026) 

0.10 
~6.3 X 10 "s 6.5 26.5 33 77 0.19 (e<0.025) 

0.08 
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a round  i m p u r i t i e s  dur ing  the d e f o r m a t i o n ,  they  would 
be d i r e c t l y  iden t i f i ab le  b3r t r a n s m i s s i o n  e l e c t r o n  m i -  
c r o s c o p y .  

A p r e l i m i n a r y  e x a m i n a t i o n  was made on s p e c i m e n s  
which were  hea ted  to 350~ only without any  p l a s t i c  
de fo rma t ion .  The s t r u c t u r e  was not d i s t i nc t ive  except  
fo r  the p r e s e n c e  of about  0.2 p p a r t i c l e s  in Z i r c a l o y - 2 .  
To fac i l i t a t e  the i n t e r a c t i o n  of i m p u r i t i e s  with d i s l o -  
c a t i ons  both iodide z i r c o n i u m  and Z i r c a l o y - 2  were  
s t r a i n e d  5 pct  to ta l  s t r a i n  at  room t e m p e r a t u r e  l o l -  

l lowed by aging at 350~ for  ~ h r .  The r e s u l t i n g  s t r u c -  
t u r e s ,  shown in F ig .  11, aga in  show no d i s t i n c t i v e  f ea -  
t u r e s .  An e a r l y  s t age  of hydr ide  p l a t e l e t  deve lopmen t  
f rom the thinning p r o c e d u r e  is  seen  in the iodide  z i r -  
conium [F ig .  l l ( a ) ,  l ower  r igh t  hand c o r n e r ] .  In 
Z i r c a l o y - 2 ,  the d i s l o c a t i o n s  a r e  m o r e  or  l e s s  r a n d o m ,  
excep t  for m i n o r  ev idence  of c l u s t e r i n g  at  a few a r e a s .  

The s t r u c t u r e s  of the s p e c i m e n s  ac tua l ly  d e f o r m e d  
at  350~ were  c o m p a r e d  with these  r e f e r e n c e  s t r u c -  
t u r e s ,  F ig .  12. While  no spec i a l  f e a t u r e s  can be seen  
in the iodide z i r c o n i u m ,  the c l u s t e r i n g  of d i s l o c a t i o n s  
a round  i m p u r i t i e s  can be o b s e r v e d  in Z i r c a l o y - 2  a s  
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Fig. 8--Total tensile elongation vs initial strain rate, ~, for 
various materials tested at 350~ For both Zr-O and 
Zr-Sn binary alloys, tests were made only for two strain 
rates. 

the t e n s i l e  s t r a i n  i n c r e a s e s  [ F i g s .  12(b)and  12(c)]. 
The c l u s t e r i n g  ne twork  in F ig .  12(c) was ident i f ied  as  
c ons i s t i ng  of d i s loca t i ons  by t i l t i ng  the s tage dur ing  
the o b s e r v a t i o n .  The exact  n a t u r e  of th is  c l u s t e r i n g  
i s  unknown however .  

DISCUSSION 

The most readily observable deviation in the be- 
havior of zirconium and some of its alloys from the 
generally observed phenomenological relationship be- 
tween stress, strain rate, and temperature is the 
strain rate dependence of the flow stress over the 
temperature range of 200 ~ to 350~ The decreasing 
rn with increasing temperature as seen in the differ- 
ential strain-rate tests with Zircaloy-2 is consistent 
with the behavior in the monotonic tension testing 
over the same temperature range and with the sharply 
increasing activation energy.'3"6 Attempts have been 
made to relate such behavior with the changes in 
other deformation parameters, such as activation 
volume e0,zz Alternatively, a decreasing m could be 
identified with an increasing stress-dependent dis- 
location density and velocity. No specific conclusion 
can be derived from such relationships, however, 

On the other hand, a large value of m, as great as 
~0.8, '%~s has been shown to be a necessary condition 
for superplastic behavior. 2%27 That rationale for super- 
plasticity however cannot be applied to the case of rn 
approaching zero as it has been done elsewhere,28 since 
all it implies is that there will be little contribution to 
steady flow from strain-rate hardening. Instead, other 
parameters such as strain hardening and processes 
leading to fracture can influence more directly the 
magnitude of tensile ductility. 

