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UNIAXIAL TENSILE PROPERTIES 

O F  ZIRCALOY CONTAINING OXYGEN: 

SU.MMARY REPORT 

A. M. Garde,  H. M. Chung, 

and T .  F. K a s s n e r  

ABSTRACT 

The uniaxial s t r e s s -  s t r a i n  behavior of Zircaloy-Z and 

- 4, Z i rca loy-  oxygen alloys with a uniform oxygen distr ibution,  

and composi te  spec imens  with a Z rOz/cu/p l a y e r  s t r u c t u r e  was 

investigated over  the  range of exper imental  conditions: t e m -  

pe ra tu re  2 5- 1400°C; s t r a i n  r a t e  l o - '  s - ' ;  oxygen content 

0.11 -4 .4  wt O/o; gra in  s i ze  5- 50 pm; tex ture  longitudinal, t r a n s  - 
v e r s e ,  and diagonal orientations;  and mic ros t ruc tu ra l  s t a t e ,  

which cons i s t s  of the  equiaxed cu phase and var ious  t r ans fo rmed  

$ ac icu la r  s t r u c t u r e s .  The work-hardening and s t r a in -  r a t e  

s  ensitivity p a r a m e t e r s  w e r e  determined f r o m  the exper imenta l  

r e su l t s ,  and the tens i le  p roper t ies  w e r e  cor re la ted  with oxygen 

concentration,  oxygen distr ibution in the ma te r i a l ,  and m i c r o -  

s t ruc tu re .  Dynamic s t ra in-aging phenomena w e r e  observed in 

Zi rca loy  a t  200, 400, and 700°C, and superp las t ic  deformat ion 

occu r r ed  a t  850 and 1000°C. An inc rease  in the oxygen con- 

centra t ion in homogeneous Zircaloy-oxygen alloys increased  

the  ul t imate  tens i le  s t rength  and dec reased  the total  s t r a i n ,  

par t i cu la r ly  below -900°C. In composite s p e c i m e n s  with the  

Zr02/cr/fl s t ruc tu re ,  the total  oxygen content had l i t t le  effect 
on the  ult imate tens i le  s t rength  below - 1 OOO°C, but the  s t rength  

i nc reased  with oxygen content a t  h igher  t empera tu re s .  Infor-  

mat ion on the effects of g ra in  s i ze ,  oxygen content, t ex ture ,  

and s t r a i n  r a t e  on the  s t r e s s - s t r a i n  behavior suggests  that  the 

'dominant mechan i sm of superp las  t i c  deformat ion in  Zi rca loy  

n e a r  -850°C i s  grain-boundary sl iding a t  the a-p in te r face  with 

accommodation by diffusional c r eep ,  dislocation s l ip ,  and gra in-  

boundary migrat ion.  Good cor re la t ion  was  obtained between 

ductility and values of the s t r a i n -  r a t e  sensi t iv i ty  p a r a m e t e r .  

INTRODUCTION 

This  r epo r t  cons i s t s  of a compilation of Z i rca loy  tens i le  da ta  repor ted  

o v e r  the  past  two y e a r s  in L igh t -Water -Reac tor  Safety Resea rch  P r o g r a m  
1-8 qua r t e r ly  progress .  r epo r t s ,  along with s o m e  additional r e su l t s .  The  infor-  

mat ion r ep re sen t s  a portion of the  mechanica l -proper ty  da ta  on Zi rca loy  and 

Zircaloy-oxygen alloys generated in  a U.S. Nuclear  Regulatory Cornrnission- 

sponsored p r o g r a m  in which the effect of oxygen on the  uniaxial, biaxial ,  and 

impac t  p roper t ies  of Z i rca loy  a r t  being de te  1 - l i ned .  



The objective of the p r o g r a m  i s  t o  es tab l i sh  a quantitative cladding 

embr i t t l ement  c r i t e r i o n  applicable to postulated 10s s - of - coolant accident 

(LOCA) si tuations in  l ight-water  - r eac to r s  (LWR' s ). The mechanical-proper ty  

informat ion will  be  incorporated into fuel-e lement  modeling codes that  will 

provide a quanti tat ive bas i s  f o r  evaluating cladding deformat ion ove r  a wide 

range  of LOCA and power-coolant-mismatch (PCM) conditions. Most of the 

repor ted  data a r e  f o r  Z i rca loy-4  m a t e r i a l .  However,  scoping t e s t s  conducted 

on Zi rca loy-2  m a t e r i a l  show no significant di f ference between the  deformat ion 

behavior  of t he  two g r a d e s  of Zircal 'oy. 

The uniaxial  t ens i le  s t r e s s  - s t r a i n  behavior of longitudinal and t r a n s -  

v e r s e  tex ture  Zi rca loy-2  and - 4  spec imens  was investigated over  the range of 
exper imenta l  conditions: t empera tu re ,  25- 1400°C; s t r a i n  ra te ,  l o - '  s- ' ;  

oxygen concentration,  0.11 - 4 . 4  wt (?h (both homogenebus and composi te  ma te -  

r i a l s ) ;  g ra in  s i ze ,  5-50 pm; m i c r o s t r u c t u r a l  s t a t e ,  equiaxed cr and various 

t r ans fo rmed  ac i cu l a r  m i c r o s t r u c t u r e s .  The  tens i le  data  provide information 

on the  ducti l i ty,  work-hardening r a t e ,  s t r a i n - r a t e  sensi t iv i ty ,  and the  relat ion- 

sh ip  between the  m i c r o s t r u c t u r e  of the  m a t e r i a l  ( p r io r  h i s to ry)  and the se  

p rope r t i e s .  

11. MATERIALS, APPARATUS, AND PROCEDURES 

A. Ma te r i a l s  

Z i rca loy-2  and - 4  shee t  m a t e r i a l  was used to  fabr ica te  the  tens i le  

t e s t  spec imens :  'I'able 1 l i s t s  the  composit ions of the m a t e r i a l s  obtained f r o m  

AMAX Specialty Meta l s  and Teledyne Wah Chang along with the gra in  s i ze ,  

th ickness ,  and heat  t r ea tmen t .  An X - r a y  d i f f rac tometer  s can  of the  Zi rca loy-2  

, , 
shee t  indicated the expected high (004,) intensity iri the  plane of the ro l led . shee t .  

A 6 .35-mm-th ick  hot-rolled and annealcd Zircaloy- / l  platc was a l so  

obtained f r o m  Teledyne Wah Chang. The  composit ion of the m a t e r i a l  was 

pract ical ly  ident ical  to that  of the U.t;3b-mm-thlck 11-pm g ra in - s l ze  foll.  

This  plate was  processed  by the  Ma te r i a l s  P roces s ing  and Development Group 

of the Mater ia l s  Science Division, to  obtain fine g ra in - s i ze  ( -5-pm) Zi rca loy-4  

by the following sequence .  The  6 .35 -mm plate was cleaned and shea red  into 

p ieces .  Each  piece was  cold- rolled f r o m  a 6.35- to a 4 .88-mm thickness ,  

c leaned,  and vacuum annealed (3 x P a )  a t  700°C fo r  3.6 ks. Then the 

m a t e r i a l  was cold- rolled f r o m  a 4.88- to a 2 .92-mm thickness ,  cleaned, and 

vacuum-annealed a s  before. A metal lographic  examination of the Zi rca loy-4  

shee t  revealed an ave rage  recrys ta l l i zed  gra in  s i z e  of 20 pm.  Variations in 

the amount of cold work and different combinations of annealing t imes  and 

t empera tu re s  in the  range  of 650-7506C failed to produce a g ra in  s i z e s 1 2  Ilm. 

9 After  a suggestion by P i c k l e s i m e r  to w a r m - r o l l  a t  400°C and anneal 

a t  550°C, the  fabr icat ion sequence was modified to obtain a 5 -pm gra in  s i ze .  



The 20-pm g ra in - s i ze  shee t  was' wa rm- rd l l ed  in a i r  a t  400°C f r o m  a 2.92- to 

a 0 .635-mm thickness  in  14 p a s s e s .  Approximately 107' reduction in  a r e a  was  

achieved p e r  p a s s ,  and the  m a t e r i a l  was reheated a f t e r  each  pass .  After  hot 

rolling, a '  s l ight yellow-brown discolorat ion of the  su r f ace  due to oxidation 

occur red ;  however ,  a heavy .sca le  was  not fo rmed.  The su r f ace  was cleaned 

Ijy vapor-blas t ing 'wi th  400-grit  alumina'  suspended in wa te r .  . 

TABLE I. S o u r c e  and Composi t ion of Z i rca loy-2  and - 4  

M a t e r i a l s  Used in F a b r i c a t i o n  of Uniaxial 

T e s t  s p e c i m e n s  

Z i rca loy  -2 Z i r c a l o y - 4  

AMAX Special ty  M e t a l s ,  . Teledyne 'Wah Chang,  

S o u r c e  Akron,  New York  Albany, Oregon  

Composi t ion of Sn,  % 1.49 . 1.55 

a s -  rece ived  m a t e r i a l  F e ,  '7'0 0.13 0.225 

C r ,  % 0.10 0 .105  

Ni. 70 0.04 <35 ppm 

Al, ppm <35 46 

B ,  ppm <0.25 , 0.2 

C ,  ppm 110 ( 1 l l I a  145 ( 1 2 0 ) ~  

C d ,  ppm c 0 . 2 5  <O. 2  

Co', ppm <10 < l o  

C u ,  ppm (25 16 
4  1  Hf, pprn 8 2 .  

H,  ppm 12 (31)a 10 (9)a 

M n , p p m  <25 <2 5  

N ,  ppm 38 (27)a 33 (25)a 

0, ppm 1420 (1365la 1100 ( 1 0 4 5 ) ~  

S i ,  ppm 64  50 

T i ,  ppm (20 . <2 5  

W, ppm <50 <2 5  

U,  ppm , 0.025 1 .O 

Z r  Balance Ba lance  

Gra in  s i z e ,  p m  - 15 -11 

T h i c k n e s s ,  m m  0.686 0 .635  
. . 

Specif icat ion ASTM 2- 59 ASTM B352-67 

Heat  t r e a t m e n t  Cold-  rol led and annealed Cold-rol led a n d  
' L  

vacuum-annealed 
-..."--..,.-.--A. . 

aANL ana lys i s  r e s u l t s :  

After  cleaning with soap  and wa te r ,  the su r f ace  was polished with 

Scotch Bright (alumina- impregnated nylon) and r insed with w a t e r ,  acetone,  

and alcohol. T h e  shee t s  w e r e  given a final vacuum anneal  (3 x pa) a t  

550°C fo r  1.8 k s ,  which resul ted in a n  ave rage  recrys ta l l i zed  gra in  s i z e  of 

-5  pm.  

B. Tensil-e- spec imen Geometry 

Uniaxial t ens i le  spec imens  with gauge lengths 25 .4  and 12.7 mm 

(gauge widths of 6.35 and 3.18 mm, respect ively)  w e r e  fabr icated f r o m  

Zi rca loy  shee t  m a t e r i a l  according t o  ASTM Specification E8-69. These  



spec imens  had width-to-thickness ra t ios  of 10 and 5, respect ively .  All 

spec imens  had a gauge length-to-width ra t io  of four .  

Specimens with t h r e e  different or ienta t ions  w e r e  used.  Most  of the 

tes t ing  was  pe r fo rmed  on spec imens  with a longitudinal t ex ture  in  which the  

t ens i l e  d i rec t ion  coincided with the  roll ing direct ion.  T r a n s v e r s e  and diago- 

nal  texture '  spec imens  w e r e  a l s o  tes ted  in which the tens i le  di rect ion was a t  

90 and 45" t o  the  roll ing direct ion,  respect ively .  The  shoulder  region of each 

spec imen  was  re inforced  on both s ides  by spot-welding supporting coupons of 

t h e  s a m e  m a t e r i a l  to  t he  gr ip  a r e a .  

C .  Oxygen Charging and Homogenization 

T h e  high- tempe r a t u r e  oxidation of Z i rca loy  ~ e s u l t s  in  t he  format ion 

of a Z r02 oxide l a y e r  on cr -phase Zi rca loy  a t  t empera tu re s  below the  a - p  
t r ans i t i on  t e m p e r a t u r e  of -8 1 UuC and a Z rOz/a/f3 composi te  a t  t empera tu re s  

above this  t rans i t ion .  Thus ,  the  t e s t -  spec imen production s cheme essent ia l ly  

cons i s t s  of two pa r t s :  (1)  oxygen charging to  a de s i r ed  concentration and 
(2) homogenization by h igh- tempera ture  annealing t o  e l iminate  both the  phase 

boundar ies  and concentration gradients .  A S iever t s  appara tus  f o r  the  purpose 

of oxygen charging and two high- vacuum annealing furnaces  f o r  homogeniza- 

t ion w e r e  used.  

1 . Oxygen- charging and Homogenization F u r n a c e  

A modified S i eve r t s  apparatus  with a Marsha l l  furnace that  has  a 

62-mrn-dia ,  450-mm-long Pt-3070 Rh. heating e lement  and a 250-mm-long 

un i form- tempera ture  zone was used f o r  charging oxygen into the  Zircaloy 

t e s t  spec imens .  A vacuum in t he  range of 1.3 x I o - ~ P ~  was achieved a t  t empera -  

t u r e s  up t o  -1300°C with the  diffusion pump and the l iquid-nitrogen t r a p .  

Thermocouples  of P t - P t  1070 Rh cal ibrated against  the  melt ing points of 

a luminum and copper ,  w e r e  used f o r  terriperature measu remen t s  and control  

sensing.  The  t empera tu re - sens ing  thermocouple  was placed a t  the  ou te r  

su r f ace  of the  a lumina muffle tube,  and a d i r ec t  t e m p e r a t u r e  reading was ' 

displayed on a s t r i p -  cha r t  r e c o r d e r .  With a combination of a si l icon- controlled 

rect i . f ier  power supply and a Digiset  null de tec tor ,  t e m p e r a t u r e  could be sta'bi- 

l ized within +5"C up t o  1200°C. Specimens w e r e  placed ins ide  a rec rys ta l l i zed ,  

impervious  a lumina muffle tube,  which was connected to  the pumping and gas -  

hendling s y s t e m  by a s tandard  tapered  joint with a si l icone s leeve .  -The 

Zi rca loy  spec imens  w e r e  suspended f r o m  a 1 -mm-d ia  Pt-4070 Rh wire .  

Two h igh- tempera ture ,  high-vacuum C e n t o r r  fu rnaces  f o r  homo- 

genization of the Z i r ca loy  spec imens  w e r e  cal ibrated and operated a t  t e m -  

pe ra tu re s  up to  1600°C. Both s y s t e m s  have tungsten heating e lements  and 

tan ta lum heat  shie lds  tha t  can opera te  in  vacuum, i ne r t -gas ,  o r  reducing 

a tmosphe re s .  Uni form t empera tu re s  w e r e  maintained over  half the  length of 

the 61 -rnrn-dia, 125-rnrn-long and 75-mm-dia ,  200-mm-long heat  zones .  The  



t e m p e r a t u r e s  w e r e  m e a s u r e d  with P t -10% Rh t h e r m o c o u p l e s  and c o m p a r e d  

wi th  o p t i c a l - p y r o m e t e r  and t h e r m a l -  c o n v e r t e r  r e a d i n g s .  At  1 400°C, the  t e m -  

p e r a t u r e  could b e  ma in ta ined  cons tan t  within flO°C f o r  up t o  108 k s .  Rapid 

heat ing  and  cooling of t h e  s p e c i m e n s  could b e  achieved;  however ,  i t  took 

-0.9 k s  b e f o r e  t h e  p o w e r  l e v e l  and t e m p e r a t u r e  s t ab i l i zed  a t  1400°C in  the  

a u t o m a t i c  c o n t r o l  m o d e .  T e m p e r a t u r e  r ead ings  w e r e  r e c o r d e d  on a s t r i p -  

c h a r t  r e c o r d e r .  

2 .  Oxidation P r o c e d u r e  
, . 

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

to luene  and ace tone ,  d r i e d ,  and t h e n  weighed on a m i c r o b a l a n c e .  S ix  t o  t e n  

s p e c i m e n s  w e r e  p laced  ins ide  t h e  a l u m i n a  muff le  tube  and t h e  s y s t e m  w a s  

evacuated  t o  1 .3  x P a .  T h e  s p e c i m e n s  w e r e  hea ted  t o  the  cha rg ing  t e m -  

p e r a t u r e s  given in  T a b l e  11, and a m e a s u r e d  quanti ty of a  1:3 oxygen-he l ium 

gas  m i x t u r e  w a s  admi t t ed  t o  t h e  r eac t ion  tube  th rough  a needle  va lve .  T h e  

p r e s s u r e  w a s  i n c r e a s e d  f r o m  1 . 3  P a  a t  t h e  onse t  of t h e  r e a c t i o n  t o  260 P a  i n  

-30 s t o  p r e v e n t  a n  a p p r e c i a b l e  t e m p e r a t u r e  i n c r e a s e  in t h e  s p e c i m e n s .  A f t e r  

t h i s  in i t ia l  p e r i o d ,  the  g a s  p r e s s u r e  w a s  i n c r e a s e d  t o  6 . 5  x lo4  P a ,  i . e . ,  a n  

oxygen p a r t i a l  p r e s s u r e  of 1.62 x l o 4  P a .  In  a  few i n s t a n c e s  when the  g a s -  
& < 

a d m i s s i o n  r a t e  w a s  t o o  high,  a n  a p p r e c i a b l e  t e m p e r a t u r e  i n c r e a s e  w a s  r e c o r d e d  

f o r  -30 s ;  h o w e v e r ,  autoignit ion did not o c c u r .  

\ .  

TABLE 11. S u m m a r y  of Oxidation and Homogenization ' ( 7  

. Conditions fo r  Zircaloy T e s t  Specimensa 

R .  

Matr ix  P h a s e  C ,  wt 5'0 T c ,  "C t.,, ks  Th ,  'C  t h ,  ks 
+ ,+- 

B 0 .2  ,900 0.90 1100 108 . . . . , .  ..,. 
B 0.3 900 . . 1.20 ' 1200 7 2 . , . .>' 

'4. 
B ' 0.4 900 1.80 1200 7 2 

B 0.5 900 2.40 1200 72 
. .. J .. . 

6 0.6 900 3.21 . 1300 5 4 

B 0.8 900 4.80 1300 5 4 

'? 1.0 900 6.60 1400 21.6 

U t e  1.0 900 6.60 1300 72 

f f t g  1 . 0  900 6,60 1200 72 

f f + B  1.0 900 6.60 1100 108 

f f  + B 1.0 900 6.60 1000 108 

a t e  1.0 . 900 6.60 9 50 144 

w t ~  0.7 900 4.20 1100 72 

, , . a + B  0.7 900 4.20 1000 108 

a + @  0.7 900 4.20 9 50 144 

@ + B  0.3 900 1.20 9 50 144 

a + B  0.3 900 . 1.20 900 216 

. w 1.0 900 6.00 800 432 

1 .5  1000 2.40 850 360 

w 2.0 1000 3.60 900 216 

w 2.5 1000 7.20 1000 8 6 . 4  

a  3.0 1000 9.00 1000 56.4 

w 3.5 1100 18.00 1100 86.4 

w 4.0 1100 7.80 1200 72 

' a  , 5.0 1100 13.20 1300 54 

w 6.0 1100 19.80 ' 1300 54 

a 6.7 1 2 ~ 0  10.80 i300 54 
- 

aC = oxygen concentrat ion;  T c  = oxygen-charging t e m p e r a t u r e ;  tc  = oxygen- 

charging t i m e ;  T h  = homogenization t e m p e r a t u r e ;  and th = homogenization t ~ m e .  



Af te r  the  des i r ed  period of oxygen charging,  the  spec imens  w e r e  

cooled and the  weight gain was de te rmined .  The var ia t ion of weight gains be-  

tween the  spec imens  in the  s a m e  group was  within 1t470. No react ion between 

the  Pt-4070 Rh speci inen suspension w i r e s  and t h e  Zi rca loy  was  observed a t  

900 o r  1000°C. 

3. Homogenization P r o c e d u r e  

The  oxygen-charged spec imens  w e r e  sea led  in  a 56'-mm-dia, 

125-mm-long tan ta lum capsule  by e lec t ron-beam welding in  a 1 .3  x 1 0 - ~ - ~ a  

vacuum and then annealed in  e i t he r  of t he  C e n t o r r  fu rnaces .  The  tan ta lum 

capsu le  ac t s  a s  an  effective ge t t e r  in removing any reac t ive  impur i t i es  in the  

res idua l  vacuum ins ide  the  capsule .  Specimens that  w e r e  oxidized a t  1000°C 

f ~ r  1.8 ks  to  a n  ave rage  oxygen concentration of 3 . 6 , ~ t  70 and the11 l~omogenizcd 

f o r  90. ks at  1000°C showed a weight gain correspondirig to only 0.012 wt '$u 

oxygen. 'l'he Pt-40% Rh wire  used to  suopond the  Zirra lo lr  specimens was 

found to  be  sa t i s fac tory  a t  t e m p e r a t u r e s  up t o  1200°C. 

At 1400°C and above, the  w i r e  f o r m s  a low-melting eutectic with 

Z i r ca loy  and me l t s  dur ing  the  homogenization anneal.  The  Pt-1070 Rh wi re  

was  sa t i s fac tory  f o r  t e m p e r a t u r e s  up t o  -1400°C and 108 ks of annealing. Above 

1400°C, a $ignificant react ion occu r s  with e i ther  Z i rca loy  o r  t an ta lum and 

platinum, P t -  1070 Rh, Pt-4070 Rh, Mo, and W-Re alloys.  However,  rhenium 

w a s  found to  be  sa t i s fac tory  up to  25.2 ks at 1 500°C. In view of th i s ,  homoge- 

nization a t  1400°C was  l imited t o  the  production of f l-phase Zi rca loy  with 

1 wt  70 oxygen, which requi red  the high t empera tu re  because  of phase-  

equi l ibr ium cons idera t ions .  

Accorclillg to the  phaoc d iag ram of S a v i t s k i i  at. al..1° Z s - R e  f o r m s  

a eutect ic  a t  -26 wt 70 Z r c o r n p u s i l i o ~ ~ ,  which mc l t s  a t  - 16U~"(,:. From nlir 

in format ion  obtained by homogenizatiuu Lredli.fit~~ts arid l l l c  cubaequcnt hnrrl- 

ness  profi le m e a s u r e m e n t s ,  a r a t h e r  conservat ive  es t imate  of required anneal-  

ing t e m p e r a t u r e  and t i m e  i s  given in Table  I1 f o r  each s e t  of conditions. 

