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v i i  

The i so the rma l  r e a c t i o n  rates of steam and Zircaloy-4 w e r e  d e t e r -  

mined a t  5 0 ° C  (90°F) i n t e r v a l s  from 900 t o  1500°C (1652-2732°F). The 

fo l lowing  c o r r e l a t i o n s  w e r e  ob ta ined  f o r  ox ide ,  a l p h a ,  and X i  l a y e r  

growth and f o r  t o t a l  oxygen consumption: 

= 0.01126 exp(-35890/RT) cm2/s f o r  1000°C < T 5 1500°c,  
f i 2 / 2  = 0.7615 

S 2 / 2  = 0.3412 

t i2/2 = 0.1811 

a 

5 
T 

where t h e  & ; I 2  a r e  

exp(--48140/RT) cm2/s f o r  900°C - -  T < 1500"C, 

exp(-41700/RT) cm3/s f o r  1000°C < T 5 15OO"C, 

exp(----39940/RT) (g/cm2)2/s  f o r  1000°C < T - < 1500"C, 

t h e  p a r a b o l i c  ra te  c o n s t a n t s  (62/2 = K dK/dt ) ,  4 ,  K 
a ,  4 r e f e r  t o  ox ide ,  a l p h a  and X i  l a y e r  growth, r e s p e c t i v e l y ,  and T 

r e p r e s e n t s  t o t a l  oxygen consumed. The c o r r e l a t i o n s  f o r  9 ,  5,  and T 

are no t  v a l i d  below % 1000°C (1832°F) because below t h i s  tempera ture  

t h e  oxide  l a y e r  growth does n o t  fo l low p a r a b o l i c  k i n e t i c s .  

The c o n d i t i o n s  under  which t h e s e  d a t a  were ob ta ined  were c a r e f u l l y  

c h a r a c t e r i z e d  and t h e  exper imenta l  p rocedures  f u l l y  documented, e s p e c i a l l y  

w i t h  r ega rd  t o  t h e  accuracy of  tempera ture ,  t ime,  and phase t h i c k n e s s  

measurements. The d a t a  were s u b j e c t e d  t o  a r i g o r o u s  s t a t i s t i c a l  a n a l y s i s ,  

and a t  t h e  midpoint  of t h e  r e c i p r o c a l  tempera ture  de t e rmina t ions  

[ %  1200°C (2192"F)I t h e  u n c e r t a i n t y  on 6 2 / 2  a t  t h e  90% conf idence  ].eve1 

w a s  2.5,  5.8,  1 .5 ,  and 1 . 7 %  f o r  t h e  ox ide ,  a l p h a ,  X i ,  and t o t a l  oxygen 

rate c o n s t a n t s ,  r e s p e c t i v e l y .  A t  t h e  extremes of t h e  tempera ture  range  

t h e s e  u n c e r t a i n t i e s  were somewhat g r e a t e r ;  e . g . ,  a t  1500°C (2732'F) 

va lues  of 4 .3 ,  10 .1 ,  2 .6 ,  and 2.9%, r e s p e c t i v e l y ,  were ob ta ined .  An 

a b s o l u t e  e r r o r  a n a l y s i s  is  a l s o  s u p p l i e d .  Within t h e  l i m i t s  t hus  

e s t a b l i s h e d  and f o r  t h e  compara t ive ly  i d e a l  o x i d a t i o n  c o n d i t i o n s  used, 

w e  cons ide r  t h i s  i so the rma l  d a t a  set t o  be  h i g h l y  r e l i a b l e .  