It has been suggested, however, that a reduced strain- 
rate sensitivity of the flow stress is associated with 
strain-aging behavior, as demonstrated by Lubahn 29 
and Pugh. ~~ A similar behavior has also been ob- 
served for  c o m m e r c i a l l y  pure  titanium.ZZ'33'3'~ Conse -  
quent ly ,  m va lues  can be use fu l ly  a pp l i e d  to ident i fy  
the r e g i o n s  of t e m p e r a t u r e  and s t r a i n  r a t e  where  the 
flow b e h a v i o r  has  an a n o m a l o u s  c h a r a c t e r i s t i c .  

Other  flow c h a r a c t e r i s t i c s  have a l so  been a t t r i bu t ed  

50 

20 

~_o 3C 

b" 

(A) t i I I .  , I (B) I I I I I 
"" . f  . . . . .  ~ ~k=6.3xlO - z  r a i n "  . ~ . . . . .  ~ 

, - , , \  ~ \ \  

" ~ ' \ .  -s ~ .i pu. LL AT ~o=G.3xlO-2\~in -' ~ \ \  ',~:G.3xlO -5 min "l \ \  
LHEAT THE SPECIMEN AT \ , '~  '~ 2. HOLD THE ~-OAD AT \~ \ 

350"C FOR 5000 MIN \ E=O.OB FOR 790 MIN. \ \ 
2 PULL I AT ~o:6.13xI0 -2 miln-I I -3. RETEST AT ~o;6.3xI0- imin- t 

(c} ~ 1 i l 1 ~ 0 1  l __~_ i i 

\ / . . . . . . . . . . . . .  : A  -, \ F I. PULL AT ~o:6.3x10 ml D \ r I PULL AT ~o--6.3x10 "5 ~in-' \ \ 1  \ 
2. STOP THE -LOADING AT \ \ 2 STOP THE LOADING AT'\\ \ 

E=O.O5 ~ , \ - ,  \ E=O. IO  5 ' \ \  I 
-5. RETEST AT ~o76.3x10 "tmin" I -3.RETEIST AT Eo~6.3xIO- imin - = t 

01 0.2 0 3  0.4 0.5 01 0.2 0.3 0 4  0.5 

Fig. 9--The results  of various load inter-  
ruption tests made with Zircaloy-2 at 
350~ The detailed procedure for sched- 
ules (A) through (D) is indicated in each 
figure as well as the result  by the solid 
lines. 
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Fig. 10--Engineering stress, or, vs en- 
gineering strain, e ,  curves for all the ma- 
terials tested at 350~ and at two initial 
strain rates. 
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to a s t r a i n - a g i n g  phenomenon;  among them a re  in -  
c r ea s ing  flow s t rength with t e m p e r a t u r e ,  d i scon t inu-  
ous plas t ic  flow, and y ie ld -po in t  phenomena.  In Z i r -  
ca loy-2 ,  however,  ne i the r  a marked  inc rease  in flow 
s t r e s s  nor  d iscont inuous  flow accompanied  the low 
value of m observed.  A y ie ld-poin t  effect,  however ,  
has been observed  in z i r con ium and i ts  a l loys at  f iner  
g ra in  size or i n c r e a s e d  tes t  t empe ra tu r e s .  5'8'1~ The re -  
fo re ,  if the behavior  of z i r con ium could be de sc r i be d  
as  s t r a in  aging,  it is by no means  as  pronounced as  
in mi ld  s teel .  The r e s u l t  of in te rna l  f r ic t ion  expe r i -  
men t s  also indicated that the peak was poorly defined 4 
and thus the mechan i sm  could not be c l ea r ly  identif ied.  