D. Mechanical. Tes t ing  Fac i l i ty  

Two Ins t ron  machines  (Models '1"loUML a n d  1129) w e r e  used  I u r  Lila 

mechanica l  tes t ing.  These  machines  w e r e  equipped with h igh- tempera ture /  

h igh-vacuum furnaces  with spl i t  tungsten heating e lements  that  can opera te  

a t  t e m p e r a t u r e s  >1400°C a t  a vacuum <I x P a .  The heating a r ~ d  cooling 

r a t e s  of the furnace  w e r e  controlled by a Da ta -Trak  p r o g r a m m e r .  The load- 

elongation da ta  w e r e  conver ted to  t r u e - s t r e s s l t r u e - s t r a i n  da ta  by a computer  

p r o g r a m  that  made  use  of the constant volume approximation.  Tens i le  t e s t s  
a t  var iab le  speeds  w e r e  conducted to de te rmine  the s l r a i n - r a t e  scnsi t iv i ty  

p a r a m e t e r .  



E. Metal lography and S ~ e c i m e n  C h a r a c t e r i z a t i o n  

'Af te r  oxygen charg ing  o r  the  homogenization t r e a t m e n t ,  i t  w a s  

n e c e s s a r y  t o  c h a r a c t e r i z e  t h e  s p e c i m e n  i n  t e r m s  of both the  phase-boundary  

loca t ions  and the  oxygen- concentra t ion g rad ien t .  Oxidized s p e c i m e n s  wi th  

, Zr02/cr  and cr/$ boundar ies  w e r e  sec t ioned by a c a r b o r u n d u m  wheel  o r  a n  

e lec t ron ' -  b e a m  technique,  cold-mounted,  polished i n  a v i b r a t o r y  po l i she r ,  and 

e tched in  a 507'0 d is t i l led  H20:  4570 HN03: 57'0 H F  solution t o  o b s e r v e  the  p h a s e  

boundar ies  and g r a i n  s t r u c t u r e .  Anodization of t h e  s p e c i m e n s  i n  a so lu t ion '  

containing 0.06 m3 abso lu te  ethano1:O .03 5 m3 ~ ~ 0 :  0 102 m3 glycer ine:  0.0 1 m3 

l a c t i c  ac id  (85%):0.005 m3 phosphor ic  ac id  (8570):0.02 kg c i t r i c  ac id  w a s  a l s o  

used  t o  develop the  s t r u c t u r e  f o r  meta l lograph ic  examinat ion.  T h e  s p e c i m e n  

c o l o r  and t h e  c u r r e n t  d r o p  provided convenient c r i t e r i a  f o r  adequate  anodiza-  
11-13 

t ion ,  In m o s t  c a s e s ,  po la r i zed  l ight  w a s  requ i red  t o  obtain s a t i s f a c t o r y  

c o n t r a s t .  T h e  o p t i m u m  p r o c e d u r e s  f o r  s p e c i m e n  p r e p a r a t i o n ,  which involve 

c h e m i c a l  etching a n d / o r  anodizing,  w e r e  highly dependent  upon the  oxygen 

concen t ra t ion  in  the  a l loy ,  t h e  phase  d i s t r ibu t ions ,  and whe ther  the  s p e c i m e n  

w a s  Z i r c a l o y - 2  o r  -4 .  S i m i l a r  me ta l lograph ic  techniques  w e r e  used to  e x a m -  

ine m i c r o s t r u c t u r e s  of de formed  s a m p l e s .  

T o  d e t e r m i n e  t h e  p r e s e n c e  of oxygen-concentra t ion g rad ien t s  in  t h e  

s p e c i m e n s ,  m i c r o h a r d n e s s  m e a s u r e m e n t s  w e r e  m a d e  wi th  a Lei tz  hardnes-s  

t e s t e r .  The  m i c r o h a r d n e s s  w a s  found t o  be independent  of load ,  i n  the  r a n g e  

of 0 .025-0.5  kg, and the  V i c k e r s  h a r d n e s s  da ta  w e r e  judged t o  be  m o r e  r e l i a b l e  

than the  Knoop m e a s u r e m e n t s .  Both w e r e  ca l ib ra ted  aga ins t  s t a n d a r d  h a r d -  

n e s s  m a t e r i a l s .  H a r d n e s s  m e a s u r e m e n t s  i n  the  cr p h a s e  i n  the  i m m e d i a t e  

v ic in i ty  of t h e  Zr02/cr  p h a s e  boundary  f requent ly  produced c r a c k s  tha t  r e s u l t e d  

i n  nonreproducible  h a r d n e s s  v a l u e s .  F o r  the  homogenized s p e c i m e n s ,  the  

a b s e n c e  of phas  e boundar ies  w a s  ve r i f i ed  by meta l lograph ic  obse rva t ion  and 

t h e  h a r d n e s s  p ro f i l e  a c r o s s  t h e  th ickness .  

F. Work-harden ing  Ana lvs i s  

T h e  work-hal-dening anal.y.sis of .the Z i r c a l o y  t e n s i l e  d a t a  w a s  c'onducted 

a c c o r d i n g  t o  t h e  c r u s  s a i d -  ~ a o u l  method , I 4 - l 6  which is based '  on the  Ludwik 

equation,  17 

a = a0 + kcn,  (1 )  

w h e r e  a is the  t r u e  s t r e s s ,  e is the  t r u e  s t r a i n ,  t.1 is t h e  work-harden ing  

exponent ,  and k and a. a r e  cons tan t s  in t roduced t o  obta in  a bes t  f i t  with t h e  

experirr iental  da ta .  Dif ferent ia t ing  L q .  1 with  r e s p e c t  to  s t r a i n  and taking the  

l o g a r i t h m  of both s i d e s ,  w e  obtain 



There fo re ,  when log(do/de) i s  plotted a s  a function of log c ,  the  s lope 

of the  curve  i s  n - 1,  and the  in te rcep t  on the log '(slope) axis  i s  log(kn). T o  

obtain a be t t e r  fit  between Eq.  1 and the  exper imental  s t r e s s - s t r a i n  curve ,  

the  s t r e s s - s t r a i n  cu rve  c a n  be divided into d i f fe ren t  deformat ion stages1* s o  

tha t  each  s tage  has  a different s e t  of p a r a m e t e r s  oo,  k,  and n. The s t ages  a r e  

numbered  s o  that  s t age  2 general ly  r ep re sen t s  a m a j o r  portion of the s t r e s s -  

s t r a i n  curve .  A l e a s t - s q u a r e s  s t ra igh t - l ine  f i t  was  used to calculate  the  s lope 

(and the re fo re  n) and the in te rcep t  f o r  ea'ch s tage.  Since Eq .  1 does not t ake  

into  account t he  change in  s t r a i n  r a t e  dur ing a tensi le  t e s t ,  the  C r u s s a r d -  

Jaoul work-hardening ana lys i s  can be applied only to  the uniform deformat ion 

region ( i . e . ,  befoke the  onse t  of necking). 

G .  St ra in-  r a t e -  s  ensit ivity Determinat ion 

The s t r a i n -  ra te -sens i t iv i ty  p a r a m e t e r ,  m, i s  defined by 

(o,/ol) = (421 t l Im ,  ( 3 )  

where  o l  and o2 a r e  the flow s t r e s s e s  a t  s t r a i n  r a t e s  € 1  and k 2 ,  respect ively  

T h e  s t r a i n -  r a t e  sensi t iv i ty  m was  determined f r o m  cons tan t - tempera ture  

d i f fe ren t ia l -c rosshead  velocity t e s t s  whe re  a load change associated with a 

c ros shead  velocity change was measu red  a t  constant s t r a i n .  

111. MECHANICAL PROPERTIES O F  ZIRCALOY -2 

, 
A.  As-rece ived  Zi rca loy-2  

1 .  SLr-ess -S t ra in  Curvco 

F i g u r e s  1 and 2 show the  engineering s t r e s s - s t r a i n  cu rves  for  

Z i rca loy-2  s.pecimens f r ac tu red  a t  the  s t r a i n  r a t e  of 3.3 x s - ' .  In this 

STRAIN S T R A I N  

Fig. 1. Engineering-stress/Engineering-strain Fig. 2. Engineering-stress/Engineering-strain 

Curves for As-received Zircaloy-2 Speci- Curves for As-received Zircaloy-2 Speci- 

mens Deformed at Temperatures between mens Deformed at  Temperatures between 

750 and 950°C. Neg. No. MSD-60897. 1000 and 1400°C. Neg. No. MSD-60895. 



repor t ,  the engineering s t r e s s  i s  based on the original c r o s s -  sectional a r e a ,  

and the engineering s t ra in  i s  calculated f rom the original gauge length, i .e . ,  the 

total  s t ra in  i s  defined a s  ( 4  - %)/to,  where Jo i s  the initial gauge length of the 

specimen and 4, i s  the specimen gauge length a t  f rac ture .  The maximum load 

point (corresponding to the uniform strain)  on a l l  these curves  in Figs .  1 and 2 

occurred  a t  a s t ra in  l e s s  than 0.1. Therefore,  t rue-  s t r e s s  and t rue-  s t r a in  

calculations beyond the uniform s t r a in  requi re  a necking correct ion to account 

fo r  the t r iaxial  s ta te  of s t r e s s .  To apply the necking correct ion,  neck-profile 

measurements  during the t e s t  a r e  necessary .  Such measurements  were  not 

possible with the present  equipment because of the high- temperature/high- 

vacuum environmental chamber.  The measurement  of the f rac ture  a r e a ,  to 

calculate the t rue  f rac ture  s t r e s s ,  a l so  had a number of pract ical  difficulties 

for  t e s t  tempera tures  above 1000°C that resul ted f r o m  excessive grain growth. 

These include the unevenness of the specimen surface,  which made  i t  difficult 

to m e a s u r e  the thickness,  double-neck formation, and the smal l  specimen 

thickness a t  the point of f rac ture .  

A l inear- intercept  grain-size estimation in the gauge length of 

the fractured specimens revealed that,  up to 1000°C, the grain s i ze  was close 

to that of as  - received ma te r i a l ,  i . e . ,  15 pm. At higher tempera tures ,  grain 

s i ze  during deformation was estimated f r o m  the p r io r  fl grain s i ze ,  which 

was deduced f r o m  the room-temperature t ransformed $ s t ruc ture .  On a num- 

b e r  of occasions,  i t  was difficult. to est imate p r io r  f3-grain s ize  f r o m  the 

metallographically polished samples  because of the ac icu lar  s t ruc ture  obtained 

during the fl -+ a' transformation. Thermal  etching of the specimens during 

deformation in the high-temperature/high-vacuum environment provided a 

means fo r  estimating the p r io r  $ -g ra in  s ize .  The cst imates  f r o m  the shoulder 

region of the samples  deformed at E . =  3.3 x s - '  a r e  a s  follows: 1100°C 

(440 pm),  1200°C (600 pm) ,  1300°C (750 pm), alid 1400°C (850 pm).  Thus, the 

s t r e s s - s t r a i n  curves in Fig.  2 correspond to different grain s i zes .  Grain 

coarsening during simulated LOCA conditions has  been observed in 

Zircaloy-2. 19 

Figure  3 i s  a plot of the tempera ture  dependence of the 0.2% offset  

yield s t r e s s  anrl ultimate.tcnsile strength.  Both the yield s t r e s s  and the ulti- 

mate  tensile strength dec rease  continuously with an  inc rease  in tempera ture .  

F igure  4 shows the variations of the uniform s t r a in ,  total s t r a in ,  and necking 

s t r a in  (from the maximum load point to  the f rac ture  point) with tempera ture .  

Note that below 1 100°C, the uniform elongation i s  a lmost  z e r o  and that necking 

elongation almost  completely accounts fo r  the total elongation. Another s ig-  

nificant fea ture  of F ig .  4 i s  the imilrir~lurn i n  the necking s t r a in  and total  s t r a in  

a t  9 50°C. 

The  elongation peaks near  850 and 1100°C a r e  manifestations of 

superplasticity.  This point kill be discussed in detail  in subsequent sections.  
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2.  S t r a i n -  r a t e  Sens i t iv i ty  

0.6 

0.4 

F i g u r e  5 shows  the  effect  of s t r a i n  on the  s t r a i n - r a t e  sens i t iv i ty  
' 

of Z i r c a l o y - 2 .  Note  tha t  t h e  s t r a i n - r a t e  sens i t iv i ty  d e c r e a s e s  wi th  s t r a i n  a t  

l a r g e  s t r a i n s  in a l l  c a s e s ,  excep t  a t  800 and 900°C, w h e r e  s u p e r p l a s t i c  d e f o r -  

m a t i o n s  a r e  o b s e r v e d .  Once  loca l i zed  d e f o r m a t i o n  d u e  to  necking s t a r t s ,  the  

s t r a i n - r a t e  cycl ing  t echn ique  g ives  m va lues  a t  a  h i g h e r  s t a r t i n g  s t r a i n  r a t e .  

F o r  t h i s  r e a s o n ,  the measuren ienLs  r e p o r t c d  in Fig .  5 w e r e  l i m i t e d  t o  c = 0.20.  

Be tween  700 and 900°C, however ,  necking w a s  not e a s i l y  de tec ted  i n  t he  p ro f i l e  

of t h e  s p e c i m e n s  d e f o r m e d  t o  a  c o n s i d e r a b l e  sLLaiil bayund t h e  rnaxi.m.um lsad 
point  on the  load-  e longat ion  c u r v e .  In t h e s e  c a s e s ,  t h e r e f o r e ,  the  s t r a i n - r a t e  

cyc l ing  was  continued t o  h i g h e r  s t r a i n s .  T h e  r e s u l t s  a r e  shown i n  F i g .  6. 
Note  tha t  a t  850 and 900°C, w h e r e  s u p e r p l a s t i c  deio~.l-nations a r e  obse rve 'd , ' t he  

s t r a i n - r a t e  s e n s i t i v i t y  continues: t o  i i ~ c r e a s e  wi th  s t ra . i .n  a.t l a r g e  va lues  of 

btrain. The  rate of i n c r e a s e  of m with  s t r a i n  ( a m / a ~ ) ,  is l e s s  s igni f icant  a t  

7Q0 and 800°C. F i g u r e  7 shows  t h e  ef fec t  of s t r a i n  r a t e  and s t r a i n  "il t he  900°C' 

s t r a i n - r a t e  s e n s i t i v i t y  of Z i r c a l o y - 2 .  At s l o w e r  s t r a i n  r a t e s ,  t h e  va lue  of m 

is hi.gh.er and m a r e  s e n s i t i v e  t o  s t r a i n ;  th i s  p robab ly  expla ins  the  l a r g e r  s u p e r -  

p l a s t i c  d e f o r m a t i o n s  a t  s l o w e r  s t r a i n  r a t e s .  

- b.., 

- 
1 ~ 3 . 3  a lo-= s -I - - 

T h e  t e m p e r a t u r e  .dependence of t h e  s t r a i n -  r a t e  sens i t iv i ty  of 

Z i r c a l o y - 2  i s  plot ted i n  F i g .  8.  N o r m a l l y ,  m i n c r e a s e s  a s  t h e  t e m p e r a t u r e  

i n c r e a s e s ;  h o w e v e r ,  a t  h igh  t e m p e r a t u r e ,  g r a i n  growl11 tends  t o  d e c r e a s e  rn. 

E x c e s s i v e  gra ' in g rowth  i s  p robab ly  r e s p o n s i b l e  f o r  t h e  poor ly  defined m i n i -  

m u m  n e a r .  1100°C and t h e  d e c r e a s e  in  m above 1200°C. F i g u r e  8  a l s o  shows 

Z i rca l .oy-4  d a t a  tha t  exhibi t  a l a r g e r  v a r i a t i o n  wi th  t e m p e r a t u r e  and a  maximui 



n e a r  900°C. Results presented in l a t e r  sect ions  show that superp las t ic  elon- 

gations a r e  observed in Zi rca loy-4  deformation nea r  900°C. Also,  above 

1 200°C, the Zi rca loy-4  s t r a in -  r a t e  sensit ivity i s  higher  than that of Zircaloy-2.  

This  i s  probably due to the higher  oxygen concentration in Zircaloy-2 (0.14 

wt Yo) than in Zi rca loy-4  (0.11 wt Yo). 

Fig. 5. Strain Dependence of Strain-rate Fig. 6.  Strain Dependence of Strain-rate 

Sensitivity of Zircaloy-2 a t  Tem- Sensitivity of Zircaloy-2 a t  700, 

peratures between 700 and 1400°C 800,  850, and 900°C for Strains to 

for Strains below -0.2. Neg. No. -1.3. Neg. No. MSD-61487. 

MSD-61490. 

0.3 

I I 1 1 

i CHANGE FROM 3.3 1 TO 3.3 1 5' - - 

E = 0 . 0 2  

E 0.8 A ZIRCALOY - 4  

0 ZIRCALOY - 2 

0.8 
' 

* 
r 

0 . 6  - z 
W U) 

W 

$ 0 .4  

3 
a 
a 

. k  0 . 2 -  

0 

Fig. 7. Effect of Strain Rate on Strain Fig. 8 .  Temperature Dependence of 

Dependence of Strain-rate Strain-rate Sensitivity of 

Sensitivity of Zircaloy-2 at  Zircaloy-2 and -4 Specimens. 

900°C. Neg. No. MS-61496: Neg. No. MSD-61502. . 

1400 OC 

0 . 2  - so0.c 

L - 0  8 0 0 0 ~  t 
9: 
f - 
a 
a 
I- 
ln 

0.1 

0 

0 004 0.08 ' 0.12 0.16 0 . 2 0  

S T R A I N ,  r 

( CHANGE FROM 

A 13110'" 3.31 loA' S-I - 
L31 lo-' TO 13110-' 5-' 

- 
• ~ 3 1  lo-' TO 3.31 lo-' 5-I 

3.31 1 ~ - 0  3.31 10-2 S-' 

- '  - 

- . , - 

0, L 

1 1 1 1 1 1 1 1 1 1 .  

-7005: 

- - 

I I I 1 

. 

0 0.1 0 . 2  0 0 1 2  0.4 0.6 0 . 8  1.0 1.2 1.4 

S T R A I N .  E STRAIN,  E 



3 .  W o r k - h a r d e n i n g  Ana lys i s  . 

F i g u r e  9 shows  plots  of log( s lope)  v e r s u s  l o g ( s t r a i n )  f o r  Z i r c a l o y - 2  

s p e c i m e n s  d e f o r m e d  a t  900,  1100,  1200, and 1400°C. A por t ion  of e a c h  plot  c a n  

b e  a p p r o x i m a t e d  by a s t r a i g h t . l i n e  tha t  d e s i g n a t e s  a  s t a g e .  

2 ~3.3 S-I 

STRESS IN Po 1 

Fig. 9 

Crussard-Jaoul Plots for Zircaloy-2 

Specimens Deformed at  900, 1100, 1200, 

and 1400°C. Neg. No. MSP61488.  

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 

LOG E 

T a b l e  111 l i s t s  the  r e s u l t s  of the  'atlalysis,  arld F i g .  10 is a plot: of 

a  por t ion  of t h e s e  d a t a .  Note tha t  in  F i g .  10, the  w o r k - h a r d e n i n g  exponent  

a s s u m e s  negat ive  v a l u e s  and a  m i n i m u m  in  t h e  t e m p e r a t u r e  i n t e r v a l  -800- 

1000°C. T h i s  t endency  is g r e a t e r  a t  the  l o w e r  s t r a i n  r a t e .  T h e  v a r i a t i o n  of 

k  wi th  t e m p e r a t u r e  i s  s i m i l a r  to  tha t  of n. 

A nega t ive  va lue  of n  ( o r  k )  i m p l i e s  a  r ap id  d e c r k a s e  in  t h e  s l o p e  

of the  s t r e s s - s t r a i n  c u r v e  with a n  i n c r e a s e  in  s t r a i n .  T h e  p r o c e s s e s  d u r i n g  

de fo rmat ion  t h a t  c a n  l e a d  t o  a  negat ive  value  of n  a r e :  d y n a m i c  r e c o v e r y ,  

t d y n a m i c  r e c r y s t a l l i z a t i o n ,  p h a s e  t r a n s f o r m a t i o n ,  g ra in -boundary  m i g r a t i o n ,  

and g ra in -boundary  s l id ing  ( i n t e r  g r a n u l a r  de fo rmat ion) .  T h e  CY +- p p h a s e  

Fig. 1 0  

Temperature Dependence of Work-hardening 

Exponent Obtained from Zircaloy-2 Tensile 

Data. ANL Neg. No. 306-77-65 Rev. . l .  
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TABLE 111. Least-squares Work-hardening Constants for  Deformation 

Stages of As-rece ived  Longitudinal Zircaloy-2 Specimens from 

C russard- Jaoul Analysis 

Strain 

Rate, Temp, Stage Strain Average 

i, s - I  "C Number Interval n k, P a  00, P a  

3.3 lo -4  700 2 0.0028-0.035 0 . 3 5  3.1 x l o 7  3.5 x lo7  

transformation occurs  extremely rapidly; therefore it is expected that the 

transformation is complete within the 0.6 ks hold period a t  the tes t  tempera-  

t u r e  p r io r  to  deformation. Phase  transformation is not likely to affect the 
work-hardening rate.  

The remaining four factors influence the work-hardening ra te  t o  

a different extent depending on the s train-  ra te  and deformation temperature.  

Grain-boundary sliding is significant a t  higher tempera tures  (2800°C) and 

lower s t r a in  rates  ( ~ 1 0 ' ~  s"). The substantial grain growth during deforma- 
tion a t  temperatures >lOOO°C increases  the work-hardening rate ,  since grain 

growth decreases  the extent of grain-boundary sliding and grain-boundary 



migration. Dynamic recovery probably occurs  at a l l  t empera tures ,  and its  

extent increases  a s  the  tempera ture  increases  . Recrys tallization of the cr 

phase occurs  above 725OC. 