K 

A series of scoping  tests demonstrated t h a t  n e i t h e r  steam flow 

rate (above steam s t a r v a t i o n  l e v e l s ) ;  steam tempera ture ;  t h e  presence  

of r easonab le  concen t r a t ions  of oxygen, n i t r o g e n ,  o r  hydrogen i n  t h e  

s t e a m ;  no r  s m a l l  v a r i a t i o n s  i n  a l l o y  composi t ion s i g n i f i c a n t l y  i n f l u e n c e  

t h e  i so the rma l  o x i d a t i o n  ra te  of Zircaloy-4.  



v i i i  

Two computer codes ,  SIM’L‘RAN and BITADS, were w r i t t e n  t h a t  t o g e t h e r  

s u c c e s s f u l l y  p r e d i c t  t h e  t h i c k n e s s  of t h e  compact ox ide  and oxygen- 

s t a b i l i z e d  a l p h a  l a y e r s  formed and t o t a l  oxygen corisumed dur ing  most 

t r a n s i e n t  tempera ture  o x i d a t i o n  experiments .  Except ions invo lve  c e r t a i n  

p o s t u l a t e d  two-peak LOCAs where t h e  phenomenon of “anomalous t r a n s i e n t  

tempera ture  oxidat:i.on” i s  observed.  

e f f e c t  i s  d i s c u s s e d  i n  d e t a i l  i n  t h e  body o f  %he r e p o r t .  The computer 

codes a l s o  do no t  model t h e  Eormation of a lpha  i n c u r s i o n s  o r  p r e c i p i -  

ta tes  i n  t h e  b e t a  reg ions  of t h e  f u e l  t ubes  du r ing  t h e  coo l ing  phase o f  

a tempera ture  t r a n s i e n t .  

The probable  mechanism of t h i s  

Areas i n  which i t  i s  sugges ted  t h a t  f u r t h e r  c o r r e l a t i o n s  be  

developed o r  a d d i t i o n a l  r e s e a r c h  performed icacl.ude: (1)  t h e  e f f e c t  o f  

fuel. tube deformation on o x i d a t i o n  ra te ;  ( 2 )  t h e  phenomenon of t h e  

format ion  of  al.pha i n c u r s i o n s  as r e l a t e d  t o  t h e  mechanical  p r o p e r t i e s  

of Zircaloy-4;  and ( 3 )  anomalous t r a n s i e n t  tempera ture  o x i d a t i o n  e f f e c t s .  



ZIRCONIUM METAL-WATER OXIDATION KINETICS I V .  
REACTION RATE STUDIES 

J. V. C a t h c a r t ,  R. E.  Pawel, R. A. McKee,  R. E. Druschel ,  
G. J. Yurek,* J. J. Campbell, and S. H. J u r y t  

ABSTRACT 

The i so the rma l  rates of ox ide ,  oxygen-s tab i l ized  a l p h a ,  
and X i  l a y e r  growth and of t o t a l  oxygen consumption of 
Zircaloy-4 i n  steam were determined from 900 t o  1500°C 
(1652-2732°C) and desc r ibed  i n  terms of a n a l y t i c a l  expres-  
s i o n  f o r  t h e  a p p r o p r i a t e  p a r a b o l i c  rate c o n s t a n t s .  
i s o n  of  t h e  results w i t h  e x i s t i n g  ra te  d a t a  demonst ra tes  
t h e  re la t ive conserva t i sm of t h e  Baker-Just  c o r r e l a t i o n .  
Scoping tes ts  of t h e  e f f e c t s  on i so the rma l  o x i d a t i o n  rates 
of  such system parameters  as steam flow rate, i n j e c t i o n  
tempera ture ,  and p u r i t y  and of  s m a l l  changes i n  a l l o y  
composi t ion showed t h e s e  v a r i a b l e s  t o  have small o r  
n e g l i g i b l e  e f f e c t s .  Experimental  t r a n s i e n t  tempera ture  
o x i d a t i o n  behavior  w a s  found t o  be  p r e d i c t a b l e  by com- 
p u t e r  codes designed f o r  t h a t  purpose;  t h e  only  except ion  
found w a s  t h e  case  of c e r t a i n  h y p o t h e t i c a l  two-peak LOCA’s. 
The probable  cause  f o r  t h i s  excep t ion  i s  d i scussed  i n  terms 
of t h e  monocl in ic - te t ragonal  phase t r ans fo rma t ion  of t h e  
oxide .  An e r r o r  a n a l y s i s  of t h e  o x i d a t i o n  d a t a  is p resen ted  
i n  both  s t a t i s t i ca l  and a n a l y t i c a l  terms, and p o s s i b l e  k i n e t i c  
e f f e c t s  of hydrogen d i s s o l v e d  i n  o x i d i z e d  samples are 
cons idered  and concluded t o  be  n e g l i g i b l e .  