Some aspec ts  of the phenomenology has been  e s t ab -  
l i shed by the load i n t e r rup t i on  tes t ing of Z i r c a l o y - 2 .  
The s t ra in  rate  p reva i l ing  at the complet ion of the 
t e s t  was shown to affect the necking s t r a in ,  indepen-  
dent of the pr ior  ra te  h i s to ry .  The tens i le  duct i l i ty  
may  be path dependent only to the extent that both uni-  
form and necking s t r a i n s  a r e  separa te ly  dependent  on 
the s t r a in  ra te .  With iodide Zr ,  Z r -O ,  and Z r - S n  a l -  
loys the necking s t r a i n  i n c r e a s e d  with dec reas ing  
s t r a i n  rate  in con t ras t  to the r e su l t  with Z i r ca loy -2 .  
One possible  inference  is that the m e c h a n i s m s  con-  
t ro l l i ng  the flow p r o c e s s e s  a re  different  for the two 
reg ions  of s t r a in .  

If the phenomena obse rved  in Z i rca loy-2  a r e  a di-  
r ec t  consequence of some form of dynamic ins tab i l i ty  3s 

such as causes  the blue b r i t t l e n e s s  of s teel  or the 
P o r t e v i n - L e  Chate l ie r  effect,  the s t r a i n  hardening  
coefficient ,  n = (~ in ~/9 In e), should i n c r e a s e  with 
dec reas ing  s t r a in  ra te .  An indica t ion  of this was ob- 
se rved  in Z i r c a l oy - 2 ,  but the r e v e r s e  t r end  was seen 
in the other m a t e r i a l s .  Moreover ,  the dec rea s ing  n 
with i n c r e a s i n g  s t r a in  as seen in Z i r c a l o y - 2  and Z r - O  
alloy is an indicat ion of the change in the deformat ion 
me c ha n i sm  with s t r a in ,  the change in hardening  p re -  
sumably  r e su l t i ng  f rom a d i s l o c a t i o n - i m p u r i t y  i n t e r a c -  
t ion. Dis loca t ions  will be stopped in the hardening  
p rocess  and pinned by i m p u r i t i e s  unt i l  they become 
free again f rom the impur i ty  clouds.  If the phenom- 
enon is  the r e su l t  of such an i m p u r i t y - d i s l o c a t i o n  in-  
t e rac t ion ,  the effects of t e mpe r a t u r e  and s t r a in  rate  
can be in pr inc ip le  es t imated .  

F r i d e l  3s has  shown for example  that the max imum 
t e m p e r a t u r e  for the appearance  of dynamic  ins tab i l i ty  
effects is  governed by two condi t ions .  One is that the 
impur i ty  clouds mus t  sa tu ra te  the d i s loca t ions .  The re -  
fore,  the concen t ra t ion  of impur i ty  and t empera tu re  
can be r e l a t ed  to the in te rac t ion  ene rgy  for impur i ty  
and d is loca t ions ,  a6 Since, however ,  the value for the 
in te rac t ion  energy is unknown, they could not be 
read i ly  es t imated .  Secondly, the impur i ty  clouds mus t  
not diffuse too quickly and the s t r a i n  rate  must  be 
suff ic ient ly  la rge  that the dragging of unsa tu ra ted  i m -  
puri ty  clouds does not occur .  This  ra te  is  given by the 
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equat ion,  ~ >(2pD~b3/kT), where  p is  the mobi le  d i s -  
loca t ion  densi ty ,  D the diffusion coef f ic ien t  of i m -  
pur i ty ,  and a the appl ied  s t r e s s .  Substi tut ing va lues  
for  those quant i t ies  that  can be e s t ima t ed ,  such as  
p = 109 per sq cm,  ~ = 28,000 psi (19.3 • 108 dynes  
per  s q c m ) ,  T = 623~ b 3 = 1 5 •  -24cm 3 , i t  
y ie lds  the following r e l a t i o n :  

> (6.75 • 108)D (1 / sec )  