4. Superplasticity 

Severa l  scoping t e s t s  have been made  a t  initial s t r a in  ra tes  be- 

tween l o m 4  and s- ' .  At 900°C, the Zircaloy-2 specimens exhibited super-  

plast ic  behavior character ized by a sma l l  (practically zero)  uniform elongation, 

quite l a rge  necking elongation (and therefore a l a rge  total  elongation), ze ro  o r  

negative work-hardening exponents, and a la rge  value 9 0 . 2 )  f o r  the s t r a in - ra t e  

sensitivity parameter .  The macro -  

Fig. 11 

photograph in Fig.  11 compares  a 

Zircaloy-2 specimen deformed at 900°C 

( i  = 6.6 x s - ' )  and an undeformed 

specimen. Even af ter  deformation to 

a s t r a in  of 22070, no visible concentrated 

neck occurs  in the  gauge section of the 

specimen. A considerable s t r a in  in 

the width and thickness directions i s  

a l so  present.  As seen in Fig.  11 (de- 

formed specimen),  the s t r a in  in  the 

width direction i s  - 5070 in the center  

ol the gauge letrgth. At the s a m e  point 

Comparison between a Zircaloy-2 Speci- 
the measured s t r a in  in the thickness 

men Strained under Superplastic Conditions direction was -40%. Simi lar  behavior 

(i.e , 9OOnC, e = 6.6 x 10'~ s") and an Un- was observed a t  a s t r a in  ra te  of 3 . 3  x 

deformed Specimen. Neg. No. MSD-60891. s-'. 

The fac tors  responsible f o r  this superplast ic  behavior a r e  probably 

the fine grain s i ze  and two-phase s t ruc ture .  As stated ea r l i e r ,  grain coa r s -  

ening occurs  above 1000°C. At 900°C, on the other hand, some grain-size 

refinement occurs  during deformation. F o r  example, in the gauge section of 

the  specimen deformed a t  900°C, the average grain s i ze  was -7 prrl. The un- 

deformed shoulder region of the s a m e  specimen had a grain s i ze  of 15 pm, 

the  s a m e  as  the as-received mater ia l .  A s imi l a r  effect was observed by 

Backofen et  al.'" in the deformation of a two-phase Ti-6A1-4V alloy. A 

metallographic examination of our  900°C specimens a lso  revealed evidence 

of a two-phas e s t ruc ture .  Superplasticity was reported2' for  fine- grain 

Zircaloy-4 deformed in the t ransformation region. A detailed discussion of 

possible mechanisms of superplastic deformation of Zircaloy is included in 

Sec. VII. 

5. Dynamic Strain Aging in Zircaloy nea r  700°C 

St ra in  aging has been observed in commercial  z i r ~ o n i u m , ~ '  

~ i r c a l o ~ - 2 , ~ ~ * ~ ~ ,  zirconium alloys ,24 and zirconium-oxygen alloys25 in the 



t empera tu re  range of 1 50 - 500°C. St ra in  aging a t  2 50 - 300°C is. general ly  

at tr ibuted25 to the p re sence  of oxygen, whe reas  s o m e  cont roversy  exis ts  with 

r e g a r d  t o  the  e lement  responsible  f o r  s t r a i n  aging a t  -450°C. Although Kelly 

. and smi thz5  suggest  that  s t r a in  aging a t  450°C i s  due to  carbon ,  ~ e e v e r s ~ ~  

a t t r ibu tes  i t  t o  i r on  and, to some  extent, oxygen. Our  su rvey  of the l i t e r a tu re  

found no r e f e r ence  to  s t r a i n  aging in  Zi rca loy  above 500°C. 

Since a yield point was consistently observed in the  tens i le  t e s t s  

of b,oth Zircaloy-2 and - 4  n e a r  700°C, additional t e s t s  w e r e  conducted to  

eva lua te  phenomena responsible  f o r  th is  s t  ra in-  aging effect. F i g u r e  12 shows 

r e su l t s  f o r  Z i rca loy-2  spec imens  deformed a t  700°C. Curve  A is  the  pa r t i a l  

load-elongation curve  of an a s  - rece ived  sample  (5.4-ks final anneal a t  760°C) 

s t ra ined  to  f r a c t u r e  a t  700°C that shows a yield point. Curve  B indicates t he  

behavior  of ano ther  a s -  received sample  a t  700°C s t ra ined  to  - s  = 0.02 and 

unloaded. Curve  C r ep re sen t s  the  deformat ion behavior of the s ample  f r o m  

curve  B a f t e r  a 14.4-ks anneal a t  800°C. Pronounced s e r r a t i o n s  a t  regu la r  

i n t e rva l s ,  which i s  a manifes ta t ion of dynamic s t r a i n  aging (DSA), a r e  ob- 

s e rved  in  curve  C .  A complete  d i scuss ion  of DSA effect in  Z i rca loy  i s  in- 

cluded af ter .  presentat ion of the  Zi rca loy-4  DSA data .  

- 
Fig. 12  

0.2mm - Partial.  Load-elongation Curves for Zircaloy-2 

ELONGATION Specimens Deformed a t  700°C after Various Heat 

Treatments. (A) As-received, strained to  fracture: 

(B) as-received, partially strained; and (C) re- 

strained to fracture following a 14.4-ks annealed at  

0.2mm .800°C after .B. Neg. No. MSD-63143. 

ELONGATION ELONGATION 

B. Zirca loy  - 2/Oxygen Alloys 

Scoping t e s t s  w e r e  conducted t o  investigate the  effect of oxygen on the  

proper t ies  of fl Zircaloy-2 a t  i300 and 1400°C. F i g u r e  13 shows the oxygen- 

concentration dependence of uniform and total  s t r a i n  of fl Zirca loy  a t  1300 and 

1400°C a t  the  s t r a i n  r a t e  of 3.3 x s - ' .  N e a r  0 .34  wt 70 oxygen concentra-  

tion, the  uniform s t r a i n  shows a min imum and the  total  s t r a i n  shows a max i -  

mum.  The  oxygen-concentration dependence of yield s t r e s s  and ul t imate  

tens i le  s t rength  i s  p resen ted  in F ig .  14. T h e  significant g r a in  growth observed 

a t  1300 and 1400°C m a y  be responsible  f o r  t he  complex na ture  of the  da ta  

presented in  F igs .  13 and 14. S i m i l a r  da ta  f o r  a lower  s t r a i n - r a t e  of 

3.3 x s - '  a r e  shown in F ig .  15. 

In  genera l ,  oxygen' i n c r e a s e s  t he  yield and ul t imate  tens i le  s t r e s s e s  

and d e c r e a s e s  the  total  and uniforrri s t r a i n s .  . T h e  influence of oxygen on the  . 

work-hardening p a r a m e t e r s  i s  p resen ted  i n  Table  IV. Over  t h e  oxygen- 

concentration range investigated,  oxygen appea r s  t o  d e c r e a s e  the work-  

hardening r a t e .  
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TABLE I V .  Effect of Oxygen on L e a s t - s q u a r e s  Work-hardening 

Constants for Deformation Stages .of  Longitudinal 8-phase 

Zircaloy-2  Specimens f r o m  crussard-Jsoul  Analys i s ;  

6 = 3 . 3  x I U  ' s - I  

. -. - .- 

Temp, Oxygen. Stage Sl.rnin Average 

"C wt qq Number Tnt~rval  n k, Pa uui P a  

1300  0 . 1 4  1 0 . 0 0 0 4 - 0 . 0 1 4  0 . 8 8  8 . 2  x 10' 1 . 5  x l o 6  
Z 0 .014-0 .11  0 . 2 3  2 . 1  x lo6  9.3 x l o 5  



IV. MECHANICAL PROPERTIES OF ZIRCALOY -4 

1. Stress -Strain Curves 

Figures 16 and 17 represent the engineering -s t ress  /engineering - 
strain curves of Zircaloy-4 specimens deformed a t  a strain ra te  of 3 . 3  x 

s - '  for different temperatures. Figures 18 and 19 show Zircaloy-4 s t r e s s -  

strain curves at  a faster  s train rate.  The general shape of these durves is  

similar to those for Zircaloy-2 in Sec. III.A.l. At both strain ra tes ,  the 

Zircaloy-4 specimens show superplastic elongations between 800 and 1000°C. 

The temperature variation of the ultimate tensile strength of 

Zircaloy-4 at  three strain ra tes  is plotted in Fig. 20. A tendency toward a 

plateau formation in the temperature interval 400-500°C ( ~ i g .  20a) i s  a mani- 

festation of dynamic strain aging. An increasing extent of dynamic recovery 
may be responsible for the rapid drop in the ultimate tensile strength a s  the 

temperature increases from 700 to 1000°C ( ~ i g .  20b). 

Figure 21 shows the effect of temperature and strain rate on the 
'' ,;i :. 
. . 

. .  , .  . . 
uniform and.tota1 strain of Zircaloy-4. In Fig. Zla, the tendency for a maxi.- 

mum uniform strain near 200°C (2 = 3 . 3  x s-') and a minimum in total 

strain near 550°C ( d  = .  3 . 3  x s-') provide indications of dynamic strain 

aging. Note that, at the three strain rates in Fig. 2 lb, a maximum in total 

STRAIN STRAIN 

Fig. 16. Engineering-stress/Engineering- Fig. 17. Engineering-stress/Engineering-strain Curves 

strain Curves for Zircaloy-4 for Zircaloy4 Specimens Deformed at 900, 

Specimens Deformed at 700, 950, 1000. 1100, 1200, 1300, and 1400°C. 

750, 850, 900, and 950°C. Neg. Neg. No. MSD-61489. 

NO. MSD-61494. 
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Fig. 18 .  Engineering-stress/Engineering-strain Fig. 19 .  Engineering-stress/Engineering-strain 

Curves for Zircaloy-4 Specimens De- Curves for Zircaloy-4 Specimens De- 

formed a t  700, 800.. and 9 0 0 " ~ .  Neg. formed at  1000, 1100, 1200, 1300, and 

No. MSD-61497. 1400°C. Neg. No. MSD-61503. 
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Fig. 20. Ult imate Tensile Strength of Zircaloy-4 a t  Three Strain Rates over Two 

Temperature Intervals. (a) 23-700°C and (b) 700-1400°C. ANL Nee. 

No. 306-77-67 Rev. 1 and MSD-61498. 
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Fig. 21. Uniform Strain and Total Strain for Zircaloy-4 Specimens as a Function 

of Deformation Temperature at Three Strain Rates. (a) 23-700°C and 

(b) 700-1400°C. ANL Neg. Nos. 306-77-54 Rev. 1 and 306-75-199 Rev. 1 ,  

strain occurs in the temperature interval 800-850°C, i .e. ,  in the two-phase 

region near the a-phase boundary, which increases a s  the strain ra te  de- 
- 1 creases .  For  a strain rate of 3.3 x s , failure did not occur after 

285% strain and no concentrated neck was observed in the deformed gauge 

region. The test  was terminated because the specimen length exceeded the 

uniform temperature zone in the furnace. The larger  total s trains at  lower 

strain ra tes  a r e  consistent with the well-documented fact that superpla'sticity 

is enahanced a t  slower strain rates.  

Note that the maxima at 800-850 and a t  -1000°C and the minimum 

at  900 -950°C in Fig. 2 1 resemble the hoop -strain-versus -temperature data . 

obtained on internally pressurized tubes. 26  -" Although the correlation between 

uniaxial and biaxial mechanical properties is  not simple, the same microstruc - 
t ~ i r a l  factors m a y  be responsible for the strain-temperature behavior in the two 

cases.  Although the deformation behavior above 1 100°C i s  complicated by a 

substantial amount of grain growth, the elongation peak a t  -1 300°C is  probably 

representative of the 'material  behavior, since a similar peak was also observed 

during tube -bur s t  tes ts  on Zircaloy under transient -heating  condition^,^^ in 

which grain growth occurred to a l esse r  extent. 



Deriving true -s t ress  /true -strain curves for Zircaloy -4 specimens 

(i.e., from the data shown in Figs. 16 -,19) was difficult because the maximum 

load point on each curve appeared at  small  strains. The neck profile could not; 

be measured because the specimens were enclosed in the vacuum chamber .dur-  

ing tensile testing. The true - s t ress  /true -strain data could be obtained only 

by straining several  samples to different levels at a constant temperature, 

unloading, and measuring the minimum cross section. Data obtained in this 

fashion at 900°C a r e  shown in Fig. 22. The true s t ress  is almost constant from 

0.2 to 0.97 (fracture point) t rue strain. A visible neck was observed in speci - 
mens strained beyond c = 0.3.0. 

0 0 0  0 
0 . 2  0 . 4  0 .6  0 . 8  1.0 1.2 

TRUE STRAIN 

2. Straiii-rate Sensitivitv 

Fig. 22 

True-stress/True-strain Curve for 

Zircaloy-4 Specimen Deformed a t  

900°C. Neg. No. MSU-61493. 

The effect of s train on the strain-rate sensitj.~rit)r o f  Ziraaloy..-4 is 

s h b ~ w n  ill Figs .  23  and 24.  below e = 0.05, the strain-rate sensitivity decreases 

Fig. 23 

Strain, Dependence of Strain- 

rate Sensitivity of Zircaloy-4 

a t  Various Teinperatures. Neg. 

No. MSD-61485. 



Fig. 24 

Strain Dependence of Strain-rate Sen- 

sitivity of Zircaloy-4 a t  700, 800,  850, 

and 900°C. N e g  No. MSD-61492. 
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at  all temperatures a s  the strain increases. Beyond e = 0.05, at temperatures 

where superplastic deformation is  observed (i.e., at 800, 900, and 1 0 0 0 " ~ ) ,  the 

strain-rate sensitivity either remains constant or  increases a s  the strain in- 

creases .  For  other temperatures at  higher strains,  s train-rate sensitivity 

continues to decrease a s  the strain increases. As stated ear l ier ,  necking is 

not evident even after several percent s train beyond the maximum load point 

under superplastic deformation conditions. The strain-rate increase due to 
neck formation is not significant in such cases;  therefore, a t  700, 800, 850, 

and 900°C strain-rate cycling was continued to much larger strain values 

( ~ i g .  24). Note that at 850 and 900°C, where the extent of superplastic 

elongation i s  large, m actually increases with strain up to c ' 0.9. 

Figure 25 shows the effect of s train and strain rate on the strain- 

rate sensitivity of Zircaloy-4 at  800, 900, and 1000°C. In the single-phase 

region, at  800 and 1000°C, the strain-rate sensitivity i s  almost insensitive to 

strain rate,  whereas in the two-phase region, a t  900°C, the strain-rate 

1000 OC 

Fig. 25 
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rate Sensitivity of Zircaloy-4 at '800.  YOO. 
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sensitivity i s  rather sensitive to strain rate. These data a r e  presented in a 

different format in Fig. 26. Note that a t  900°C, both Zircaloy-2 and -4 data 

show similar behavior. The temperature dependence of the strain- rate sen- 

sitivity of Zircaloy-4 was shown in Fig. 8. 

Figure 27 shows the effect of  strain on the strain-rate sensitivity 

of a s  -received Zircaloy-4 at  850°C. The four curves are for diffcrent ranges 

of s t ra in-ra te  change. As the starting strain ra te  dec'reases from 3 . 3  x 

5 
g 1.0 

b 
t 
In 
z 0.8 
w In 

w 

7 I !  
In 

0.2 

- 1 to 3 . 3  x s , the average value of the strain-rate sensitivity increases f rom 

0.2 to 0.75. This observation is consistent with the data in Fig. 21, which show - 
that the superplastic elongation peak at  850°C i s  strongly dependent on strain 

rate.  The total elongation at  850°C increases with a decrease in strain rate. 

These results show that the amount of the tensile elongation under superplastic 

deformation conditions is  related to the magnitude of the strain-rate scnsitivity. 

lo-6 l o - 5  l o 3  1 0 ' ~  

STRAIN RATE ( S-I) 

I 1  1  1  1 1 1 1  I 1  1  1 1 1 1 1 )  1  I 1 1  1 1 1 1 1  I I 1 1  1 1 1  

c = 0 0 2  

Z I R C A L O Y - 4 . 8 0 0  .C 

A ZIRCALOY-4.  9 0 0  Y 

- ZIRCALOY-4 . 1 0 0 0  'C - 
- ZIRCALOY-2 . 9 0 0 . C  - 
- - 
- - 

, r - - 
- - 
- - 

0---I 1 1 1  1 1 - 1 1  L 1 1 1 1 1 1 1 1  I I 1 1  1 1 1 1 1  i I 1 1 1 1 1  

Fig. 27 

Fig. 26 

Strain-rate Dependence of Strain-rate 

Sensitivity loooOc. Neg. of Zircaloy No. MsD-61486. a t  800, 900, and 

Strain-rate Sensitivity of As-received Zircaloy-4 

a t  850°C as a Function of Strain. The  four curves o.4 
are for different strain-rate ranges; (A) 3.3 x 6 
to 5.5 x 1 ~ - 5  s-1, (B) 3.3 x 10-3 to 3.3 x 10-4 s-1, F 

(C) 3.3 x to 3 .3  x s-l, (D) 3.3 x to  $ 0.3 
I- 

3.3 x S - ~ .  ANL Neg. No. 306-76-10. V) 

0.2 

0.11 WT % OXYGEN 

0 0.2 0.4 0.6 0.8 1.0 1.2 

STRAIN ,€ 



. . 3 .  . Work-hardening Analysis 

The Crus  s a r d -  Jaoul work -hardening analysis was also applied 

to Zircaloy-4 tensile data. The resul t s .  a r e  shown in Tables V -VII and 

Figs.  28 -31. The temperature dependence of the work-hardening exponent for  

the .s tage  covering the ma jo r  portion of the uniform s t r a in  region at three  s t ra in  

r a t e s  i s  plotted in Fig. 29.' In the a-phase  region ( 5 8 0 5 " ~ ) ~ .  peak values of the 

work-har dening, exponent a r e  observed at 200' and.near  700°C. At these  two 

tempera ture  regions, dynamic -strain-aging effects a r e  observed. Positive 

.work-hardening exp0nent.s a r e  observed below 600°C, where t r  ansgranular de - 
formation i s  important. In the two-phase region ( 8 1 0 - 9 8 0 " ~ ) ~  negative work-  

hardening exponents a r e  observed due to intergranular deformation (grain-  

boundary sliding). At lower s t r a in  r a t e s ,  the extent of grain-boundary sliding 

i s  g rea te r ,  and the work-hardening exponent.therefore assumes  l a r g e r  negative 

values over a wider temperature interval. 

TABLE V.  Least-squares Work-hardening Constants for Deformation 
Stages of As -received Longitudinal Zircaloy-4 Specimens from 

Crussard-Jaoul Analysis; 6 = 3.3 x lo- '  s-'  

Temp, Stage Strain Average , .. .... . 
"C Number Interval n ' k , P a  00 ,  P a  . . .  

23 2 0.0004-0.07 0.3 1 3.7 x lo8 3.3 x lo8 



TABLE VI.   east -squares Work-hardening Constants for Deformation 

Stages of As -received Longitudinal Zircaloy-4 Specimens from 

Crussard-Jaoul Analysis; 6 = 3 . 3  x s- '  

Temp, Stage Strain Average 

"C Number Interval n k, P a  00, Pa 



TABLE VII. Least -squares Work-hardening Constants for Deformation 

Stages of As -received Longitudinal Zircaloy-4 Specimens from 

Crussard-Jaoul Analysis; 6 = 3.3 x s-' 

Temp, Stage Strain Average 
"C Number Interval n 

. . k, Pa . (TO, Pa 
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Fig. 29 

Work-hardening Exponent as a Function of 

Temperature for Zircaloy-4 at Four Strain 

Rates. ANL Neg. No. 306-77-74 Rev. 1. 
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Temperature Dependence of Parameter k for 

Zircaloy4 at Three Strain Rates. ANL Neg. 
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Fig. 31 

Variation of a 0  with Temperature for 

Z i r ca loy4  at Three Strain Rates. A N L  

Neg. No. 306-77-112. 
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In the B-phase field (above 1 0 0 0 " ~ ) ,  extensive grain growth during 

deformation results in positive work -hardening exponents. The variation of k 

and n with temperature is similar (Fig. 30). Since the product kn is propor- 

tional to the slope of the s t ress-s t ra in  curve (da/dc), the data in Figs. 29 and 30 

imply a similar variation of the work-hardening rate with temperature. The 

parameter oo decreases with an increase iA temperature ( ~ i g .  31). 

. . 
4. Effect of Texture on the ~ e c h a n i c a l  propert ies . . 

. . 
Figure 32 shows the influence of texture on the temperature depen- . . . . , .  

dence of uniform strain of Zircaloy-4. The Zircaloy sheet had a texture in 

which most of the grains had basal poles tilted at  -30" away from the normal 
. '. 

(thickness) direction toward the transverse direction. The longitudinal speci - 
- .  

mens therefore had more  grains favorably oriented for prism slip than the 

transverse specimens. The diagonal orientation is midway between the longi- 

tudinal and transverse orientations. The results in Fig. 32 indicate that, below 

800°C, the uniform strain is somewhat -texture-dependent, whereas above this 

temperature the texture influence appears to be negligible. 

Fig. 32 
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Effect of Texture on Uniform Strain 0.30 
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of Z i r ca loy4  at Temperatures be- g 
tween A n ~ b i t ~ ~ t  and 1400°C. AldL 5 0'20 

Neg. No. 306-76-12 Rev. 1. 0.10 
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The texture dependence'of the total strain of Zircaloy-,4 i s  shown 

in Fig. '33. TEie texture effect on the total strain is  significant at the low - 
temperature superplastic elongation peak at 850°C; this implies that prism slip 



plays a role in superplastic deformation a t  i = 3.3 x 10 -3  s -'. Above 1000°C, 

grain growth during tensile testing is  considerable; -this makes it difficult to 

deduce the effect of texture on total elongation from the data in :Fig. 33. 

o TRANSVERSE . 
Fig. 33 

Influence of Texture on Total Strain 

of Z i r ca loy4  at  Terrlperatwes be- 

tween Ambient and 1400°C. ANL 

Neg. No. 306-76-20 Rev. 1. 

I I I I I 

600 1000 1400 
TEMPERATURE PC) 

Figure 34 shows the. variation of the ultimate tensile strength with 

temperature, which appears to be independent of texture at all temperatures. 