Compar- 

*Dept. of Materials Sc ience  and Engineer ing ,  Massachuset ts  I n s t i t u t e  
o f  Technology, Cambridge, MA 02139. 

+Consul tan t ,  U n i v e r s i t y  of Tennessee,  Knoxvi l le ,  TN. 
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I N T R O D U C T I O N  

Model~s of hypothe t i -ca l  loss-of-cool.ant a c c i d e n t s  f o r  l i g h t  w a t e r  

n u c l e a r  power r e a c t o r s  g e n e r a l l y  invo lve  an  excur s ion  i n  tempera ture  

f o r  p a r t s  or' t h e  r e a c t o r  co re  i n  whi-ch t h e  r e a c t i o n  of  t h e  Z i r c a l o y  

fuel .  rods  w i t h  t h e  steam environment may become a p p r e c i a b l e .  Tlie 

e f f e c t s  of t h e  Zircal-oy-steam r e a c t i m  must be  cons idered  i n  t h e  
emergency c o r e  coo l ing  system des ign  b e c a u s e  of  t h e i r  p o t e n t i a l  i n f l u e n c e  

O i l  botil t h e  thermal  and mechanical  behav io r  of t h e  system. Thus, i t  h a s  

been cons ide red  impor tan t  t o  e s t a b l i s h  a capabi.1.ity t o  e v a l u a t e  and pre- 

d i c t  q u a n t i t a t i - v e l y  t h e  e x t e n t  of  t h e  oxidat i -on r e a c t i o n  du r ing  t r a n s i e n t  

tempera ture  exposures .  

The pr imary purpose of  t h e  p r e s e n t  progratu i s  t o  p rov ide  r e l i a b l e  

k i n e t i c  measurements d e s c r i b i n g  t h e  r e a c t i o n  o f  Z i r ca loy  wi th  steam a t  

h igh  t empera tu res .  This  i n fo rma t ion  w i l l  p rov ide  a b a s i c  d a t a  se t  t o  

be  used as i n p u t  t o  computer codes t o  p r e d i c t  the o x i d a t i o n  behav io r  o f  

LWR f u e l  c l add ing  du r ing  t h e  v a r i o u s  tempera ture  excur s ions  a n t i c i p a t e d  

f o r  h y p o t h e t i c a l  L O C A ' s .  This  r e p o r t  c o n s t i t u t e s  t h e  f i n a l  r e p o r t  of 

t h e  o x i d a t i o n  k i n e t i c s  phase  of  t h i s  r e s e a r c h .  Previous  r e p o r t s  o f  

t h i s  work, which c o n t a i n  many of  t h e  d e t a i l s  n o t  emphasized h e r e ,  are 

t h e  Q u a r t e r l y  Report  series, 

p u b l i c a t i o n s .  6-7 

s e v e r a l  t o p i c a l  r e p o r t s ,  2 - 5  and o t h e r  

The o x i d a t i o n  of Z i r ca loy  a t  tempera tures  above t h e  a lpha-be ta  

t r ans fo rma t ion  w i l l  g e n e r a l l y  r e s u l t  i n  two d i s t i n c t  product  l a y e r s  

growing i n t o  t h e  h o s t  b e t a :  t h e  outermost  ox ide  phase,  and an  i n t e r -  

media te  l a y e r  of oxygen-s tab i l ized  a lpha .  

men t o  room tempera ture ,  t h e  b e t a  c o r e  t r ans fo rms  back t o  a lpha .  I-Iowever, 

t h e  me ta l log raph ic  appearance of t h i s  material i s  s i g n i f i c a n t l y  d i f f e r e n t  

from t h a t  of t h e  o x y g e n - s t a b i l i z e d  a l p h a ,  and t h e  " p r i o r  be ta ' '  i s  e a s i l y  

recognized .  The growth ra tes  of t h e s e  product  l a y e r s  are conven ien t ly  

measured parameters  t h a t  may be  used t o  d e s c r i b e  t h e  o x i d a t i o n  k i n e t i c s  