If a value of the diffusion coef f ic ien t  of oxygen,  the 
p r inc ipa l  i n t e r s t i t i a l  e l e m e n t ,  equals  to 2.2 • 10 -17 sq 
cm per  sec  at 350~ i s  s e l e c t e d  f rom the p r e s e n t l y  
c o n t r o v e r s i a l  range of diffusion coef f ic ien ts  a v a i l -  
ab le ,  37'38 the equivalent  s t r a in  ra te  i s  about 10 -6 
min  -1. This  is within about two o r d e r s  of magni tude  
of  the s t r a in  ra te  at which the pronounced e f fec t  was 
obse rved .  No spec i f i c  in te rac t ion  p r o c e s s  can be 
ident i f ied ,  but this  does  point out the poss ib l e  c o n t r i -  
bution of a d i s l o c a t i o n - i n t e r s t i t i a l  in te rac t ion  in con-  

t r a s t  to an e a r l i e r  suggest ion that such an i n t e r ac -  
tion m e c h a n i s m  does not exis t ,  a6 

Cer t a in ly  no spec i f ic  e l em en t  has been  e s t ab l i shed  
as  r e s p o n s i b l e  for the unusual s t r e s s - s t r a i n  ra te  r e -  
la t ionship  in z i r con ium a l loys  o ther  than to r ecogn ize  
the poss ib le  contr ibut ion of oxygen which has  a l so  
been shown to produce the a t h e r m a l  component  of 
s t r e s s .  19,2o Tin a lso  cannot be ru l ed  out because  it 
gave r i s e  to a s i m i l a r  t rend  in the e a r l y  s tage of de-  
fo rma t ion .  F u r t h e r m o r e ,  a poss ib le  contr ibut ion of 
carbon should be r ecogn ized  because  a l l  the m a t e r i a l s  
conta ined ca rbon  over  the range  of about 50 to 100 
ppm. M o r e o v e r ,  carbon has one of  the lowest  so lu-  
b i l i ty  in z i r c o n i u m  and t h e r e f o r e  it may have the 
l a r g e s t  i n t e r ac t ion  ene rgy  of the a l loying  e lements .  
Th is  would imply  that d i s loca t ions  may tend to c l u s t e r  
m o r e  a round  carbon  a toms .  

Z i r c a l o y - 2  i s  obviously too com plex  to identify any 
spec i f i c  i m p u r i t y  effect .  In addi t ion to the i n t e r s t i t i a l  
e l e m e n t s  d i s cus sed ,  i t  may  conta in  s e v e r a l  i n t e r m e t a l -  

Fig. ll--Structures of (a) iodide zirconium and (b) Zircaloy-2 deformed at room temperature to 5 pet in strain and heated to 
350~ for 1 hr. The diffraction patterns are also included. 
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Fig. 12--Structures in the deformed condition at 350~ (a) iodide z i r con ium deformed to 5 pet in s t ra in ;  (b) Zi rca loy-2  de-  
formed to 5 pct in s t ra in ;  (c) Zi rca loy-2  deformed to f rac ture ,  33 pct, but examined  in the a r ea  co r re spond ing  to the uniform 
gage section. All the t e s t s  were  made  at the in i t ia l  s t r a i n  ra te  of 4 = 6.3 • 10 -5 min  -1. 