The strain-rate sensitivity is plotted against temperature at e = 0.02 for lon- 

gitudinal and transverse specimens in Fig. 35. For  both specimen orientations, 

the strain-rate sensitivity has a maximuni value at 900°C. Except at 1400°C, 

texture does not have a. significant effect on strain-rate sensitivity. The dif- 

ference in the values of strain-rate. sensitivity at ,  this temperature may be r e  - 
lated to variations in the grain growth. 
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0.11 W T  % OXYGEN' 

60 
0 LONGITUDINAL 

400 TRANSVERSE 

A DIAGONAL 
50 

- 300 
0 P 40 2 

Z 
V) - x - 

In C V) I- 

73 30 =I 
200 

20  

10 

0 0 
0 400 800 1200 1600 

TEMPERATURE ( O C I  

Fig. 34. Temperature Dependence of 

Ultimate Tensile Strength for 

Longitudinal. Transverse, and 

Diagonal Z i r ca loy4  Specimens. 

ANL Neg. No. 306-76-13 Rev. 1. 

Fig. 35. Strain-rate Sensitivity of Longitudinal 

and ~ ransve r se  Zircaloy-4 Specimens as 

a Function of Temperature. E = 0.02. 

Neg. No. MSD-62581. 



Figure 36. shows the variation of strain -rate sensitivity with strain 

for longitudinal and transverse Zircaloy-4 specimens.. Although the strain-rate 

sensitivity of a t ransverse  specimen is always greater  than that of a longitu- 

dinal specimen, the strain dependence of strain-rate sensitivity is almost iden- 

tical in both cases. 
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The effect of texture on the work-hardening exponent ,is s h o k ,  in . 

Fig. 37 (deduced f rom the data ili'Tables VI, VIII, and IX for longitudinal, t r ans -  . ., 

verse  and diagonal specimens, respectively). Above 800°C, the work-hardening 
, . 

rate does not seem to be a strong function of the texture. . '  

. . 

8 ' '  

Fig. 37 

Work-hardening Exponent as a Func- g o 

tion of Temperature for Zircaloy-4 0.11 wT% OXYGEN, 

Specimens with Three Textures. ANL 

Neg. No. 306-77-78 Rev. 1. 
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TABLE VIII. Leas t - squares  Work-hardening Constants for  Deformation Stages 

of As-received Transve r se  Zircaloy-4 Specimens; i = 3 . 3  x s- '  

Temp, ' Stage St ra in  Average . 
" C Number Interval n .  k, P a  ao, P a  

2 2 2 0.0004-0.007 -0.15 -4.5 l o 7  4.8 x 10' 

3 0.008-0.09 0.51 4.6 x 10' 3.4 x 10' 

TABLE IX. Leas t - squares  Work-hardening Constants for  Deformation Stages 
of As-received Diagonal Zircaloy-4 Specimens; i = 3.3 x s.-' 

Temp, Stage S t ra in  Average 
" C Numbcr ' Interval  n k,  Fd 09, P a  

: 

2 3 2 0.0004-0.0 14 0.09 2.9 x 10' 2.0 x 10' 

3 0.015-0.03 0.47 4.1 x 10' 3.4 x 10' 



The resu l t s  presented in F igs .  32-36 indicate that texture effects 

in the deformation of Zircaloy a r e  significant below 850°C and negligible above 

1000°C. Fac to r s  that contribute to this type of behavior a r e  (a) the grea ter  

symmet ry  of the body-centered-cubic (bcc) s t ruc ture  of $-phase Zircaloy 

(> 1000 "c) when compared with the low - temperature (<8 1 0 " ~ )  a-phase hexagonal - 
close -packed (hcp) ma te r i a l ,  (b) the change in the dominant deformation mode 

of a-phase Zircaloy a s  the tempera ture  i s  increased31 (i.e., below 500°C, s l ip  

occurs  on f i r s t  -order  p r i s m  planes; at  higher . t empera tures ,  both basal  and 

pyramidal s l ip  take place),  .and (c) superplast ic  deformation at  850 and 1000°C, . 

where possible grain rotation due to grain-boundary sliding diminishes texture 

effects. 

5. Fine -grain-size Zircaloy-4 

Figure 38 shows the total s t r a in  of 5-pm gra in-s ize  specime.ns a s  

a function of deformation tempera ture  a t  t h ree  initial s t ra in  r a t e s .  Note that,  

in Fig.  38a, an elongation minimum exists  near  400°C that i s  a.ssociated with' 

'dynamic-strain-aging effects. In Fig.  38b, a t  a l l  s t r a in  r a t e s ,  elongation m a x -  

ima occur  a t  800'-900 and 1000-1050°C separated by a s t ra in  minimum nea r  

950°C. The -850°C total  s t r a in  peak i s  highly dependent on s t r a in  ra te .  A s  

the s t ra in  r a t e  dec reases ,  the magnitud.e and tempera ture  of this  peak increase .  
The elongation peak near  1000°C does not appear  to  be a strong function of 

s t ra in  ra te .  This observation i s  consistent with the negligible effect of heating r a t e  . 
on the circumferent ial  elongation peak nea r  1000°C in t ransient  -heating bur  s t  

t e s t s  on internally pressur ized  s t r e s s  -relieved fine -grain Z ircaloy tubes .6 The 

t e s t s  on the 5 -pm gra in-s ize  Zircaloy were  res t r ic ted  to tempera tures  below 

1 100°C, since this ma te r i a l  showed'extraordinary gra in  growth above 1000°C. 
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Fig. 38. Total Strain as a Function of Temperature for 5 y m  Grain-size Zircaloy4 Specimens 

at Three Strain Rates (a) 23-700°C and (b) 700-1100°C. ANL Neg. No. 306-77-58 

Rev. 1  anrl Npg.  Nn. M S M 4 1 4 S .  



The total elongation-versus -temperature data for the 5-pm grain- 

size material  with a width-to-thickness ratio (w/t) of 5 and those for the 11 -pm 

grain-size mater ia l  (w/t = 10) in Sec. 1V.A. 1 a r e  consistent and imply that 

grain-boundary sliding a t  the a-@ interface is  an important factor in superplas - 
t ic deformation of Zircaloy between 850 and 900°C. The shift in the tempera- 

ture of the superplastic elongation maximum from 850 to 900°C a s  the grain 

size decreases from 11 to 5 pm can be rationalized in terms of the increase 

in the a - a  grain-boundary area.  To achieve a grain-boundary film of phase, 

the fine -grain material  must  have a larger volume fraction of @ phase, which 

is  present at  the higher temperature. The increase in the magnitude of the. 

superplastic elongation maximum at  lower strain rates i s  consistent with the 

greater  importance of grain -boundary sliding under these conditions. 

Figure 39 shows the effect of temperature on the strain-rate sensi-  

tivity .of fine -grain Zircaloy -4. The strain-rate sensitivity .shows a peak a t  

900°C. Thes'e data a r e  similar to the results presented earl ier  (Fig. 35) for 

the 1 l -pm grain-size material.  However, a comparison of the two se ts  of data 

a t  900°C reveals that the strain-rate sensitivity increases from 0.35 to 0.60 

a s  the grain size decreases from 11 to 5 pm. 

Fig. 39 

Strain-rate sensitivity of Fine-grain 

Zircaloy-4 as a F~lnction of Tem- 

perature. Strain-rate change from 

2.6 x 10-4 to 2.6 x 10-3 s-1: & = 

0.02. Neg. No. MSD-63156. 

Figure 40 s h o w s  the effect uf strain rate -on the total and unifor~n 

strain of the 5 -pm grain-size material  at 900°C. Both the uniform and total 

s trains increase a s  the strain ra te  ,decreases. The large uniform strain, i.e., 
-0.5 a t  a s train rate of 2.6 x s-', may be due to the grain growth observed 

a t  the lower strain rates.  Figure 41 shows that the strain-rate sensitivity also 

increases a s  the strain rate decreases. 

The work -hardening characteristics of fine -grain Zircaloy at  three 

strain rates a r e  presented in Tables X -XI1 and Fig. 42. Similar to the 11 -pm 

grain- size material ,  the work-hardening exponent ( ~ i g .  42) i s  positive below 

600°C and negative for the temperature interval -700- 1000°C. 
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TABLE X . Lea st - squar e s Work-hardening Constants for Deformation 

Stages of 5-pm Grain-size Zircaloy-4; 4 = 3 . 3  x s- '  

Temp, Stage Strain Average 
9 C Number Interval n k, Pa  a,,, P a  



TABLE XI. Least-squares Work-hardening Constants for Deformation 
Stages of 5-pm Grain-size Zircaloy-4; 6 = 3 . 3  x s - '  

Temp, Stage Strain Average 
"C . Number Interval n k, Pa  ao, P a  

TABLE XII. Least-squares Work-hardening Constants for  Deformation 

S,tages of 5-pm Grain-size Zircaloy-4; i = 3 . 3  x s- '  

Temp, Sta.ga Strain Average 

" C Numb'er Interval n k, Pa  oo, Pa  
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Work-hardening Exponent of Fine-grain- 

size Zircaloy-4 as a Function of Tem- 

perature at  Three Strain Rates. ANL Neg. 

No. 306-77-59 Rev. 1. 
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6 .  Influence of Specimen Geometry 

Since the total elongation observed in a tension test is a function of 

the gauge length-to -width (&/w) ratio of the specimen, the ASTM standard ten- 

sile specimen has a constant &/w ratio of four. Although the ASTM standard 

does not res t r ic t  the thickness of the sheet tensile sample, the w/t ratio has a 

significant influence on the ductility of Zircaloy. Figure 4 3  shows the effect of 

the w/t ratio on the strain-rate dependence of the strain-rate sensitivity. At 

low strain ra tes  s-I) ,  a lower w/t ratio decreases the value of m signi- 
I 

ficantly. Since the total s train measured during superplastic tensile deforma- 

tion is  a strong function of the strain-rate sensitivity, the value of w/t 

influences the superplastic ductility. 

Fig. 43  
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The strain-rate dependence of the total strain is  shown in Figs. 44 
and 45 for Zircaloy -4 with several grain sizes at  two values of w/t. A com- 

parison of the 11 -pm grain-size curve in both figures indicates that w/t  has a 



strong influence on the total s train a t  intermediate strain ra tes  to 

s-I) .  These results  directly show that the value of w/t influences the ex-. 

tent of superplastic ductility. 
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.7. Effect of Grain Size on Tensile P rope r t i e s  

As shown in  Figs .  44 and 45, a l a rge r  .grain s ize resu l t s  in a 

smal le r  total elongation f o r  Zircaloy-4, par t icular ly a t  the intermediate s t r a in  

r a t e s  s- ' ,  Fig. 44) a t  
a60 850°C where superplastic ductilities 

o GRAIN SIZE 5pm.900~~ a r e  observed. F igure  46 shows 
Q50 

o GRAIN. SIZE 5pm. 850'~ the effect of gra in  s ize  on the 
0 GRAIN SlZE l lpm, 850 "C s t ra in- ra te  dependence of the 

5 0.40 
2 uniform s t ra in  of Zircaloy-4. 
% 

0.30 
At 850°C, a s  the s t ra in  r a t e  de- 

LL c r e a s e s  below l o -*  s - 1 , the uniform 
P 
5 0.20 s t ra in  inc reases  for both grain 

s izes .  The increase  in uniform 

0.10 s t ra in  a t  900°C for  the 5-pm grain- 

s ize  ma te r i a l  i s  even m o r e  dramatic  
0 

10-6 lo-= loT4 1ci3 10-2 16' 
and occurs  a t  s t ra in  r a t e s  below 

STRAIN RATE IS-') s-' .  The high uniform s t r a in  
a t  low s t ra in  r a t e s  i s  re lated to 

Fig. 46. Variation of  Uniform Strain with Strain Rate the substantial grain growth that 

for 5- and 11-pm Grain-size Zircaloy-4. occurs  during deformation. When 
Neg. No. MSD-63138. grain-boundary sliding contributes 

significantly to the overal l  defor- 

mation, a s  i s  the c a s e  a t  these low s t r a in  r a t e s ,  g ra in  growth resu l t s  in a 

hardening effect that i nc reases  the uniform strain.  The l a rge r  uniform s t r a in  
- 1 a t  the s t r a in  r a t e  of 6.6 x s for  5-pm gra in-s ize  ma te r i a l  a t  850°C can  

be rationalized in t e r m s  of grea ter  contribution of grain-boundary sliding 

for  the sma l l e r  grain s ize.  

F igure  47 shows the variation of the yield s t r e s s  with grain s ize  

fo r  Zircaloy-4 a t  850°C. As the s t ra in  r a t e  dec reases  f rom to S - l ,  

the slope of the curves  changes f r o m  smal l  negative to la rge  positive values. 

In n 

= 
V) 

x - 
-1.0 , 

V) 

W 
a 
I- , 
o 
J 

W 
> 

0.1 

- 
0 a 
I - 10.0 

V) 

Fig. 47 V) 
111 

a 
I- 

Yield Stress as a Function of Grain Size for v, 

Zircaloy-4 at  850°C. Neg. No. MSD-63166. 2 
W - * 

1.0 

l oO lo1 lo2 
G R A I N  SlZE ( r m )  

I STRAIN RATE.i(Y1j 

lo-2 - 
ld4 - 

/ -5 

/". 

I0 

-6 /. 
10 

- 
- 

I I 



At high s t ra in  r a t e s  s - I ) ,  t ransgranular  deformation due to dislocation 

glide and c r e e p  i s  important.  This case  i s  s imi lar  to deformation a t  lower 

tempera tures  ( T  < 0.4Tm, where Tm i s  the absolute melting tempera ture) ,  

where  the f iner-  grain- s ize  ma te r i a l  exhibits a higher flow s t r e s s  than the 

coa r se -  grain mater ia l .  At low tempera tures  the well-known Petch  effect i s  

observed,  in which the slope of the logarithmic s t r e s s -g ra in  s ize curve  has a 

value of -0.5. In Fig.  47, a s  the s t ra in  r a t e  dec reases  below ~ O - ~ S - ' ,  grain- 

boundary sliding becomes the predominant deformation mechanism and the 

slopes of the cu rves  a s sume  positive values that a r e  consistent with viscous 

deformation a t  the gra in  boundaries: 

8 .  Influence of Micros t ruc tura lSta te  

a.  P h a s e  Distribution. The effect of hold t ime a t  high tempera-  

tu re  p r io r  to deformation on the tensile elongation of Zircaloy i l lustraies  the 

influence of the mic ros t ruc tu ra l  s ta te  on the tensile propert ies .  

The experimental procedure for  determining the tensile prop- 

e r t i e s  of Zircaloy in the present  p rogram involved a short  (0.6-ks) hold t ime 

a t  the various t e s t  tempera tures  before the deformation was s tar ted.  F igure  48 

shows the effect of increasing the hold t ime f rom 0.6 to 7.2 ks  before defor- 

mation on the total elongation of Zircaloy-4 specimens for  tempera tures  be- 

tween 850 and 1000°C. The additional hold t ime does not have a significant 

effect on the total  s t r a in  a t  900 and 950°C; however, the s t ra in  dec reases  

considerably a t  8 50 and 1000°C. The dec rease  in the total elongation a t  1000°C 

i s  probably due to the gra in  coarsening that becomes significant at  this tem- 

pe ra tu re .  At lower t empera tu res ,  grain growth i s  l e s s  important. 

Fig. 48 

Effe.ct of Ho1.d Time hefore Deformation on '  

Total Strain of Zircaloy-4. A N L  Neg. 
No. 306-75-200 Rev. 2. 

TEMPERATURE (OC) 

Metallographic examination of the specimens tested a t  850°C 

revealed that the cu gra ins  in the 'deformed region of the specimen with a 0.6-ks 

hold t ime were  completely equiaxed, whereas  the grains  in the specimen with 

the 7.2- ks  hold t ime were  elongated. 



The dependence of the ductility on hold time is  related to the 
microstructural changes that occur in the material. To examine the micro- 

structures that exist at high temperature, specimens were oil-quenched from 

850°C after 0.6- and 7.2-ks hold times. Fo r  a 0.6-ks hold time (Fig. 49), the 

microstructure consists of a large volume fraction of a-phase grains with a 

small volume fraction of B phase distributed both a t  the a- grain boundaries 
and within the a grains. During the 7.2-ks hold time, oxygen redistribution 

occurs and the thickness of the B-phase film at  the a- grain boundaries in- 

creases  (Fig. 50). 

Fig. 49. Microstructure of a Zircaloy-4 Specimen Fig. 50. Microstructure of a Zircaloy-4 Specimen 
Oil-quenched from 850°C after 0.6-ks Oil-quenched from 850'C after 7.2-ks 

Hold Time. A small volume fraction of Hold Time. The volume fraction of 

6 phase is distributed at the a-grain 0 phase concentrated at the a-grain 

boundaries and within the a grains. Neg. boundaries is greater than that in Fig. 49. 
No. MSD-63406. Neg. No. MSD-63404. 

Apparently the fine B-phase film at  the a-grain boundaries 
in Fig. 49 was more conducive to grain- boundary sliding and hence to super- 

plastic ductility. To determine the role of B phase a t  the a-grain boundaries 

on grain- boundary sliding, we conducted the following experiment. The as-  
received Zircaloy was prestrained to e = 0.003 a t  700°C, heated to 850°C, 

held for 7.2 ks ,  and then strained to fracture. As a result of the small pre- 
strain at 700°C, the large total- s train behavior was reestablished, even after 

the 7.2-ks hold time; i.e., the speciGen fractured at e = 2.00. Prestraining 

a t  700°C introduced additional defects and dislocations in the structure. When 

this specimen was heated to the two-phase region, B phase precipitated on a 
finer scale a s  a result of the additional nucleation sites. During the 7.2-ks 

hold time a t  850°C, B-phase coalescence (and also that of the x phase present)* 

was difficult because of the interaction between B phase and the additional 

*The X phase exists below 8 7 0 " ~ ~ ~  and has the approximate composition of 5-9 wt 10 Fee, 0-2 wt qo Cr, 1.5 wt 70 sn, 

and the balance is zirconium.33 As-received Zircaloy in the cold-rolled and the annealed condition contains a 

small volume fraction of randomly distributed -1-m X-phase particles. 



defects introduced during prestraining a t  700°C. Since the @-phase film 

thickness a t  the a-grain boundary remained small, this specimen exhibited 

superplastic deformation similar to the specimen with the 0.6-ks hold time 

at 850°C without low- temperature prestrain. 

b. a-phase Morphology. The morphology of transformed 8 phase 

(a' phase) strongly depends on the cooling rate through the two-phase region 

(-980- 805°C). The types of transformed B-phase microstructure associated 

with the various approximate cooling rates a r e  as  follows: elongated wide 

grains (0. 1°C/sJ Fig. 5 l ) ,  parallel-plate structure (2OC/s, Fig. 52), basketweave 

structure ( -500"~ / s ,  Fig. 53), and martensitic structure (- 1 0 , 0 0 0 ~ ~ / s ,  Fig. 54). 

At intermediate cooling rates, i.e., -100~C/s,  the microstructure of trans- 

formed B phase consists of a mixture of the parallel-plate and basketweave 

structures. F'or a hypothetical LUCA situation in an LWK, the cladding micro- 

structure during the heating transient i s  equiaxed, and i f  the maximum tem- 

perature exceeds 1000°C, the B phase transforms during cooling to either the 

parallel-plate or basketweave structure. 

Figure 55 shows the effect of a-phase morphology on the 

engineering s t ress -  strain behavior of Zircaloy-4 at 400°C. Without the high- 

temperature anneals at 850 and 1000°CJ the microstructure of the as-  received 

material  i s  completely equiaxed a. This material has an ultimate tensile 

strength of -1 50 MPa and a total s train of 0.42. After a 0.6-ks anneal at 

850°C and cooling to 400°CJ the structure will contain - 10% a in the transformed 

Fig. 51 Fig. 52 

Microstructure of As-received Zircaloy-4 Parallel-plate Structure of As-received 

after Cooling through I3 -+ a' Transforma- Zircaloy-4 after Cooling through 

tion at O.l0C/s from 1000°C. ANL Neg. 6 + a' Transformation at -2"C/s from 

No. 306-77-38. 1250°C. ANL Neg. No. 306-77-35. 



Fig. 53 

Basketweave Structure of As-received 

Zircaloy-4 after Cooling through 

0 -* a' Transformation at -500QC/s 

from 1000°C. ANL Neg. No. 306-77-36. 

Fig. 54 \ik 
Martensitic Structure of As-received - - 
Zircaloy4 after Cooling through . . . 7 L  ,{,$t 

B -+ a' Transformation at -lO,OOOeC/s ' ' 1  
8 --w 

from 1000°C. ANL Neg. No. 306-77-34. 
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$ form,  and the remainder will be equiaxed. This heat treatment will result in 

redistribution of oxygen and pos sibly other alloying elements during cooling 

a t  a ra te  of - loOc/s through the two-phase region (980-805'~). Introduction 

of a small fraction of a' ra ises  the ultimate tensile strength to -160 MPa and 
lowers the total strain to -0.34. After a 0.6-ks anneal a t  1000°C, the entire 

microstructure a t  400°C will be a' ; the ultimate tensile strength increases to 

-190 MPa, and the ductility drops to -0.2 total strain. Thus, apart from oxi- 

dation effects, the B -+ cu microstructural transformation also tends to decrease 

the ductility in  Zircaloy that has  undergone a high-temperature excursion 

into the B-phase field. 

Figures 56 and 57 show scanning- electron-microsc opy (SEM) 

fractographs of the as-received and annealed (0.6 ks  at 1000°C) spocimcns, 

respectively, that were fractured a t  400°C. The as-received specimen (Fig. 56) 

showed the typical equiaxed dimples that lailed a s  a result of normal s t rcss ;  
the fracture surface was perpendicular to the tensile axis. The fracture re- 

gion of the material (Fig. 57) showed elongated dimples that failed as a re- 

sult of shear s t ress ;  the fracture surface was -45' to the tensile axis. 

SEM Fractograph of As-received Zircaloy4 

Specimen Fractured at 400°C: & = 3.3 x 

I Q - ~  r l .  ANL Neg, No, 306-75-119 Rev. 1 .  

Fig. 57 

SEM Fractograph of Transformed 0-phase Zircaloy-4 

Specimen Fractured at 400°C; h = 3.3 x 10-3 s-1. 

ANL Neg. No. 306-75-125 Rev. 1. 