I n  a d d i t i o n ,  i t  i s  p o s s i b l e  t o  u t i l i z e  the phase th i ckness  measurements, 

i n  conj  unct:ion w i t h  o the r  informat  i-on, t o  caJ.cul.ate t h e  t o t a l  oxygen 

consumption. The bu lk  o f  t h e  exper imenta l  e f f o r t  i n  t h i s  program w a s  

d i r e c t e d  a t  o b t a i n i n g  k i n e t i c  d a t a  f o r  t h e s e  parameters  ove r  t h e  

During c o o l i n g  of t h e  spec i -  
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t empera ture  range  90@-150O 'C. 

that u t i l i z e d  t h e s e  d a t a  t o  p r e d i c t  o x i d a t i o n  behav io r  d u r i n g  t r a n s i e n t  

tempera ture  react ions  . 

In a d d i t  i o n ,  computer codes were developed 

EXPERIMENTAL PROCEDURES 

The a c c u r a t e  measurement of  r e a c t i o n  k i n e t i c s  a t  e l e v a t e d  tempera- 

t u r e s  r e q u i r e s  a c o n s i d e r a b l e  e f f o r t  i n  o r d e r  t o  keep expe r imen ta l  

c ' r rors  w i t h i n  acccptab ' le  l i m i t s .  The a p p a r a t u s e s  and procedures  

u t i l i z e d  i n  t h i s  program were developed wi th  t h e s e  problems i n  mind, and 

p a r t i c u l a r  a t t e n t i o n  w a s  d i r e c t e d  throughout  t h e  r e s e a r c h  t o  a s s u r e  t h a t  

a c c u r a t e  tempera ture  measurements would be  c h a r a c t e r i s t i c  o€  all 

experiments .  

I n  o r d e r  t o  accomplish a l l  of t h e  necessa ry  tests, two expe r imen ta l  

steam o x i d a t i o n  a p p a r a t u s e s  were c o n s t r u c t e d .  Both a p p a r a t u s e s  u t i l i z e d  

t h e  mult ispecimen t echn ique  t o  examine t h e  r e a c t i o n  k i n e t i c s .  The f i r s t ,  

c a l l e d  MaxiZWOK, w a s  based  on a h igh  thermal  i n e r t i a  fu rnace  system, wi th  

steam a t  o r  near t h e  d e s i r e d  r e a c t i o n  tempera ture  b e i n g  passed  ove r  t h e  

specimen. I n  t h i s  a p p a r a t u s ,  t h e  t empera tu re  of  t h e  specimen was not 

c o n t r o l l e d  d i r e c t l y  b u t  was governed by i t s  response  t o  the h e a t  t r a n s -  

fe r  from i t s  steam and f u r n a c e  environment.  With t h i s  appa ra tus  tests 

could  b e  conducted a t  compara t ive ly  h igh  steam f low rates and i n s e r t i o n  

t empera tu res .  The second a p p a r a t u s ,  c a l l e d  MiniZWOK, was based  on a 
low thermal  i n e r t i a  f u r n a c e  sys tem i n  which t h e  specimen was h e a t e d  i n  

f lowing steam by a powerfu l  r a d i a n t  h e a t i n g  fu rnace .  I n  t h i s  case, 

t h e  specimen t empera tu re  w a s  c o n t r o l l e d  d i r e c t l y  by r e g u l a t i n g  t h e  

power t o  t h e  furnace .  A t empera tu re  programming c a p a b i l i t y  f o r  t h i s  

sys tem made i t  convenient  f o r  performing both  i s o t h e r m a l  and t r a n s i e n t -  

t empera tu re  o x i d a t i o n  exper iments .  