l i c  c o m p o u n d s  s u c h  a s  Z r C r z ,  Z r F e 2 ,  Z r 2 N i ,  a n d  Z r 4 S n ,  
a t  l e a s t  in  t he  b i n a r y  f o r m .  3~ In f a c t  i t  h a s  b e e n  s u g -  
g e s t e d  t h a t  the  s t r a i n  i n d u c e d  p r e c i p i t a t i o n  of  Z r4Sn  
w a s  r e s p o n s i b l e  f o r  t he  s t r a i n - a g i n g  b e h a v i o r ;  t h i s  w as  
u s e d  a s  a m e a n s  of e s t a b l i s h i n g  the  z i r c o n i u m - r i c h  
e n d  of Z r - S n  p h a s e  d i a g r a m .  4~ S ince  the  n e c k i n g  s t r a i n  
d e c r e a s e d  wi th  d e c r e a s i n g  s t r a i n  r a t e  in  Z i r c a l o y - 2  
o n l y ,  the  s t r a i n - e n h a n c e d  p r e c i p i t a t i o n  of  a s e c o n d  
p h a s e  in  t h i s  a l l o y  m i g h t  b e  r e s p o n s i b l e .  I n d e e d ,  0 s t -  
b e r g  4~ r e p o r t e d  a s e c o n d  p h a s e  in Z i r c a l o y - 2  c o n -  
s i s t i n g  l a r g e l y  of F e j  N i ,  a n d  Sn w i th  Z r .  T h e  p o s s i -  
b i l i t y  of a n  a d d i t i o n a l  s t r a i n - r a t e  d e p e n d e n t  d e f o r m a -  
t i o n  m e c h a n i s m  due  to  t he  f o r m a t i o n  of s e c o n d - p h a s e  
p a r t i c l e s  in  the  h i g h l y  s t r a i n e d  n e c k  c a n n o t  b e  r u l e d  
ou t ,  s i n c e  d i s l o c a t i o n  c l u s t e r i n g  w a s  o b s e r v e d  to  b e  
m o r e  d i s t i n c t  a t  h i g h e r  s t r a i n s .  

CONCLUSIONS 

1) Z i r c a l o y - 2  e x h i b i t s  a n  a n o m a l o u s  s t r e s s - s t r a i n  
r a t e  r e l a t i o n s h i p  n e a r  350~ a t  t h e  s l o w  s t r a i n  r a t e ,  
<6.3 • 10 -3 m i n  -1, b y  t he  f low s t r e s s  i n c r e a s i n g  wi th  
d e c r e a s i n g  s t r a i n  r a t e .  T h i s  i s  a c c o m p a n i e d  by  a d e -  
c r e a s i n g  t e n s i l e  d u c t i l i t y .  T h e  s t r a i n  r a t e  s e n s i t i v i t y  
of the  f low s t r e s s ,  ~ In cr/~ In e,  a l s o  r e a c h e s  a m i n i -  
m u m  a t  t h i s  r e g i o n  of  t e m p e r a t u r e .  

2) S e v e r a l  e f f e c t s  of a l l o y i n g  e l e m e n t s  in  p u r e  z i r -  
c o n i u m  h a v e  b e e n  i d e n t i f i e d .  The  a d d i t i o n  of  t i n  g i v e s  
r i s e  to  a s t r e s s - s t r a i n  r a t e  b e h a v i o r  s i m i l a r  to  t h a t  
o b s e r v e d  in Z i r c a l o y - 2 ,  w h e r e a s  the  Z r - O  a l l o y  
s h o w e d  l i t t l e  s t r a i n  r a t e  e f f e c t  in  the  v e r y  e a r l y  s t a g e  
of p l a s t i c  d e f o r m a t i o n .  T h e  m a i n  d i f f e r e n c e  b e t w e e n  
t h e s e  a l l o y s  a n d  Z i r c a l o y - 2  i s  found  in  the  t e n s i l e  
d u c t i l i t y ,  s i n c e  in c o n t r a s t  to  Z i r c a l o y - 2  the  n e c k i n g  
s t r a i n  in  i od ide  z i r c o n i u m ,  Z r - O ,  a n d  Z r - S n  a l l o y s  
i n c r e a s e s  wi th  d e c r e a s i n g  s t r a i n  r a t e .  

3) T h e  d u c t i l i t y  c h a n g e  in  Z i r c a l o y - 2  wi th  s t r a i n  
r a t e  w a s  s h o w n  to be  s t r o n g l y  d e p e n d e n t  on  t h e  p r e -  
v a i l i n g  s t r a i n  r a t e .  I t  i s  s u g g e s t e d  t h a t  s t r a i n  e n h a n c e d  
p r e c i p i t a t i o n  of  a s e c o n d  p h a s e  c o n s i s t i n g  of F e ,  N i ,  

a n d  Sn w i th  Z r  m a y  c o n t r i b u t e  to  the  r e d u c e d  n e c k i n g  
s t r a i n .  
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