Figure 58 shows the effect of a-phase morphology on the tem- 
perature dependence of the total strain. The lower curve in Fig. 58 shows the 

total strain of samples that were heated to 1000°C and then cooled a t  -3O~/s 

through the two-phase region to the deformation temperatures, which resulted 

in a basketweave- type structure at the s tar t  of deformation. A currlparisur~ 

of these data shows that morphology has a pronounced effect on the total elonga- 

tion. This i s  particularly evident between 800 and 850°C, where the large 

superplastic elongations were not observed for the transformed B (a") material 
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Figure  59 shows the tempera ture  dependence of the ultimate 

tensi'le strength of Zircaloy-4 with equiaxed c i  and t ransformed B basketweave 

micros t ruc tures .  The ultimate tensile strength fo r  both types of specimens 

dec reases  continously a s  the tempera ture  increases .  Both curves show a hump 

near  400°C, which i s  a manifestation of dynamic s t r a in  aging. F igure  60 shows 

the tempera ture  dependence of the s t rain-  r a t e  sensit ivity of specimens with 

the two types of micros t ruc ture .  Both curves show a minimum a t  400°C, 

another indication of dynamic s t ra in  aging. The s t rain-  r a t e  sensitivity of 

TEMPERATURE P C )  

Fig. 59 

Temperature Dependence of Ulti- 

mate  Tensile Strength of Zi rca loy4 

with Equiaxed and Basketweave 

Microstructures. ANL Neg. 

NO. 306-77-92. 

TEMPERATURE P C )  

Fig. 60 

Strain-rate Sensitivity as a Function of 

Temperature for Zircaloy-4 Specimens 

with Equiaxed Grains and Basketweave 

Structure; c 0.02. ANL Neg. 

NO. 306-77-91. 



specimens with basketweave mic ros t ruc tu re  does not show a peak a t  900°C 

(Fig.  60)) which is consis tent  with the observed (Fig.  58) decrease  in the 

extent of superplasticity in  the transf.ormed $ phase. F igure  61 shows the 

s t r a in - ra t e  dependence of the s t r a in - ra t e  sensitivity of Zircaloy-4 a t  850°C. 

Although the s t rain-  r a t e  sensit ivity of the equiaxed ma te r i a l  increases  rapidly 

a s  the s t r a in  r a t e  d e c r e a s e s ,  the basketweave s t ruc ture  does not show a signi- 

ficant s t rain-  r a t e  dependence. This i s  another indication that superplasticity 

i s  associated with an  equiaxed s t ruc ture  a t  lower s t ra in  ra tes .  

F igure  62 shows the variation of the ultirriale l e~ l s i l e  strength 

with tempera ture  for  the basketweave s t ructure.  Above - 500°C, the strength 

i s  g rea te r  for  the higher  s t r a in  r a t e ;  i . e . ,  the normal  s t r a in - ra t e  dependence 

i s  exhibited. However, a t  200 and 500nCJ dynarrlic s l r a i ~ l  aging resu l t s  in a 

i 1.0- 
k 
2 ; 0.8 

higher  s t rength for  the slower s t ra in  ra te .  

Fig. 62 

Temperature Dependence of Ultimate Tensile 

Strength of Transformed 0-phase Basketweave 

Zilcaluy-4 at Two Strnin Rntcs. APlL )log, 

No. 306-76-11 Rev. 2. 
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s t ruc tu re  a r e  shown in Fig.  63 a t  two s t ra in  r a t e s .  The la rge  elongation peak 

observed in  eqbiaxed m a t e r i a l  a t  850°C i s  not present  i n  the data  f rom the of 
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Figure 64 shows the temperature 
Fig. 63  dependence of the ultimate tensile strength 

Effect of Strain Rate on Total Strain of of Z i r c a l O ~  the phase 
Zircaloy-4 with Basketweave Structure at cooling ra tes  of 3  and 1°c/s (coarse  basket- 

at  Temperatures between Ambient and weave and coarse  parallel-plate s t ructures ,  
1000°C. ANL Neg. No. 306-76-24 Rev. 1. respectively). The strength behavior i s  almost 

identical for the two types of microstructure.  

Figui-e65 shows the corresponding total s train variation with temperature. 

At all temperatures,  the basketweave structure i s  more  ductile than the 

parallel-plate structure. 

I I I I I .  

- - . . 
A P: 3.3 x 10-3 S-I 

o @ = 3.3 x 10-5 s -I - - 
, . 

1.40 

4 O  

> 
4 O  

J. 1.00- - 

Fig. 64 Fig. 65 

specimens a t  i = 3 . 3  x s-'. A micro- 

s tructural  examination of the a' specimen de- 

formed a t  850°C, d = 3 . 3  x s-' , did not 

show a significant number of grains with 

I I I I I 

- 

1= 3.3 a S-' 

A COOLING RATE 3@C/S 

+ COOLING R A T E  I°C/S 

Ultimate Tensile Strength as a Func- Tcmpcrature Dependence of Total  Strain of 

tion of Temperature for Transformed Transformed 0-phase,Zircaloy-4 with Basket- 

0-phase Zircaloy-4 with Basketweave weave a id  Para1lel:plate Structures. ANL 

and Parallel-plate Structures. ANL Neg. No. 306-77-114. 

Neg. No. 306-77-113. 



Figures  66-69 show the cooling-rate dependence of yield s t r e s s ,  

ult imate tensile s t rength,  uniform s t ra in ,  and total  s t ra in ,  respectively,  a t  

var ious tempera tures .  These data r e fe r  to tensile specimens with a width- 

to- thickness ra t io  (w/t) of 5. The t ransformed B ' s t ruc ture  was obtained by 

heating the a s - r ece ived  equiaxed homogeneous CY s t ruc ture  into the B field 

(1000°C) and then cooling the specimen through the two-phase region (805- 

980°C) a t  the designated cooling rate .  Cooling ra tes  of l e s s  than 3 " ~ / s  could 

Fig. 67 

Influence of Cooling Rate on Ulri- 

mate Tensile Strength of Trans- 

formed &phase Zircaloy-4 at  

Several Temperatures. Neg. No. 

MSD-63847. 
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Effect of Cooling Rate on Yield Stress 
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Cooling-rate Dependence of Uniform 

Strain of Transformed 0-phase 

Zirca loy4 at Several Temperatures. 

Neg. No. MSD-63842. 

COOLING RATE ('CIS) 



1 , r , , , ,  ( 1 1 1 1 1 , 1 1 1  1 1 , , 1 , 1 , 1  ( , , , , , , , 1  , , , 
be achieved in the Instron furnace 

s t rength a t  f a s t e r  cooling r a t e s  
Fig. 6 9  

a r e  finer s t ruc ture  and l e s s  
Tota l  Strain as a Function of Cooling Rate for Transformed oxygen (and other alloying elements) 
B-phase Z i r c a l o y 4  a t  Several Temperatures. Neg. redistribution. The acicular  
No. MSD-63844. 

s t ruc ture  obtained a t  the cooling 

r a t e  of 2.5 x i o2  "C/S i s  ve ry  fine 

compared to the lenticular s t ruc ture  produced a t  the slower cooliAg ra t e  of 

9 x l o m 2  "C/.s. Consistent with the well- known grain.- s ize  effect on. the flow 

p r io r  to mechanical testing. 

Specimens with the f a s t e r  cooling 

r a t e  (>3"C/s) were  annealed and 

quenched in  another furnace and 

were  heated to the mechanical-  

tes t  tempera ture  in the Instron 

furnace. 

The resu l t s  show that,  

as the cooling ra te  inc reases ,  

both the yield s t r e s s  (Fig.  66) 

and the ult imate tensile strength 

- 
O . I I ~  OXYGEN 

0.50 i . 3 . 3 ~  to-= s-I - 
* 2 5 ' ~  

a A 200.c - . 
V 400.C 

0 4 0  5 5 0 ' ~  - 

s t r e s s  (Pe tch  effect), the f iner  s t ruc ture  i s  s t ronger .  

10-1 10-0 lo1 102 (Fig.  67) inc rease  somewhat. Two 
COOLING R A T E  (OC/S) factors  responsible for  the higher 
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Solute redistribution during the .phase t ransformation i s  

another factor that contributes to the cooling r a t e  dependence of the flow s t r e s s .  

It was shown2 that considerable oxygen redistribution takes place a t  the slower 

cooling r a t e s  (< lOc / s )  such that the cent ra l  portion of the CY' plates become 

+ 700.c 

eo0.c r '----2--,,: 
: :: 
- - 

1 1 1 1 1 1 1 1  I l l l l t l l l  1 1 1 1 1 1 4 1  1 1 1 ' 1 * 1 1  I I L .  

enriched in oxygen and the boundary region between two adjacent cut plates 

becomes depleted in oxygen. At f a s t e r  cooling r a t e s  (>3"C/s), the extent of 

oxygen (and other alloying elements) redistribution i s  l e s s .  The inhomogeneous 

s t ruc tures  produced a t  low cooling r a t e s  a r e  weaker than thefai.rlyhomogeneous 

s t ruc tures  produced a t  the f a s t e r  cooling r a t e s .  

The data in F igs .  68 and 69 show that the basketweave s t ruc ture  

produced a t  the cooling r a t e  of - 3 " ~ / s  exhibits uniform s t ra in  and total  s t r a i n  

that a r e  higher than those of the mic ros t ruc tu res  formed a t  the other  cooling 

ra tes .  This effect i s  believed to be due to the interlocking nature of the basket- 

weave s t ruc ture .  Since the m a t r i x  orientation within two adjacent nonparallel 

subgrains (" f ibers")  i s  significantly different, the interlocking nature of basket- 

weave s t ruc ture  gives r i s e  to  a work-hardening effect. The uniform s t r a in  of 

the basketweave s t ruc ture  a t  200°C ( ~ i g .  68) i s  higher than that a t  25 and 400°C. 

This i s  probably due to the higher work-hardening r a t e  a t  200°C associated 

with dynamic str.ain aging. F r o m  a comparison of the mechanical proper t ies  

of different micros t ruc tu res  in F igs .  66-69, we can  conclude that the basket- 
weave s t ruc ture  exhibits both good strength and good ductility. 



Figures  70 and 71, respectively, show the temperature depen- 

dence of the uniform strain and total s t ra in  for four cooling rates  (micro-  

s tructures)  and two specimen geometries.  The peak uniform strain at 200°C 

(Fig. 70) i s  due to the high work-hardening ra te  associated with dynamic 

s t ra in  aging. At temperatures above 400°C, the uniform strain decreases 

rapidly due to the decrease  in work-hardening ra te  because of the l a rge r  

extent of dynamic recovery a t  higher temperatures.  The plot of total s train 

ve rsus  temperature (Fig. 71) shows a minimum in the temperature interval 

Fig. 70. Uniform Strain vs Temperature for Transformed 

B-phase Zircaloy-4 at  Various Cooling Rates. 

ANL Neg. No. 306-77-111. 
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4 w / t  ~5 ,CR = 250~ClS 

Fig. 71 

Total  Strain as a Function of Temperature for 

Transformed 8-phase Zircaloy-4 at Various 

Cooling Rates. ANL' Neg. No. 306-77-110. 
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400- 550°C, which can  be attr ibuted to dynamic s t r a in  aging. Above 600°C, the 

total s t ra in  inc reases  due to dynamic recovery.  

The work-hardening r a t e  analysis  of Zircaloy-4 with th ree  

types of t ransformed B micros t ruc tu res  i s .p resented  in  Tables XIII-XVII and 

F igs .  72 and 73. The work-hardening exponent shows amax imum value be- 

tween 200 and 400°C due to dynamic s t r a in  aging and negative values with a 

minimum between 700 and 900°C due to in te rgranular  deformation. 

9. Dynamic S t ra in  Aging nea r  750°C 

Figure  74 r ep resen t s  par t ia l  Instron load- elongation cu rves  

obtained f r o m  Zircaloy-4 specimens deformed a t  750°C af te r  var ious heat  

t rea tments .  Curve A shows the par t ia l  load-elongation curve  for a s - r ece ived  

ma te r i a l  (cold- rol led and vacuum- annealed a t  732°C for  7.2 ks) deformed a t  

750°C af ter  a 0.6- ks  hold t ime a t  750°C. Note the pronounced yield point. 

Curve B rep resen t s  another specimen, which was deformed to a s t r a in  of 

-0.02 under identical conditions and unloaded. This specimen was then held 

at  750°C for  14.4 ks and s t ra ined again a t  the s a m e  r a t e  a t  750°C. No yield 

point i s  evident in  the load-elongation response  in  curve  C. 

TABLE XIII. Least-  squares  Work-hardening Constants for  Deformation 

Stages of Transformed B-phase Zircaloy-4;  Cooling Rate 

0. 1°c/s;  i = .3.3 x S- '  

Temp,  Stage S t ra in  Average 
"C Number Interval  n k, P a  00, P a  



TABLE XIV. Leas t -  squa r e s  Work-hardening Constants for  Deformation 

Stages of Longitudinal Zircaloy-4 Specimens with Para l le l -p la te  

S t ruc ture ;  Cooling Rate - l0C/s;  4 = 3 . 3  x s- '  
- - 

Temp,  Stage S t ra in  Average 

" C Number Interval  n k ,  P a  00, P a  

r, 
TABLE XV. Least- squares  Work-hardening Constants for Deformation Stages 

of Longitudinal Zircaloy- 4 Specimens with Basketweave S t ruc ture ;  

Cooling Rate  3"C/s; 6 = 3.3 x s- '  

Temp, Stage Strain A v ~ r a g ~  

"C Number Interval  . n k, P a  00, P a  



TABLE XVI. Leas t -  s q u a r e s  Work-ha rden ing  Cons t an t s  f o r  Defo rma t ion  

S tages  of Longitudinal Z i r ca loy -4  s p e c i m e n s  with Mar t ens i t i c  

S t r u c t u r e ;  Cooling R a t e  - 10,000"C/s; d = 3.3 x s - '  

T e m p .  Stage  S t r a i n  A v e r a g e  
" C Number  In t e rva l  n k ,  P a  o,, P a  

TABLE XVII. L e a s t -  s q u a r e s  Work- hardcning Cons l an t s  fo r  Defo rma t ion  
. Stages  of Longitudinal Z i r ca loy -4  Spec imens  with Baske tweave  

S t r u c t u r e ;  Cooling R a t e  = 3"C/s; t = 3.3 x s - '  

T e m p ,  Stage  S t r a i n  A v e r a g e  
" C Number  In t e rva l  n k. P a  

00, P a  
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ELONGATION 

Fig. 74. Partial Load-elongation Curves for Zircaloy-4 

Specimens Deformed a t  750°C after Various 

Heat Treaments. (A) As-received strained to 

fracture; (B) as-received, partially strained; 

(T.) scrained tn fracture. after a 14.4-ks anneal 

a t  150°C following B; (D) as-received, par- 

t ia l ly  strained; (E) strained to fracture after a 

14.4-ks anneal  a t  800°C following D. Neg. 

NO. MSD-63142. 

These resu l t s  show that the yield point i s  probably not a s -  

sociated with a breakaway mechanism at '750°C. Curve D represents  another 

specimen pres t ra ined  in an identical manner  a s  curve  B. However, this 

specimen was annealed a t  800°C for  14.4 ks  before additional straining at 
750°C. Curve E shows the resul tant  load-elongation response.  Notice the 

presence  of ser ra t ions  a t  fa ir ly  regular  intervals  on the load- elongation curve. 

This observation implies  that some impuri ty  element ( o r  an  intermediate 

phase containing multiple elements) went into solution during the anneal a t  

800°C and then, during subsequent straining at  750°C, the element ( o r  elements) 

interacted with dislocations. 

Since the yield-point phenomenon occurred  at  a relatively high ' 

t empera ture  (700- 750°C) in both Zircaloy- 2 and - 4 ,  substitutional elements 

a r e  likely to be involved. The observation that the yield point was eq~ia.lly 

pronounced in  the two ma te r i a l s  suggests that nickel i s  not likely to be r e -  
- sponsible. The difference in the load-elongation curves  a f te r  anneals a t  750 

and 800°C suggests that the element responsible for  s t ra in  aging i s  in solution 

a t  800°C but not at. 750°C. This implies  a precipitation o r  d isorder -order  

phase boundary between 750 and 800°C. An examination of binary-phase dia- 

grams34 of zirconium with the th ree  remaining substitutional e lements ,  viz'. , 

t in ,  i ron ,  and chromium, reveals  that such a phase boundary exists only in the 

zirconium- tin system. 



F o r  an alloy of zirconium with -1.5% tin,  the a phase exis ts  

above -700°C, and below this tempera ture ,  two phases (a + Zr4Sn) exis t  in 

equilibrium. Whether the presence  of t in can  cause a yield-point effect depends 

on the distribution of the tin atoms in the ma te r i a l  during deformation. When 

the a s -  received ma te r i a l  i s  given a final anneal above 700°C, tin goes into 

solution and remains  in solution during furnace cooling. .When this ma te r i a l  

i s  strained fo r  the f i r s t  t ime a t  tempera tures  between 700 and 750°C, a yield 

point i s  observed. Deformation' in this tempera ture  range induces the precipi-  

tation o r  ordering p rocess  of tin in the a -Zi rca loy  mat r ix .  Additional anneal- 

ing below -800°C does not resul t  in the re-solution.of the t in,  and, thus,  the 

yield point (or  ser ra t ions  on the load-elongation curve)  i s  not observed. How- 

eve r ,  if the ma te r i a l  i s  annealed a t  a tempera ture  >800%, tin goes back into 

solution and dynamic s t rain-  aging effects a r e  observed. Thus,  the final heat  

t reatment  of the Zircaloy sample and the t in content of the mater ia l  will 

determine whether the yield point i s  observed. These fac tors  m a y  be respon- 

sible for  the absence of yield points in the data of Luton and   on as.^^ We a r e  

present ly c onduc t'ing metallographic examinations to determine whether 

precipitation o r  ordering of tin actually occurs .  

The work-hardening analysis  of Zircaloy specimens deformed 

a1 7 0 0 " ~  and a t  various s t r a in  r a t e s  i s  presented in  Tables XVIII-XX and 

Fig. 75. The yield-point effect was significant at  s t ra in  r a t e s  grea ter  than 

s- '  where the work-hardening exponent had positive values.  At s t r a in  

r a t e s  lower than s- ' ,  generally the work-hardening exponent had lower 

TABLE XVIII. Leas t -  s q u a r e s  Work- hardening Constants  f o r  Longitudinal 

Zircaloy-2 Spec imens  Deformed a t  700°C and Var ious  S t ra in  R a t e s  

S t r a i n  

R a t e ,  Stage S t r a i n  Average  
6 ,  s - '  Number In te rva l  n k, P a  00, P a  

TABLE XIX. L e a s t -  s q u a r e s  Work-hardening Constants  fo r  5-vm 

Gra in-  s i z e  Longitudinal Z i rca loy-4  Spec imens  Deformed a t  

700°C and Var ious  S t r a i n  Ra tes  
. . 

St ra in  

Ra te ,  S tage  S t r a i n  Average  
6 , .  s-' Number  In te rva l  n k, P a  a,, P a  ' 

3.3 x lo -2  2 0.03-0.05 0.79 5.2 x l o 7  7.2 x io7 



TABLE XX. Leas t -  s q u a r e s  Work-hardening Constants  f o r  

11- pm Gra in-  s i z e  Longitudinal Z i rca loy-4  Spec imens  

Deformed a t  700°C and Various S t ra in  R a t e s  

S t r a i n  

R a t e ,  Stage S t ra in  Average ,  

6 ,  S- '  Number In te rva l  n . k ,  P a  a,, P a '  

0 ZIRCALOY -4, I I -pm GRAIN SIZE 

A ZlRCALOY -2. 14-pm GRAIN SIZE 

Fig. 75 

Strain-rate Dependence of  Work- 

hardening Exponent of Zircaloy at 

700°C. ANL Neg. No. 306-77-66. 
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S T R A I N  RATE (S- I1  

values (often negative) and the yield point behavior was absent. Thus,  dynamic- 

s t ra in-  aging behavior i s  associated with peak values of work- hardening 

exponent. 

F igure  76 represents  engineering- s t r e s  slenginccring- s t ra in  

cu rves  of Zircaloy 4 specimens deformed a t  750°C af ter  various heat  t rea t -  

ments .  F igure  74 p resen t s  some of these data. The s t r e s s - s t r a i n  curve 

corresponding to a 0.6-ks hold t ime a t  750°C p r io r  to deformation (curve A) 

shows a load drop only a t  the s t a r t  of plastic deformation (yield point); subse-  

quently, there  a r e  no load drops o r  ser ra t ions .  Curve B represents  the 

s t r e s s -  s t ra in  behavior during final loading of a specimen that was pres t ra ined  

to 0.02 a t  750°C, unloaded, and held for  14.4 ks  a t  750°C p r io r  to restraining 

a t  750°C. Note that the s t r e s s - s t r a i n  curve  i s  smooth with no load drops and 

the yield point i s  absent.  Curve C corresponds to a specimen that was pre-  

s t ra ined  to 0.02 a t  750°C, unloaded, annealed fo r  14.4 ks  a t  800°C, and then 

deformed a t  750°C. Note that curve  C has  a higher f low-s t ress  level than the 

two other  specimens and shows load drops  a t  regular  intervals  throughout the 



curve (serrat ions) .  This difference in the s t ress -  s train behavior is  related 
to the difference in the work-hardening characteris t ics  presented in Table XXI. 

All specimens were held for  0.6 ks pr ior  to deformation a t  the prestraining 

o r  restraining temperature. Specimens prestrained and heated to 800°C show 

positive and higher n values indicative of dynamic strain aging. The strain- 

rate  sensitivity does not seem to depend on the heat treatment (Fig. 77). . The 

heat- treatment designation i s  the same as ' in  Fig. 76. 

Fig. 76 

Engineering-stress/Engineering- 

Strain Curves for Zircaloy-4 a t  

750°C after Various Heat Treat- : 

ments. ANL Neg . No. 306-77-75. 

TABLE XXI. L e a s t - s q u a r e s  Work-hardening Constants  f o r  11-pm Grain-  

s i z e  Longitudinal Z i rca loy-4  Spec imens  Deformed a t  750°C af te r . .  

Various Heat  T r e a l r r ~ e n l s ;  4 - 3.3 x s - I  

Stage S t r a i n  Average  

Number In te rva l  n k ,  P a  00, P a  Commenta 

2 0.008-0.035 0.68 2.8 x l o 7  3.7 x l o 7  A 

0.02 p r e s t r a i n  a t  750°C, unload and immedia te ly  reload.  

14.4 ks liold linlt at 750°C prior to dcformation. 

0.02 p r e s t r a i n  a t  750°C, unload, 14.4-ks hold a t  750°C. 

0.02 p r e s t r a i n  a t  750°C, unload, 1 .2-ks hold a t  800DC. 

0.02 p r e s t r a i n  a t  750°C, unload, 14.4-ks hold a t  800°C. 

0.02 p r e s t r a i n  a t  750°C, unload, 0 .6 -ks  hold a t  800°C. 

Equiaxed homogeneous a- phase  containing 0.46 wt % oxygen. 

Equiaxed homogeneous a - p h a s e  containing 0.90 wt % oxygen. 
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10. Comparison of Zircaloy-4 Tensi le  P rope r t i e s  of S t r e s s -  

re l ieved Tubing and Recrystal l ized Sheet 

F o r  comparison with the proper t ies  of Zircaloy sheet ma te r i a l ,  

uniaxial- tensi le  t e s t s  have been per formed on the Zircaloy-4 tubing36 that i s  

used in the ANL biaxial tube-burst  t e s t s  and in other Nuclear Regulatory 

Commission r e s e a r c h  programs.  The mic ros t ruc tu re  of the ma te r i a l  in the 

a s -  received s t r e s s -  relieved condition consis ts  of fine (-2- pm-wide) elongated 

grains .  The wall  thickness of the cent ra l  10-mm gauge length of the 70-mm- 

long specimens was reduced f r o m  0.635 to 0.432 m m  to ensure  that f rac ture  

occur red  away f r o m  the Swageloks that gripped the samples .  

F i g u r e  78 shows, the ternperatur.e d e p e i ~ d e ~ ~ c c  of the. ultiiiiaLe 

tensi le  s t rength and the 0.2% yield s t r e s s  of the tube mater ial .  The proper t ies  

Fig. 78 

Ultimate Tensile Strength and Yield 

Stress of Zircaloy-4 Stress-relieved 

Tube and Recrystallized Sheet as a 

Function of Temperature. Neg. No. 

MSD-63395. 
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of the recrystal l ized sheet are,shown for comparison. The fine grain s ize  

and the elongated grain shape of the cold-worked ma te r i a l  a r e  pr imar i ly  

responsible for  the higher strength of the tubing below -800°C. At higher 

tempera tures ,  complete recrystal l izat ion of the tubing occurs  during the 

tensile t e s t ,  and the flow s t r e s s  of the sheet  and tube ma te r i a l s  i s  essent ial ly  

the..same. 

The total s t ra in  of the Zircaloy tube and sheet  i s  plotted in 

Fig. 79 a s  function of the deformation tempera ture .  The ma te r i a l s  exhibit 

s imi lar  behavior, although the tubing i s  somewhat l e s s  duc.tile below -400°C . 

and m o r e  ductile a t  higher tempera tures .  The tempera ture  dependence of the 

uniform s t ra in  of the two ma te r i a l s  i s  shown in Fig.  80. The uniform s t ra ins  

a r e  comparable below -850°C; however,  a t  900°C, the tube ma te r i a l  exhibits 

a la rge  s t ra in  (-0.7) that was confirmed by duplicate tes t s .  This behavior can  

be related to the micros t ruc tura l  changes that occur during deformation. 

Although the sheet  ma te r i a l  has  an  equiaxed grain s t ruc ture  before and during 

deformation, and grain growth i s  not significant, the tube recrys ta l l izes  and 

the smal l  equiaxed grains  grow considerably during the tensile tes t .  The 

higher work-hardening r a t e ,  associated with grain growth, and the grain- 

boundary- sliding deformation mechanism resu l t  in a l a r g e r  uniform s t r a in  i n  

the tube ma te r i a l  a t  -900°C. 
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Total Strain of Zircaloy-4 Tube 

and Recrystallized Sheet as a 

Function of Temperature. Neg. 

No. MSD-63396. 
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PROPERTIES OF ZIRCALOY  OX OXYGEN ALLOYS 

A. Homogeneous Oxygen Distribution 

' Uniform oxygen distribution was achieved before deformation by ho- 

mogenizing the oxygen- charged samples at an appropriate temperature for suf- 

ficent time. The effect of oxygen in Zircaloy-4 on the ultimate tensile strength 

i s  shown in Fig. 81. In cu -phase Zircaloy- 4 (Fig. 81a), strengthening due. to 

oxygen is more  significant at  lower temperatures. Oxygen increases the 

strength of Zircaloy monotonically at  these temperatures. Similar data, pre- 

sented in Fig. 82 for p-Zircaloy at higher temperatures (>1200°C), showed a 

less  systematic trend because with increasing oxygen concentration, the 
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Fig. 81. Effect of Oxygen on Ultimate Tensile strengthof Zircaloy4 at Several Tempera- 
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- t = 3 . 3 ~  ,0-a S-i 
- 1.0 

1200 O C  

1300 OC 

1400 O C  

Fig. 82 

Variation of Ultimate Tensile Strength 
a 

, 

of  7-ircalny-4 wi.rh Oxygen Concentra- 

tion at 1200, 1300, and 1400°C. Neg. 

No. MSU-62848. 

0-0 
0 0.1 0 .3  0.5 0.7 0.9 1.1 

OXYGEN CONCENTRATION (WT%) 



two-phase (a + B )  'region is  approached. Moreover, c'omplications associated 

with the grain growth that occurred during homogenization and deformatioli of 

the Zircaloy-oxygen alloys also exist. In some instances, a single grain en- 

compassed the width and thickness of the fracture region of the specimeli. 

Therefore, differences in grain size and. orientation may contribute to th,e 

complex behavior. . 

Figures 83 and 84 demonstrate the influence of oxygen on the uniform 

strain of Zircaloy-4. For  temperatures below 750°C (Fig. 83a), an increase 

in the oxygen concentration decreases the uniform strain. 'Except for the 
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initial portion of the 850°C curve at  Fig. 83b ( S O .  5 wt 70 oxygen), the data indi- 

cate that the uniform s t ra in  increases as  the oxygen concentration increases 

for  temperatures between 850 and 1050°C. This i s  probably the result  of the 

work-hardening ra te ,  which increases with oxygen concentration. The 

effect of oxygen on the uniform strain at  temperatures >1200°C is  complicated 

(Fig. 84) by the same factors mentioned in connection with Fig. 82. 

The effect of oxygen concentration in Zircaloy-4 on the total s train i s  

shown in Figs. 85 and 86. In Fig. 8.5, the total s t ra in  decreases as the oxygen 

concentration increases ,  except'for the 900, 950, and 1000°C curves. The tem- 

perature range of the two-phase (a + p) field for Zircaloy i s  altered by oxygen 

additions; thus, the phase distributions as well as  the compositions of the 

phases must be considered in an attempt to rationalize the results presented 

in Fig. 85. The influence of oxygen on the total s t ra in  at  higher temperatures 

>1200°C (Fig. 86) i s  complicated by the same factors mentioned earl ier .  
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Fig. 85. Total  Strain of Zircaloy-4 as a Function of Oxygen Concentration at 
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Figure 87 shows the influence of oxygen 

on the total strain of Zircaloy-4 as a function of 

temperature. As the oxygen concentration in- 

creases, the low-temperature superplastic elon- 

gation peak (i. e., at 850°C for 0.11 wt ($0 oxygen) 
shifts to higher temperatures. This observation 

is consistent with the Zircaloy-oxygen phase 

diagram (Fig. 88) since the ac /(a, + fl) boundary 

shifts to higher temperatures with increasing 
oxygen concentration. Figure 87 also shows that 

Fig. 87. ~ f f e c t  of Oxygen on the amount of elongation at the peak decreases 
Temperature Depen- as the oxygen concentration increases (i. e., 2.1 
dence of Total Strain total strain at 0.11 w t  ?& oxygen, compared with 
of Zircaloy-4. ANL 1.4 total strain at  1.1 wt % oxygen). This decrease 
Neg. No. 306-76-18 in elongation occurs because oxygen reduces the 
Rev. 1. 

ductility of both the ac and p phases. We could 

not determine the influence of oxygen on the 

high- temperature superplastic elongation peak (i. e., the peak at -lOOO°C for 
0.1 1 wt O/o oxygen) because of the long homogenization times required at tem- 
peratures below -850°C to obtain a small equiaxed grain structure with large 

oxygen concentrations. 
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Fig. 88. Pseudobinary Zircaloy-Oxygen Phase Diagram Determined 

from Metallographic and Resistivity Measurements. Dashed 

line corresponds to the zirconium-oxygen system. ANL 

Neg. No. 306-76-82 Rev. 1. 
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Figure 89 shows an SEM fractograph of a Zircaloy-4 specimen, with 
2.3 wt % oxygen, fractured at 850°C. At 850°C, Zircaloy with this oxygen con- 
tent has a single-phase a, structure. The ct phase exhibits transgranular 
cleavage fracture as a result of the high oxygen concentration. The river 
patterns a re  clearly visible in the grains. 
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The effect of oxygen on the work-hardening behavior of Zircaloy-4 is 

shown in Tables XXII-XXV and Figs. 90-95. The data in Tables XXII-XXIV 

and Pigs. 90-94 refer to specimens that were cooled through the two-phase 

region after charging and/or a homogenization anneal before the mechanical 

testing. Therefore, these specimens contained nonequiaxed tranformed p-phase 

grains with various degrees of oxygen (and probably other alloying elements) 

redistribution. 

TABLE XXII. Least-squares Work-hardening Constants for Longitudinal 
Specimens of ~ i r c a l o ~ - 4 / 0 x ~ ~ e n  Alloys; E = 3 .3  x s-1 

Temp, Oxygen, Stage Strain Aver age 

"C wt '$'Q Number Interval n k, Pa on, Pa 



' TABLE XXIII. Leas t - . squares  Work-hardening Cons tan ts  f o r  Longitudinal  , 

S pec im ens  of ~ i r c a l o ~ - 4 / 0 x ~ g e n  Alloys;  i = 3.3  x s-1. 

T e m p ,  Oxygen, S tage  S t r a in  A v e r a g e ,  

"C wt 7'0 Number  In t e rv a l  n k ,  P a  ao8 P a  

1000 0.2 5 1 0.0004-0.0028 0 . 5 3  6.0 x l o 7  1.8 x l o 6  
2 0.0032-0.0150 -1.30 -6 .1  x 10' , 5.7 x 10' 

0.32 1 0.0004-0.0016 0 .56  7.4 x l o 7  3.5 x l o 6  
2 0.0020-0.0130 -1.06 -1.2 x lo3  6 .6  x 10' 

0.41 1 0.0004-0.0028 0.06 2.2 x l o7  -8.0 x l o 6  

2 . n.n032-0.0150 -1.20 -7 . 4  lo2  7.6 x l o 6  

TABLE XXIV. Leas t - s qua r e s  Work-hardening Constants  f o r  Longitudinal 

Spec imens  of ~ i r c a l o ~ - 4 / 0 x ~ g e n  Alloys; t = 3.3 x lo - '  s-1 

T e m p ,  Oxygen, Stage S t r a in  Average 

"C wt '70 Numbe.r Interval  n k ,  P a  aoj P a  
. . - -- - - - - . . . --. - .. , . . . . - .. . -- 

1000 0.'23 1 0.0004-0.0028 0 .85  5.1 x l o 7  '1.2 x l o 6  

2 0.0032-0.0060 -0.97 - 1.3 x -10' . 1.9 x l o 6  

0.43 1 ; 0.0004-0.0024 0.63 ' 6.'7 x l o 7  1.6 x 10' 

.2 0.0028-0.0500 -0 .16-  - 1 . 4  x lo6 7.0 x 10' 



TABLE XXV. Effect of Oxygen Concentration on Least-squares Work- 

hardening Constants of Longitudinal Equiaxed @-phase Zircaloy-4 

Specimens; B = 3.3 x lo-' s - '  

' . Oxygen 

Temp, Concentration, Stage Strain Average 

"c wt 70 Number Interval n k, Pa 0 0 ,  Pa 

OXYGEN CONCENTRATION (WTX) 

Fig. 90 Fig. 91 

Work-hardening Exponent 

of Zircaloy-4 a t  1000°C 

as a Function of Oxygen 

Concentration. AN!, Neg. 

No. 306-77-60 Rev. 1. 

Work-hardening Exponent 

of Zircaloy-4 a t  J.3.OO"C 

as a Function of Oxygen 

Concentration. ANL Neg. 

No. 306-77-55 Rev. 1. 



Fig. 92 

Work-hardening Exponent of 

Zircaloy-4 at 1200°C as a Func- 

tion of Oxygen concentration. 

ANL Neg. No. 306-77-56 Rev. 1. 
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Work-hardening Exponent of 

Zircaloy-4 at 1300°C as a Func- 

tion of Oxygen Concentration. 

ANL Neg. No. 306-77-68 Rev. 1. 
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The work-hardening ra t e  of Zircaloy-oxygen alloys depends on the 

influence of oxygen on the micros t ruc ture  of the mater ial .  F r o m  the phase 

d iag ram (Fig. 88),  a n  inc rease  in the oxygen concentration changes the micro-  

s t ruc ture  of the alloy f r o m  $ to a, + fl a t  tempera tures  above 1000°C. The data 
in Tables XXII-XXIV indicate that small  additions of oxygen increase  the work- 

hardening r a t e  of $-phase  Zircaloy a s  long a s  the composition of the alloy i s  

not close to the two-phase boundary. Near the two-phase boundary the work- 

hardening r a t e  shows a minimum (negative value of n). The data in  Figs.  90-92 

all show a minimum value of n a t  intermediate oxygen concentrations (0.25 - 
0.4 wt % oxygen), and the oxygen concentration a t  which the minimum occurs  

inc reases  a s  the tempera ture  inc reases  f r o m  1000 to 1200°C. In Figs.  93 and 

94,  the minimum i s  not readily apparent,  since the oxygen concentration range 

i s  away f r o m  ~ / ( a  + p )  phase boundary. With a higher work-hardening ra t e ,  

the c o n s i d e r g  cr i te r ion  for  maximum load point on the load-elongation curve 

do/de = o ,  i s  satisfied at the highest s t rain.  Therefore ,  the uniform strain 

behavior in F i g .  84 i s  consistent with Figs.  92-94.  

The influence of s t ra in  r a t e  on the work-hardening ra t e  is complicated 

by the concomitant grain growth that occurs  during deformation. At  slower 

s t r a in  r a t e s ,  the grain-boundary sliding component i s  expected to be more  

significant, which may lower the work-hardening ra t e .  However, the longer 

t e s t  t imes  r e su l t  in significant grain growth, which tends to increase  the work- 

hardening ra te .  These opposing fac tors  operate to various degrees  and r e -  

sul t  in a complicated behavior. 

The data in  Table XXV and Fig. 95 were  obtained f r o m  specimens that 

w e r e  oxygen-charged and homogenized in the a-phase region and therefore had 

a n  equiaxed grain s t ruc ture  a t  the s t a r t  of deformation. Consistent with the 

phase d iagram,  the region of negative work-hardening exponent shifts to higher 

tempera ture  with increasing oxygen concentration. 

F igures  96-100 show the effect of s t ra in  on the s t ra in- ra te  sensitivity 

of Zircaloy-4 containing different oxygen concentrations in the range of 
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. . 
0.11 - 1.0 wt 70 for temperatures between 700 and 1400°C. Near the low- 

temperature peak in the curve of total elongation versus temperature, i. e. , 
850°C in Fig. 21, small  additions of oxygen do not decrease the strain-rate . :,,., r .. ,- . 
sensitivity of Zircaloy. The m values in Fig. 96 for an alloy with $0.5 wt 70 . .Y :$ 

oxygen a r e  essentially the same as those for the as-  received material  with . .  a.1,... <, 

0.11 wt 70 oxygen (see Fig. 24). Similar to the behavior of as-receivedmaterial ,  . . 

I;he strain-  rate sensitivity of Zircaloy with 0.5 wt 70 oxygen i s  not strain- 

dependent at 850°C (near the peak on the strain-temperature diagram), but 

decreases as the strain increases at 700°C (away f rom the superplastic 

~.l.nngati.on peak). 

At higher temperatures (r 1000°C), an increase in the oxygen concen- 

tration decreases the strain- rate sensitivity to the extent that the superplastic 

elongation behavior i s  diminished or eliminated. Grain growth during homoge- 

nization of the oxygen-charged specimens may also contribute to the decrease 

in elongation. Figure 10 1 shows the oxygen dependence of the strain- rate sen- 

sitivity parameter m for temperatures of 1200, 1300, and 1400°C. These re-  

sults a r c  consistent. with Zircaloy tensile data obtained in an air  e n ~ i r o n m e n t ~ ~  

in which oxidation during the test eliminated the superplastic elongation be- 

havior at teinperatures >lOOO°C. 

B. Composite Material with Oxygen Gradients i n a  and p Phases 

Since the duration of a hypothetical EOCA in an LWR is short,  

steam oxidation of the Zircaloy cladding will produce z r o z / a / p ,  z roz /a  /((a + p) 



0.4 , 
or zroz/cu composites with oxygen-concentration 

gradients in each phase. Although an understand- 

ing of the influence of oxygen on the mechanical 

E 
properties of the' individual cr and fl phases will 

>- be us eful in interpreting the mechanical properties 
!z 
2 

e I,l 

of composite materials ,  i t  i s  essential to conduct 
5 0.2- - tensile tests' on composites. 
V) 

Oxygen-concentraliun Dependence of gradient in each case can change during high- 

St ra in - r a t eSens i t i v i t~o fZ i rca lo~-e  t empera turedeformat ion in theIns t r~mfurnace .  
at 1200s 1300, and 14000C. ANL Neg. Metallographic examinations of the fractured.  
No. 306-76-9 Rev. 1. 

specimens were used to determine the final layer 

thicknesses. Similarly, composite specimens 

W 

s - - 
Tensile specimens of the as - received 

with different total oxygen concentrations were produced with the following 

charging conditions: [O. 45 wt 70 (700°C, 0.72 ks) ;  1.12 wt 70 (800°C, 2.7 l c s ) ;  

and i. 9 wt % (900°C, 0.9 ks]. 

I  

2 
5 0.1 

, Figure 102 compares the temperature dependence of the total s train 

fo r  the homogenized and composite specimens. Figure 10 3 shows the 
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z'ircaloy- 4 (with 0.11 wt '70 oxygen) were heated 

in oxygen for 0.72 k s  at 800°C to increase the 

oxygen level to 0.8 wt 70. This charging process 

produced a surface oxide layer and a, phase with 

Temperature Dependence of Total 

Strain of Homogenized and Composite 

Zircaloy-4 with 0.8 wt 70 Oxygen. ANL 

Neg. No. 306-76-23 Kev. 1. 
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corresponding comparison of the ultimate tensile strength a s  a function of 

temperature. The composition and volume fraction of each phase in  the homo- 

genized specimens a t  the test  temperature varied according to the phase dia- 

g ram,  although no macroscopic oxygen gradient existed across  the specimen. 

The structures of the composite specimens a t  the deformation temperature 

were as  follows: oxide I C Y  1 oxide (below 800°C), oxide Icr/(cr + @)/a1 oxide 

(between 800 and 1000°C, with smaller  thicknesses of the oxide and a layers  

as the temperature increased),  and c r / ~ / c r  (above 1000°C). An oxygen- 

concentration gradient was present in each phase. Metallographic examination 

of the deformed samples revealed that the oxide surface was cracked severely 

below 1000°C and the oxide/a, interface was separated at severa l  places. Thus, 

only the cr and @ layers  of the composite were load- bearing. The results in 

Fig. 102 demonstrate that the presence of a brittle layer on the surface de- 

creases  the total s train (ductility) of Zircaloy considerably, although the ul- 

timate tensile strength does not change significantly (Fig. 10 3) .  

Figures 104- 107 show the strain dependence of the s t ra in-ra te  sensi-  

tivity of Zircaloy-oxide composites for various total oxygen contents at 800, 

850, 900, and llOO°C, respectively. At 800°C (Fig. 104), the s t ra in-ra te  sen- 

sitivity i s  relatively independent of s train;  however, the magnitude of the 

s train-rate  sensitivity decreases as  the oxygen concentration.increases. At 

850 and 900°C (Figs. 105 and 106), the s t ra in-ra te  sensitivity increases with 

s train due to the superplastic characteris t ics  of the load-bearing cr phase o r  

0.1 I .  I I 1 I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

STRAIN. < 

. . 
Fig. 104 Fig. 105 

btrain Dependence of Straln-rate Strain-rate Sensitivity as a Function of Strain 

Sensitivity of Zi rca loy4/0xide  for Zircaloy-4/0xide Composites with 0.43 

Composites with0.78 and 1.00 wt 70 and 0.82 wt 70 Total Oxygen a t  850°C. Strain- 

Total  Oxygen at  800°C. Strain- rate change from 3.3 x to 3.3 x s-l. 

rate ~ h a n ~ e f r o m 3 . 3 ~ 1 0 - 4 t o 3 . 3  x Neg. No. MSD-62585. 

s-1. Neg. No. MSD-62579. 



0.1 I I I I 
0 0.1 0.2 

STRAIN. E S T R A I N .  E 
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Strain-rate Sensitivity as a  unction of Strain Dependence of Strai~l-rate .. 

Strain for Zircaloy-4/0xide Composites Sensitivitjr of Zircaloy-4/Oxide Com- 

with 0.77, 1.12, and 1.88 wt 70 Total  posites with 0.78 and 1.17 wt 70 Total  

Oxygen a t  900°C. Strain-rate change Oxygen at  1100°C. Strain-rate change 

from 3.3 x to 3 .3  x 10-3 s-l. Neg. from 3.3 x to 3.3 x s-1. 

No. MSD-62587, Neg. No. MSD-62589. 

or + p layer. At l lOO°C, the superplastic effect diminishes and the strain de- 

pendence of strain-  rate sensitivity shows a normal behavior, i. e . ,  an initial 

decrease in the m value, which then becomes 

independent of s tr ail1 (Fig. 107). 
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<l. 75 wt 70 were prepared by charging oxygen 
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ing in the mechanical testing furnace, the speci- 

10-4 to 3.3 10-3 ,-I;, = 0.02. Neg. mens had an oxide la] oxide composite structure. 

NO. MSD-62584. . 
. . 

For  mechanical-test temperatures <805"C, this 
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Figure 108 indicates the effect of total 

oxygen concentration on th.c strain- rate sensi- 

tivity of Zircaloy- 4/oxide composites. The data 

points for an oxygen colicentration of 0.11 wt 70 
correspond tn the as- received homogeneous 

. material.  At all three temperatures, the strain- 

rate sensitivity decreases as the oxygen con- 

centration increases. These results do not agree 

with measurements by ~ o z e k , "  which showed 

that the magnitude of the strain- rate ssnsiti.v.ity 

of Zircaloy-oxide composites increased during 

simultaneous oxidation and deformation in an 

a i r  environment . 



composite structure was maintained during deformation with only minor 

changes in the oxygen gradient in the a phase because of the low diffusivity 

of oxygen. As the deformation temperature was increased into the a + p 
(>805"C) and i3-phase (>980°C) regions, the composite structure changed sig- 

nificantly during deformation due to the large diffusivity of oxygen in the 

p phase. When the deformation temperature increases above -lOOO°C, the 

oxide layer dissolves and the relative thicknesses of the cr and f! layers vary 

as  functions of holding time, deformation time, and deformation temperature. 

The microstructures of deformed composite specimens showed sig- 

nific ant differences for deformation temperatures below and above -1000°C. 

In specimens deformed below -lOOO°C, both the oxide and a layers exhibited 

significant cracking (Fig. 10 9). In specimens deformed above -lOOO°C, the 
oxide layer in most cases was absent and the cr layer did not show cracking 

(Fig. 110). 

Fig. 109 Fig. 110 

Microstructure of Zircaloy-4/0xide Com- Microstructure of Zircaloy-4/0xide Compos- 

posite Specimen Deformed at 800°C Show- ite  Specimen Deformed at 110O0C Showing 

ing Cracks in  Oxide and a Layers. ANL No Cracks in  aLayer. ANL Neg. 
Neg. No. 306-77-89 Rev. 1. No. 306-77-88 Rev. 1 .  

Y 

The effect of total oxygen concentration in the composite on the yield 

s t ress ,  r11l.i.rnate tensile strength, uniform strain, and total strain i s  presented 

in Figs. 111-114, respectively. Below 900°C, the yield stress (Fig. 111) and 

ultimate tensile strength (Fig. 1 12) are not sensitive to oxygen concentration. 

This i s  the net result of two compensating factors. As the oxygen concentra- 
tion increases, the oxide-layer thickness also increases. Since the layer 

cracks during deformation, the load-bearing area decreases. On the other 



hand, the diffusion of oxygen into the base CY (or CY + p) material increases its 

strength. Above 950°C,  both the yield s t ress  and ultimate strength increase 

as  the oxygen concentration increases since the CY layer does not crack and 

carr ies  a portion of the load. 

1 lyp, :=3.3;10-~~-: ] 
lo6 
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Fig. 111 

Oxygen-concentration Depen- 

dence of Yield Stress of 

Zircaloy4/Oxide Composites 

at Several Temperatures. 

ANL Neg. No. 306-77-57 

Rev. 1. 

OXYGEN CONCENTRATION (Wl%) 

Fig. 113 

Effect of Oxygen Concentration on Uni- 

form Strain of Zircaloy4/0xide Com- 

posites at Several Temperatures. ANL 

Neg. No. 306-77-52 Rev. 1. 

OXYGEN CONCENTRATION lWRl  

Fig. 112 

Ultimate Tensile Strength of 

Zircaloy4/0xide Composites as 

a Function of Oxygen Concen- 

tration at Several Temperatures. 

ANL Neg. No. 306-77-70 Rev. 1. 

OXYGEN CONCENTRATION IWT%l 

Pig. 114 

Variation of Total Strain of Zircaloy-41 

Oxide Composites with Oxygen Concen- 

tration at Several Temperatures. ANL 

Neg. No. 306-77-72 Rev. 1. 



The effect of oxygen on the uniform strain i s  complicated (Fig. 113), 

but generally, the uniform strain decreases a s  the oxygen increases.  As shown 

'in Fig. 114, oxygen decreases the total s train of co'mposite material:  , 

The influence of oxygen on the work-hardening rate  of composite speci- 

mens i s  shown in Table XXVI and Fig. 115. Generally, an increase in the 

TABLE XXVI. Least-squares Work-hardening Constants for 2 irca loy-4 /0x ide  

Composite Specimens; 6 = 3 . 3  x l o s 3  s - ' .  

Oxygen 

Temp, Concentration, Stage Strain Average 

"C wt 70 Number Interval n k ,  Pa oo, Pa 



oxygen content dccreases the work-hardening . - 

rate of the major deformation stage. This 

observation i s  consistent with the. data in 

Fig. 11 3 ,  which tend to show lower uniform 

strains for higher oxygen concentrations. 

C. Effect of Cooling Rate on Properties of 

Composite Specimens 

The furnace used to charge oxygen 

into Zircaloy specimens does not have a 

quenching facility. After the power to the 

furnace i s  switched off, the cooling rate i s  

0 200 400 600 600 1000 1200 1400 ~ l o w , i . e . , - O . l 5 ~ ~ / s .  Specimens withoxygen 
TEMPERATUHE I'CI 

concentrations >l. 75 wt 70 were oxidized in the 

Fig. 115 
p-phase field above 1000°C, and the slow cool- 

ing rate resulted in a coarse lel l t i~u;  .!...I. struc. 

Temprar11re turs.  Ther p composite specimens were placed 
Exponent of ~ i r c a l o y 4 / 0 x i d e  Composites 

in another furnace with a quenching facility, 
with Several Oxygen Concentrations. ANL 

Neg. No. 306-77-71 Rev. 1. 
heated into the p-phase field, quenched to 

room temperature at various cooling rates,  

and then deformed in the Instron furnace. ~ e c a u s ' e  of this heat-treatment 

cycle, the microstructure and' oxygen distribution at the s tar t  of deformation 

a r e  a function of several  parameters apart from the cooling rate in the an- 

nealing furnace, viz., the cooling rate in the charging furnace, the heating rate 

in the annealing furnace, and the temperature and time of annealing. There- 

fo re ,  the data points for the 250°C/s cooling rate in Figs. 116- 119 refer to a 

complex microstructure not representative of the fast cooling rate alu~ie. 

A TOTAL STRnlPI 

I 

CLULING R A T E  I'C/S COOLING RATE IOCISI 

Fig. 116. Uniform and Total  Strain of Zircaloy-4/ Fig. 117. Ultimate Tensile Strength and 

Oxide Composites with 4.0 wt 70 Oxygen Yield Stress as a Function of 

as a Function of Cooling Rate. Neg. Cooling Rate for Zircaloy-4/ 

No. MSD-63836. Oxide Composiles with 4.0 w t  1" 
Oxygen. Neg. No. MSD-63837. 
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Fig. 118. Effect of Cooling Rate on Yield Stress and Fig. 119. Influence of Cooling Rate on 

Ultimate Tensile Strength of Composite Uniform and Total  Strain of 

Zircaloy-4 .Specimens with4.4 wt 70 Oxygen. Composite Zircaloy-4 Specimens 

Ne.g. No. MSD-63839. with 4.4 wt 70 Oxygen. Neg. 

No. MSD-63840. 
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The strength and ductility of the material  with 4.0 wt 70 oxygen, in 

Figs. 116 and 117, respectively, a r e  quite low, particularly at the 0 . 0 9 " ~ / s  

cooling rate.  Oxygen penetration into the mater ia l  at the 1100°C charging 

temperature and the significant amount of oxygen redistribution that occurred 

during slow cooling through the phase transformation cause a degradation in 

the properties.  As the cooling rate  increases ,  both the strength and ductility 

increase;  however, the total s train i s  quite small  ( ~ 0 . 0 2 )  at all cooling rates .  

0 .05  

The yield s t r e s s  and ultimate tensile strength of the specimens with i 

4.4 wt 70 oxygen, in Fig. 118, a r e  not strongly dependent on the cooling rate.  

The ductility data in Fig. 11 9 show a peak a t  a cooling rate  of - 1 7 " ~ / s .  Despite 

the somewhat higher total oxygen concentration (4.4 wt 70) in these specimens, 

the ductility i s  significantly higher than for the composite material  with 

4.0 wt 70 oxygen. This observation implies that the time-temperature history 

i s  an important variable with regard to the mechanical properties. F o r  spec- 

imens with 4.4 wt 70 oxygen, the oxidation temperature was 1000OC.. Ccrnss- 

quently, oxygen diffusion into the central  fl (o r  two-phase) region occurred 

to a l e s se r  extent than in the material  with 4.0 wt Oi'o oxygen, for which the 

oxidation temperature was 1100°C. 



VI. ACTIVATION ENERGY FOR HIGH-TEMPERATURE 

DEFORMATION O F  ZIRCALOY 

If the deformat ion of Z i rca loy  i s  assumed to  be thermal ly  activated,  

the  s t r a i n  r a t e  4 during s teady-s ta te  deformat ion can be expressed  in t e r m s  

of 'a constant  A, s h e a r  modulus G ,  Boltzmann constant k ,  Burge r s  Vector  b, 

s t r e s s  a ,  g ra in  s i z e  Dl  absolute t empera tu re  T ,  g r a in - s i ze  exponent p, s t r e s s  

exponent n ( i . e . ,  n = l /m  in Eq .  3 ) ,  activation energy f o r  deformat ion Q, and 

the  gas  constant R; i . e . ,  

A plot of log kkT/G v e r s u s  rec iproca l  t empera tu re  at a constant value of 

u/C a n d  g r a i n  s i z e  can be used to evaluate Q. . A s  pointed out by Gifkins, 
3 8 

two precaut ions  should b e  taken Lo obtain a meanlngfill value fo r  Q; i . o , ,  the 

t e m p e r a t u r e  range should be se lec ted  s o  that  the s t r e s s  exponent (and hence,  

the  s t r a i n - r a t e  sensi t iv i ty)  i s  approximately constant. and no change in  the 

deformat ion mechan i sm occu r s  f o r  the  pa r t i cu l a r  value of o/G.  

More  complete  r e su l t s  Lor the  s t r a i n - r a t e  dependence of the  0.2% 

yield s t r e s s  of 5- and 11 -pm g ra in - s i ze  Zi rca loy-4  a t  s evc ra l  t empera tu re s  

between 700 and 1000°C a r e  shown in F i g s .  120 and 121, respect ively .  These  

da ta  suggest  a tendency toward a n  S-shape sigmoidal curve ,  a s  observed in 

o the r  superp las t ic  m a t e r i a l s ,  although a constant threshold s t r e s s 3 9  a t  low 

s t r a i n  r a t e s  i s  not evident. The. comparat ively  l a r g e  slope of the cu rves  a t  

t e m p e r a t a r e s  Letwecn 850 and 950°C and s t r e s s  levels  5 6  M P a  i s  indicative 

of a high value of rn (stage-11 deformat ion) ,  whereas  a t  higher s t r e s s  levels  

the  m-va lue  i s  lower  (stage-111 deformat ion) .  

STRAIN RATE IS-') 

10-6 10- I O - ~  10-J io-,e 10-a 

STRAIN RATE (5-') 

Fig. 120. Strain-rate Dependence of 0.2"/'0 Yield Fig. 121. Strain-rate Dependence of 0.270 Yield 

Stress of 5-m Grain-size Zircaloy-4 at  Stress of 11-m Grain-size Zircaloy-4 at  

Scveral Temperatures between 700 and Several Temperatures between 700 and 

950°C. ANL Neg. No. 306-76-256 Rev. 1. 1000°C. A N L  Neg. No. 206-76-242 Rev. 1 



The deformation s tages 11 and 111 r e f e r  to  the  intermediate  and high 

s t ra in-  r a t e  ranges,  respectively,  on a plot of the flow s t r e s s  a ver sus  the 

s t ra in  r a t e  i ,  e.g., F igs .  120 and 121, in  contrast  t o  the work-hardening 

s tages 1, 2, and 3, obtained f r o m  plots of da/de ve r sus  s t r a in  s. As the tem-  

pera ture  inc reases ,  the t ransi t ion f r o m  stage-11 to  -III behavior occurs  at 

higher s t r a in  r a t e s .  

The  tempera ture  dependence f o r  the stage-111 deformation process  

f o r  the 5- and 11 - p m  grain-size mater ia l  is shown in F igs .  122 and 123, 

respectively,  in  which the  s t r a i n  r a t e  and compensated s t r a i n  ra te ,  a t  constant 

s t r e s s  0 o r  a/G,  a r e  plotted a s  a function of reciprocal  temperature.  The 

activation energies  f o r  stage-III deformation, defined by ei ther  

w e r e  computed f r o m  the slopes of the respect ive curves.  

-34 
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Fig. 122. Temperature Dependence of Strain Fig. 123. Temperature Dependence of Strain Rate for 

Rate for Stage-IU Defor~~~aticrn of Stage-111 Deformation of l l-pm Grain-size 

5-pm Grain-size Zircaloy4. ANL Zircaloy4. Neg. No. MSD-63431. 

Neg. No. 306-76-250 Rev. 2. 



The shea r  modulus of zirconium (calculated f r o m  the relationship 

given by ~ e a r m o n ~ '  and the elastic-constant data of F i s h e r  and ~ e n k e n ~ ' )  was 

used to  obtain the compensated s t ra in-  ra te  curves.  The activation energies 

in  the range of 270-352 kJ/moleobtained f r o m  Eqs.  5 and 6 a r e  s t r e s s -  

dependent; i. e . ,  the Q values in F igs .  122 and 123 dec rease  with an  increase  

in s t r e s s .  This behavior is consistent with the increase  in the m value with 

t empera tu re  over  the 700 to 900°C range (Figs.  39 and 60 fo r  the 5- and 11-pm 

grain-size mater ia l ,  respectively). The  values of the activation energy a r e  

in  good agreement  with those obtained by Kearns e t  al.42 for  the deformation 

of Zircaloy-hydrogen alloys (304-365 k ~ / m o l e )  and i n  reasonable agreement  

with the  activation energies  f o r  self  -diffusion in a-Zircaloy (2 1 8,43 276 ,44 and 
2 8 ~ ~ ~  kJ/mole) . 

VII. SUPERPT ASTICITY OF ZIRCALOY 

The Zircaloy-2 and -4 tensi le  data show that both exhibit superplast ic  

deformation between 800 and 1000°C. Maximum superplasticity is observed 

between 850 and 900°C. The exact tempera ture  of maximum elongation is a 

function of s t r a i n  rate ( ~ i g s .  21 and 38) .  At this  tempera ture ,  Zircaloy is in  

the two-phase region with a high volume fraction of a phase. The s m a l l  

amount of p ,  located at the cr-grain boundaries, is similar to a grain-boundary 

f i l m  (Fig. 124) and r e s t r i c t s  the growth of the cr grains .  

Fig. 124. Microstructure near (a) Shoulder Region (E - 0) and (b) Fracture Region (e =39;2] 
of a Zircaloy4 Specimen Deformed at 850°C at a Strain Rate of 3.3 x 10- . 
Etched and anodized. Polarized light. Neg. Nos. MSD-61479 and -61455. 



The mic ros t ruc tu re s  of the  spec imens  deformed a t  800-850°C w e r e  

dependent on s t r a i n  r a t e .  At 850°C and 6 = 3 . 3  x s- ' ,  the  deformed region 

exhibited completely equiaxed a gra ins  surrounded by a p f i lm  a t  t he  gra in  

boundaries (Fig.  124). Moreover ,  the  deformed region has  a s m a l l e r  g ra in  

s i z e  (-7 ilm) than the  s ta r t ing  ma te r i a l  (-1 1 pm). Because  of the  f ine  equiaxed 

s t ruc tu re ,  substant ia l  superplas t ic i ty  occu r r ed  a t  th is  s t r a i n  ra te .  

At 850°C and a s t r a in  r a t e  of 3 .3  x lo- '  s- ' ,  the  deformed region of the  

spec imen had elongated grains  ( s ee  Fig.  125), grain-boundary sliding was l e s s  

pronounced, and the  ductility was low. At low s t r a i n  r a t e s  and in f ine-grain-  

s i z e  ma te r i a l ,  whe re  superp las t ic  phenomena a r e  significant, equiaxed gra in  

s t r u c t u r e  is maintained a f t e r  extensive deformation (Fig.  126). 

Fig. 125. Microstructure of an l l - p m  Grain- Fig. 126. Microstructure of a 5-m Grain-size 

size Specimen Deformed to 0.7 Strain Specimen Deformed to -1.5 Strain 

bt ti Strain Rate of 3 n x 10" at  at  a Strain Rate of 6.0 x s-' 

850°C. Neg. No. MSD-63405. at 850°C. Neg. Nu. lvlSD-63403. 

F o r  t he  as - rece ived  Zi rca loy  containing 0.11 wt % oxygen a t  1000°C, 

the  s t r u c t u r e  is s ingle-phase p .  Because  of the  high t empera tu re ,  t h e  low- 

oxygen-concentration phase i s  superplas t ic .  This  elongation peak was  not 

detected by German  workers" because t he  h igh- tempera ture  tes t ing in  air 

resul ted i n  a n  i n c r e a s e  i n  the oxygen concentration of the  ma te r i a l .  

Scanning-electron-microscopy (SEM) f rac tographs  of spec imens  

f rac tured  a t  t empera tu re s  corresponding t o  t he  max ima  and min imum i n  t he  

curves  of total  elongation ve r sus  t e m p e r a t u r e  i n  F ig .  21 provide additional 

insight into t he  deformat ion behavior.  The SEM f rac tograph  (Fig.  127) of a 

spec imen f r ac tu red  a t  800°C and a s t r a i n  r a t e  of 3 . 3  x s-"exhibits t ens i le  

dimples  cha rac t e r i s t i c  of a duct i le  fa i lu re .  A l a r g e  ductility is evident f r o m  

the  depth of the  dimples  and the  sha rpnes s  of the  dimple  r idges .  
" 



Fig. 127. SEM Fractograph of a Zircaloy-4 Specimen Fractured at 800°C; 

B = 3.3 x lom2 ;-I. ANL Neg. No. 306-75-133 Rev. 1. 

Figure 128 is a fractograph of a specimen fractured a t  950% and a 

strain rate of 3.3 x s-'. This temperature corresponds to  the minimum 

in the curve of total elongation versus temperature in Fig. 21. The photograph 

was taken viewing down on the fracture edge, which is the line joining the two 

arrows. The fractograph shlrws a n  a partiale on the fracture edge that failed 

in a brittle manner (evidenced by the characterietic r iver  pattern inside the 

black ragion), whereas the surrounding B phase failed in a ductile manner 

Fig. 128. SEM Fractograph of a Zircaloy-4 Specimen Fractured at 

950eC;i = 3.3 x s-I. Fracture edge is the line 

joining the arrows. ANL Neg. No. 308-75-127 Rev. 1. 



(manifested by the white t e a r  ridge). Such particles were  observed a l l  along 

the f rac ture  edge. F r o m  phase-diagram considerations, the s t ruc ture  of the 

material  a t  this tempera ture  would consist  of a higher fraction of B p h a s e % ,  
with a low oxygen content and a smal ler  fraction of cr phase with relatively 

high oxygen concentration. This s t ruc ture  would be equivalent to a distribu- 

tion of hard part icles  (cu) in  a soft m a t r i x  (B).  When this type of s t ruc ture  is 

strained, the hard particles would be expected to fail  in a brit t le manner,  

which initiates total f racture.  

In a high-temperature tensile test ,  unusually l a rge  elongations can 

occur a s  a resul t  of the s t ra in- ra te  dependence of ei ther  the flow s t r e s s  o r  the 

work-hardening rate.  The fo rmer  is attributed t o  superplasticity; the l a t t e r  is 

attributed t o  dynamic s t ra in  aging.46 Superplasticity is generally associated yri- 
with a la rge  value of the s train-  rate-sensitivity parameter  m (m >, 0.3). * 

There a r e  two types of superplasticity: s t ruc tura l  and environmental. 
"$I 

Structural s uperplas ticity is observed in s ingle-phas e o r  two -phas e fine - grain 

mater ia l  (grain s ize  b 10 pm) deformed at  temperatures above -0.5 Tm. The 

presence of the second phase is not essential ,  but i t  can stabilize the grain -- - 

s ize  of the material .  Environmental superplasticity resul ts  f r o m  anisotropic ~ % ~ ~ - ~ 3 -  ~ 

dimensional changes that occur when a mater ia l  is thermally cycled a t  a 

transformation temperature under a smal l  load. Evidence fo r  s t ruc tura l  ., 

superplasticity in ~ i r c a l o ~ , "  Zircaloy-4/hydrogen alloys,42 and zirconium- " 
niobium alloy,48 and environmental superplasticity in zirconium49 has been 

- - a reported. Results in this report  include a detailed investigation of micrograin 

superplasticity in Zircaloy. 
?) 

We conducted a ~ c o p i n g  tes t  to  check the extent of environmental 

superplasticity in Zircaloy. Since Zircaloy undergoes an  cu + @ phase t ransfor-  

mation above -80 5"C, transformation-induced supe rplas t ic deformation may 

be obtained by thermal-cycling Zircaloy under a smal l  load between 800 and 

1000°C. Such an  experiment was conducted with a 0.1 1-MPa ( 1 6 - ~ s i )  s t r e s s .  

After 50 cycles,  only 14% s t ra in  was observed when compared with non- 

cycled material .  Since the high-temperature I3 phase always t ransforms to 

nonequiaxed cut grains when Zircaloy is cooled to lower temperatures,  the 

nonequiaxed grains may be responsible f o r  the low transformation plasticity 

in Zircaloy. The redistribution of alloying elements during phase t ransforma- 

tion will a lso influence the environmental superplasticity of Zircaloy. 

~~~&~ Data in this repor t  clearly demonstrate that micrograin superplasticity 

is important in Ziicaloy (a) a t  low s t ra in  ra tes  s - l )  and (b) for  tempera-  

t u r e ~  and oxygen concentrations that result  in  a two-phas e s t ruc ture  consisting 

of -10% volume fraction of p phase distributed in the f o r m  of a fine-grain- 

boundary film between cu grains.  The elongation peaks a r e  typical of a super-  

plastic mater ia l  in which most  of the total s t r a in  resul ts  f r o m  the necking 

s t ra in  that follows uniform elongation. 



The equiaxed gra in  s t ruc tu re  observed af te r  extensive superplast ic  

deformation can  be a resu l t  of e i ther  (1) dynamic recrystall ization, in which 

new equiaxed grains  a r e  generated continuously during deformation, o r  (2)  de- 

formation, mainly by grain-boundary sliding (with some  accommodation mecha- 

n ism) ,  s o  that grains  do not elongate during deformation. As we will discuss  

shortly,  the second possibility s e e m s  m o r e  likely. 

A dec rease  in the s t r a i n  r a t e  increases  the extent of superplasticity 

at 0-850°C ( ~ i g s .  2 1 and 38), which indicates the importance of grain-boundary 

sliding. Direct  evidence f o r  grain- 

boundary sliding i s  presented in Fig.  129, 

a micrograph of the sur face  of a 5-pm 

spccimen deformed at a s t r a in  r a t e  of 

3 x lo-* s-I at 900°C. Defor& the tcat ,  

severa l  light scra tches  w e r e  inscribed 

otr the gauge-lallgtls. region, porpendicu- 

l a r  to the tensi le  axis.  Scratch-direction 

offsets a t  the grain boundaries a f te r  de- 

formation imply grai  n-hoiindary sliding. 

With a dec rease  in s t r a i n  r a t e  (Figs.  21 

and 38), the elongation peak shifts to  

higher tempera ture ,  i .e . ,  fur ther  inside 

the two-phase region. This o k s e r v a l i u ~ ~  

Fig. 129 
suggests that the grain- boundary- sliding 

contribution to  superplasticity probably 
Micrograph of Scratched Surface of a 5+m 

occurs  at the a-p interface.  
Grain-size Zircaloy4 Specimen Deformed 

at a Strain Rate of 3.3 x s-I at 900°C 

Showing Offsets of Inscribed Scratches at A change in  the dcformation 

Grain Boundaries. Neg. No. MSD-634.02: mechanism is apparent f r o m  the depen- - 
dence of the yield s t r e s s  on grain s i ze  

a t  the different s t r a in  r a t e s  in Fig.  47. A s  thc s t r a in  r a t e  dec reases ,  a t rans i -  

t ion f r o m  normal  to  superplast ic  deformation occurs .  The resu l t s  in  Fig.  (17 
- 1 

imply that at l a rge  s t r a i n  r a t e s  s ) dislocation c reep  is predominant, 

whereas at low s t r a i n  r a t e s  s-') grain-boundary sliding becomes impor-  

tant during the deformation of Zircaloy at 850°C. 

To maintain coherency of the mate r ia l  dui-iug grain-boundary sliding, 

s o m e  accommodation is  necessary  a t  the t r ip le  points of adjacent grains.  This 

accommodation can be  achieved" by (1) diffusional flaw, (2) disluccrliur~ slip,  

(3)  grain-boundary migration, or  (4) recrystall ization. Dynanlic recrys ta l l ixa-  

t ion is expected to  be m o r e  difficult in a two-phase s t ruc tu re  than in a single- 

phase alloy, since recrystal l izat ion involves a partitioning of alloying elements. 

Moreover ,  if dynamic recrystal l izat ion occurs  simultaneously during deforrna- 

tion, ser ra t ions  a r e  normally obu erv ecl on the load - elongation curve.  



Since  no s e r r a t i o n s  w e r e  o b s e r v e d  on the  Z i r c a l o y  load-e longat ion  

c u r v e s  a t  850°C and Z i r c a l o y  h a s  a  two-phase  s t r u c t u r e  a t  t h i s  t e m p e r a t u r e ,  

d y n a m i c  r e c r y s t a l l i z a t i o n  is not expected  t o  b e  the  accommoda t ion  m e c h a n i s m  

dur ing  s u p e r p l a s t i c  de fo rmat ion .  T h e  p r e s e n t  ev idence  s u g g e s t s  tha t  t h e  t h r e e  

r e m a i n i n g  a c c o m m o d a t i o n  p r o c e s s e s  o p e r a t e  t o  v a r i o u s  d e g r e e s  a t  d i f f e ren t  

s t r a i n -  r a t e  and flow- s t r e s  s l e v e l s  dur ing  t h e  s u p e r p l a s t i c  de fo rmat ion  of 

Z i r c a l o y .  T h e  high v a l u e  of m a t  low s t r a i n  r a t e s  is indica t ive  of diffusional  

f low.  T h e  g r a i n - b o u n d a r y  t r a c e s  a t  t h e  t r i p l e  points  i n  the  m i c r o s t r u c t u r e  of 

F i g .  126 p rov ide  ev idence  f o r  g ra in -boundary  m i g r a t i o n .  T h e  low va lue  of m 

and elongated g r a i n s  at h i g h - s t r a i n  r a t e s  a r e  indica t ive  of d i s loca t ion  c r e e p .  

T h e  s m a l l  extent  of g r a i n - s i z e  r e f inement  a f t e r  de fo rmat ion  a t  i n t e r m e d i a t e  

s t r a i n  r a t e s  a l s o  s u g g e s t s  g ra in -boundary  m i g r a t i o n .  

Signif icant  d i f f e r e n c e s  o b s e r v e d  in  the  m i c r o s t r u c t u r e s  of s p e c i m e n s  

d e f o r m e d  a t  high and low s t r a i n  r a t e s  a t  850°C a r e  r e l a t e d  t o  the  de fo rmat ion  

m e c h a n i s m s .  At f a s t  s t r a i n  r a t e s  ( l o - '  s - I ) ,  i n  which t r a n s g r a n u l a r  d e f o r m a -  

t ion  due  t o  d i s loca t ion  mot ion  was  i m p o r t a n t  and t h e  duct i l i ty  w a s  low,  a n ,  

elongated g r a i n  s t r u c t u r e  wi th  m i n i m a l  g r a i n  g rowth  w a s  typica l ly  o b s e r v e d ,  

e .g . ,  F i g .  125. At s low s t r a i n  r a t e s  s-I) ,  w h e r e  i n t e r g r a n u l a r  d e f o r m a -  

t ion  due  t o  g ra in -boundary  s l id ing w a s  dominant  and t h e  duct i l i ty  w a s  h i g h e r ,  

t h e  de fo rmed .  r eg ion  of t h e  s p e c i m e n  exhibi ted equiaxed g r a i n s ,  i n  which con-  

s i d e r a b l e  g r a i n  g rowth  i s  evident  ( ~ i g .  126).  

T h e  inf luence  of s t r a i n  r a t e  and g r a i n  s i z e  on t h e  work-ha rden ing  

c h a r a c t e r i s t i c s  of Z i r c a l o y  a t  850°C i s  p r e s e n t e d  in  T a b l e s '  XXVII-XXIX and 

F i g .  130. T h e  f i g u r e  shows  tha t  s u p e r p l a s t i c i t y  is a s s o c i a t e d  wi th  a m i n i m u m  

va lue  of the  w o r k - h a r d e n i n g  exponent  tha t  o c c u r s  a t  i n t e r m e d i a t e  s t r a i n  r a t e s  

s - I ) .  At h i g h e r  s t r a i n  r a t e s  s - I ) ,  t he  w o r k - h a r d e n i n g  expo-  

nent  i s  h i g h e r  due  t o  i n t e r g r a n u l a r  de fo rmat ion ,  and s u p e r p l a s t i c i t y  is l e s s  

s igni f icant .  At l o w e r  s t r a i n  r a t e s  s - I ) ,  a l though g ra in -boundary  s l id ing  

is s igni f icant ,  ex tens ive  g r a i n  growth d u e  t o  s u b s t a n t i a l  t e s t  t i m e s  g ives  r i s e  

t o  ha rden ing ,  and s u p e r p l a s t i c i t y  is l e s s  s igni f icant .  An o p t i m u m  combinat ion  

of g ra in -boundary  s l id ing and a s t a b l e  equiaxed g r a i n  s t r u c t u r e  i s  obtained a t  

i n t e r m e d i a t e  . s t r a i n  r a t e s ,  w h e r e  s u p e r p l a s t i c i t y  is predominan t ;  

T A B L E  XXVII. L e a s t - s q u a r e s  Work-hardening Constants  f o r  5 - p m  G r a i n - s i z e  

Z i r c a l o y - 4  S p e c i m e n s  Deformed  at 850°C and Var ious  S tra in  Rates  

Strain 

Rate ,  S tage  Strain A v e r a g e .  

4 ,  s- '  Number  Interval  n k ,  P a  00, P a  



TABLE XXVIII. Least-squares Work-hardening Constants for 11-pm Grain-size 

Zircaloy-4 Specimens Deformed at 850°C and Various Strain Rates 

St rain 

Rate. Stage Strain Average 

i ,  s - I  Number Interval n .  k, P a  0 0 ,  P a  

TABLE X X M .  LeasL-squares Wurk- l .~drc la~ .~ i~~g  GuusLa~~ls  f u ~ .  50=~111 G ~ . a i r l - ~ i i c  

Zircaloy-4  Deformed at 850% and Various Strain Rates 
, 

Strain 

Rate, Stage Strain Average, 

i ,  s"  Number Interval n k ,  P a  00, P a  
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superp las t ic  ductility demons t ra tes  the  i m -  

por tance of phase dis t r ibut ion in Z i rca loy .  

A fine dis t r ibut ion of @ phase both a t  the 

a- grain  boundaries and within the  a, grains  

i s  conducive to superp las t ic  elongations. A 

continuous thin f i lm of soft @ phase a t  the 

boundaries of the re la t ively  ha rd  a grains  

appearc  to  be neces sa ry  f o r  the max imum 

superplas t ic i ty  in  Z i rca loy .  This observa- 

-1.5 
I , , , I tion supports  the  core-mant le  model of 

16' 16' 1 6 ~  1 6 ~  1 6 ~  16' . superp las t ic  deformat ion proposed by 
STRAIN RATE &'I 

~ i f k . i n s . ~ l  Longer hold times before defor -  

Fig. 130 
mation result i n  coa lescence  of the p phase 

a t  the  a - g r a i n  boundar ies ,  and the  thickness - 

Strain-rate Dependence of Work- of the B f i lm  i n c r e a s e s  with t ime .  L a r g e  
hardening Exponent of Zircaloy-4 at 

@ - f i lm thicknesses  p resumably  d e c r e a s e  the  
850°C. ANL Neg. No. 306-77-79 Rev. 2. 

efficiency of the "mant le"  to  a s s i s t  grain-  

boundary -sliding a t  the  a-$ . in te r face .  At higher  volume fractions of the $ phase,  

j3 gra ins  begin to  appea r  in  the  m i c r o s t r u c t u r e ,  the continuity of the  B f i lm  a t  

the grain  boundary i s  broken, and the CY - @  in te r face  a r e a  dec rease s .  These  

m i c r o s t r u c t u r a l  observat ions  indicate that  grain-boundary sliding a t  the a-B 

in te r face  i s  impor tan t  i n  the superp las t ic  deformat ion of Zircaloy n e a r  850°C. 



The  a -phas  e mo'rphology provides additional evidence f o r  the  impor-  

t ance  of grain-boundary sl iding on super las t ic i ty  of Z i rca loy  ( ~ i g .  58). The  

tota l  elongation of the ac i cu l a r  a - g r a i n  s t r u c t u r e  with a l a r g e  aspec t  ra t io  

(i. e . ,  t r ans fo rmed  B -phase)  i s  considerably s m a l l e r  than f o r  the  equiaxed 

a/ gra in s .  The overa l l  accommodation of grain-boundary sl iding .is e a s i e r  in  

the equiaxed s t ruc tu re  than in a s t ruc tu re  that  contains elongated gra ins .  

T h e  ductility of Z i rca loy  inc rease s  a s  the  gra in  s i z e  of the  m a t e r i a l  

d e c r e a s e s ,  p r imar i l y  because  m o r e  grain-boundary a r e a  i s  available f o r  g ra in-  

boundary sl iding in  the  sma l l -g ra in - s i ze  ma te r i a l .  As the  gra in  s i z e  d e c r e a s e s  

f r o m  11 to  5 pm,  the  superp las t ic  elongation peak shifts  f r o m  850 to 900°C. 

In  o the r  words ,  max imum superplas t ic i ty  i s  observed in  a f iner -gra in-s ize  

m a t e r i a l  a t  a h igher  volume f rac t ion  of fl phase.  The higher  volume fract ion 

of B phase i s  requi red  to  achieve a continuous film a t  the  a-a gra in  bound- 

a r i e s  of the f ine-grain  ma te r i a l ,  which has  a l a r g e r  init ial  a-CY grain-boundary 

a r e a .  

Regarding possible  mechanisms  of superplas t ic i ty  i n  Z i rca loy ,  

~ a b a r r o ~ ' - ~ e r r i n ~ ~ ~  bulk-diffusion vacancy c r e e p  and ~ d b l e ~ ~  grain-  boundary 

vacancy c r e e p  a r e  not l ikely to be  d i rec t ly  ra te-control l ing in  Z i rca loy ,  s ince  

the s t r a in - r a t e  sensit ivity i s  neve r  c lose  t o  unity and the gra in  shape  a f t e r  

de fo r~na t iun  r ema ins  equiaxed. 

An exper imental  determinat ion of the  s t r e s s  and g ra in - s i ze  exponents, 

n and p in  ECJ. 4, i s  frequently used to  evaluate the  re la t ive  contributions of 

different mec'hanisrxis of supe rp las t ic  deformation.  F i g u r e  1 3  1 i s  a logar i thmic .,,< 

plot of the s t r a i n  r a t e  v e r s u s  gra in  s i z e  f o r  stage-I1 deformat ion of Z i rca loy  
I:. 

a t  850°C. The  value of p, in  Eq .  4, determined f r o m  the  slope of the  curve  , .(. 

is -1.  . .... 

Fig. 131 

Logarithmic Plot of Strain Rate as a 

Function of Grain Size for Stage-I1 

Deformation bf Zircaloy-4 at 850°C. 

ANL Pkg. No. . 308-70-248 Rev. 1. 
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To evaluate  the  deformation p roces s  in  the  two-phase m a t e r i a l  a t  850 

and 900°C, values  of the total  s t r a in  r a t e  C T  w e r e  calculated f r o m  the contr i -  

butions f r o m  dislocation c reep ,  in Eq. 4, and f r o m  the  grain-boundary sliding 

mechan i sm with diffusional a c c ~ m m o d a t i o n , ~ . ~  in Eq. 7, 

that  i s ,  

. . 
T h e  definition of the  symbols  in Eq. 7 and the i r  values a r e  a s  follows: at-onlic , ,  

volume of z i rconium R = 2.37 x m3;54 volume diffusion coefficient fo r  

z i rconium DV = 5.9 x 1 ~ - '  exp(-QV/RT) rn7'/s, w h e r e  QV - 210 kJ/rnolc;43* 
grain-boundary diffusion coefficient of a -z i r con ium DB = 5.9 x 

~ O - ~ ~ ~ ~ ( - Q ~ / R T )  m 2 / s ,  where  Ug = 0.60QV; gra in  s i z e  D = ( 5  o r  1 1 ) x 1 0 . - ~  m; 

grain-boundary f r e e  energy r i s  assumed to  be zero ;  and the grain-boundary . 
l a y e r  thickness  W = 1 x m .  

With regard  to  .the additional p a r a m e t e r s  in Eq. 4,  the following values 

w e r e  used f o r  both gra in  s i ze s :  n = 4.35, p = -1,  Q = 316kJ/mole,  and G = 

(1.94 and 1.82) x 10'' P a  a t  850 and 900°C, respectively. The constant A was 

adjusted s o  that the  computed and measu red  yield s t r e s s e s  were' the s a m e  a t  i 
s t r a i n  r a t e s  > l o - '  s - l .  (The s t r a i n - r a t e  contribution iD-* f r o m  Eq. 7 was 

. negligible in  this r ange . )  The experimentai  data and calculated curves lor  

the dependence.of yield s t r e s s  on the s t r a i n  r a t e  a t  850 and 900°C a r e  shown 

in F ig .  132 f o r  the 5- aiid 1 ~ - C / P T L  grairl-size n~a te i - i a l s .  Thc curves ,  based 

upon Eqs. 4, 7, and 8 and the values f o r  the  p a r a m e t e r s  l isted above, a r e  in 

good agreement  with the experimental  data a t  s t r a i n  ra tes  5 1 0 ~ ~  s - '  a t  which 

the t ransi t ion to  stage-I1 behavior uccurs .  

GRAIN SIZE 
l l p m  w m  

t CALCULATED 8 5 0 0 ~  - --- ~ o o C  - . - . . . .. . . 

1011 I I 

lo6 1c5 I 64 1ci3 1 - i 2  10 ' 
STRAIN RATE (s-'I 

Fig. 133 

Comparison of Calculated and Experimental 

Strain-rate Dependence of 0.2% Yield Stress for 

5-, and l l - p m  Grain-size Elrcaluy-4 a1 050 and 

900°C. ANL Neg. No. 306-76-253 Rev: 1. 

*The diffusion coefficient of zirconium in a-zirconium and zirconium-tin alloys is sensitive to the dislocation 

density in the material.& The lower activation energy for zirconium diffusion. in Ref. 43. is more appropriate 

for a material undergoing plastic deformation. 



Although the Ashby-Verrall was originally proposed for 
single-phase material, the information in Fig. 132 and microstructural ob- 

servations indicate that i t  i s  also applicable for two-phase materials. 

Figure 127 shows that the grains do not elongate during deformation and new 

grains (free of scratches) appear on the surface following deformation at  

's = 3.3 x s-' a t  900°C (stage 11). In addition, a tendency for grain rota- 

tion and grain-boundary sliding i s  observed. Figure 125 shows a microstruc- 

ture that i s  characteristic of stage-111 behavior, i.e., elongated grains that 

result from dislocation activity, for Zircaloy-4 deformed a t  a strain rate of 
- 3 x lo- '  s - ' a t  850°C. These observations, in addition to the large value of - the strain-rate sensitivity for the two-phase material ( m w  0.8 a t  low-strain 

rates) and the dependence of the strain rate on grain size (-3 < p < 0) a re  

consistent with the Ashby-Verrall model. The model also predicts the shift 

in the stress-yersus-strain-rate curves, in Fig. 132, to higher strain rates 

as the temperature increases. 

Fig. 133 

To supplement the work con- 

cerning the mechanism of superplastic 

deformation in Zircaloy a t  850°C, sur- 
faces of deformed tensile specimens 

were examined by scanning- electron 

microscopy. Figure 133 represents 

the surface of the thinnest side of a 

Zircaloy-4 specimen deformed a t  850 OC 

a t  the strain rate of 3.3 x 10" s". The 

observed broad slip lines within the 
grain imply that transgranular defor- 

mation due to dislocation slip was im- 

portant a t  this fast strain rate, which 

i s  within the region of stage-111 defor- 

mation. Note that the offset a t  the 

grain boundary separating two grains 
i s  not pronounced; this indicates that 
grain-boundary sliding i s  not important 

in stage-III deformation. 

Slip Lines on Surface of a Zircaloy-4 

Specimen Deformed at 850DC; E = 

3.3 x 10" s'l. Neg. No. MSD-63846. 

Similar surface microstructure 

for a specimen deformed a t  a lower 
strain rate of 3.3 x s-', in the 

stage-I1 region, is shown in Fig. 134. In this case, the step formation a t  the 

g ~ a i n  boundary i s  significant and shows the importance of grain-boundary 

sliding. The fine crystalline faceting within the grains is  due to thermal 

etching of the surface during the long-test times a t  high temperature in a 
vacuum environment. Faceting was also observed on samples held in a simi- 

l a r  vacuum a t  850°C without deformation. Note the multiplicity of the crystal- 

line planes along which thermal etching occurs. Compared to the slip lines 

in Fig. 133, the steps that formed during thermal etching, in Fig. 134, a re  



s h a r p e r  and f iner .  The absenqe of s l ip  l ines in Fig.  134 implies  that ,  a t  this 

low s t r a i n  r a t e ,  t r a n s  granular  deformation due to  dislocation s l ip  i s  unimpor - 
tant .  The  observed grain-boundary sliding i s  accommodated by diffusion 

c reep .  These  observat ions  a r e  consistent with conclusions that ,  a t  850°C in 

s t age  11, grain-boundary sl iding accommodated by diffusion c r e e p  is impor-  

t an t ,  and that ,  in  s t age  111, t ransgranular  deformation due to  dislocation 

motion predominates .  

Fig. 134 

Facets due to Thermal Etching of 

Surface of a Zircaloy-4 Specimen 

Deformed at 850°C; k = 3.3  x 
1~-6 3-1, bleg. ETD. ~ . t sn~~nnss  



VIII. CONCLUSIONS 

The uniaxial tensile behavior of z i rca loy-2  and -4  and Zircaloy-oxygen 

alloys was investigated over a wide range of tempera tures ,  s t ra in  r a t e s ,  

oxygen concentrations,  and micros t ruc tura l  s ta tes .  The following conclusions, 

can he. drawn f r o m  the experimental results ' :  

1. Superplastic s t ra in  maxima were  observed in Zircaloy a t  850, 

1000, and - 1300°C. Maximum superplastic elongations occurred a t  850°C in 

the two-phase region, in which the micros t ruc ture  consis ts  of a thin f i lm of 

soft  B phase a t  the boundaries of the CY grains .  The ductility values in excess  

of severa l  hundred percent  a r e  consistent with large values of the s t r a in - ra t e -  

sensitivity parameter .  The dominant mechanism of superplas ticity in Zircaloy 

a t  8 5,0°C i s  grain- boundary sliding with accommodation by diffusional flow, 

dislocation slip,  and grain-boundary migration. - 
2. Dynamic s t rain-  aging manifestations such a s  yield points and 

high work-hardening r a t e s  were  observed in Zircaloy near  200 and 700°C. 

2, 

3 .  The mechanical propert ies  pf Zircaloy a r e  a function of texture 

.below 600°C. However, a t  higher t empera tu res ,  the propert ies  a r e  independent 

of texture.  

.'\, 
, , 
:+' 4.  The micros t ruc ture  (andhence  the mechanica lproper t ies )  of 

t ransformed B-phase Zircaloy depends on the cooling r a t e  through the CY + B 
region. 

5'. In a homogeneous Zircaloy-oxygen alloy, an increase  in the oxygen 

concentration increases  the ult imate tensile strength and dec reases  the total  

s t rain.  

. . 6. Oxygen inc reases  the ult imate tensile strength of z i rca loy-  oxide 

composite specimens. The effect i s  m o r e  pronounced a t  tempera tures  above 

1000°C because the a-phase surface layer  does not c rack .  

7. Below 600°C, where t ransgranular  deformation of CY phase i s  
' 

important,  the work- hardening exponent shows positive values. In the tem- 

pera ture  region of - 700- 1 100°C, where intergranular  deformation i s  significant, 

the work-hardening exponent a s sumes  negative values.  Above 1 100°C, the 

work- hardening expor~erll is positive. 
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