Both a p p a r a t u s e s  were developed and improved du r ing  t h e  cour se  of 

this i n v e s t i g a t i o n  and t h e  chronology of t h e s e  changes cad b e  fo l lowed 

i n  t h e  Q u a r t e r l y  Rep0r t s . l  The most impor t an t  changes came about  i n  

an e f f o r t  t o  improve t h e  accuracy  o f  t empera tu re  measurements of t h e  

specimen dur ing  o x i d a t i o n .  For  example ,  t h e  o r i g i n a l  Min iZWOK appa ra tus  

w a s  des igned  t o  o x i d i z e  b o t h  i n n e r  and o u t e r  s u r f a c e s  of t h e  Z i r ca loy  
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t ube  specimens.  

a nunibcr of problems invo lv ing  temperature measurements t h a t  were 

a l l e v i a t e d  when t h e  sys tem was niodified t o  a l low oxida t iv i i  011 

t h e  o u t e r  t ube  s u r f a c e s  only .  

P re l imina ry  experiments  w i t h  t h i s  appa ra tus  uncovered 

Thermocouple S e l e c t i o n  and C a l i b r a t i o n  

A prime g o a l  i n  t h e  Thermometry Task of t h i s  prograiii was t o  prov ide  

tempera ture  measureinents t r a c e a b l e  t o  t h e  I n t e r n a t i o n a l  P r a c t i c a l  

Temperature Scale of 1968 (IPTS-68). 

1500°C (1652--2732"F), t h e  IPTS-68 is based  011 t w o  i n s t rumen t s :  (1) t h e  

P t  vs Pt--lO% Rh thermocouple,  which spans  t h e  range  630.74 t o  1064.43"C 

(% 1167--1948"F), and (2)  above 1064.43"C (% 1948"F),  a r a d i a t i o n  

pyrometer us ing  t h e  P lanck  Law of r a d i a t i o n  wLth 1064.43"C (% 1948"F),  

as t h e  r e f e r e n c e  tempera ture  and a v a l u e  of 0.014388 meter-kelvin f o r  

C 2  i n  t h e  r ad iance  equat ion .8  

I n  t h e  tempera ture  range  900 t o  

Because of i t s  convenience arid s u p e r i o r  c h a r a c t e r i s t i c s  f o r  bo th  

t h e  o x i d a t i o n  and d i f f u s i o n  exper iments ,  noininal P t  vs Pt---I.O% Rh thermo- 

coup les  ( type  S) were used as ou r  primary means f o r  de te rmining  tempera- 

t u r e .  

w i r e  were ob ta ined  from t h e  Sigmund Cohn Corporat ion.* I n d i v i d u a l  l o ~ s  

were f a b r i c a t e d  from t h e  same h e a t  i n  o r d e r  t o  minimize tal-ibration 

d i f f e r e n c e s .  Several w i r e  d i ame te r s  w e r e  s p e c i f i e d ,  bu t  subsequent  

t e s t i n g  revealed no d i f f e r e n c e s  i n  t h e  performance of thermocouples 

made from 0.008, 0.025, and 0 .051  c m  (0.003, 0.010, 0.020 i n . )  diam 

w i r e s .  The re fo re ,  f o r  t h e  sake  of ease of hand l ing ,  t h e  0.025 c m  

(0.010 i n . )  diam w i r e  was used e x c l u s i v e l y  i n  a l l  l a te r  experiments .  

The s u p p l i e s  of  p la t inum and Pt-10% Rh r e f e r e n c e  grade  thermocouple 

P r i o r  t o  c a l i b r a t i o n  a l l  thermocouple w i r e s  w e r e  s u b j e c t e d  t o  a n  

a i r  annea l .  The i n i t i a l  annea l ing  schedu le ,  6 h r  a t  1300°C (2372'F) ,  

produced no d i f f i c u l - t i e s  w i t h  t h e  pu re  p la t inum w i - r e ,  b u t  t h e  t e n s i l e  

s t r e n g t h  of  t h e  Pt-l0% Rh w a s  reduced by 30% and i t s  t o t a l  e l o n g a t i o n  

by 45%.  This  d e t e r i o r a t i o n  of mechanical  p r o p e r t i e s  w a s  shown meta1l.o- 

g r a p h i c a l l y  t o  b e  r e l a t e d  t o  excessive g r a i n  growth i n  t h e  w i r e  du r ing  

. 

I-- 

+:Sigmund Cohn Corp.,  1 2 1  S .  Columbus Ave., M t .  Vernon, NY, 10553. 



t h e  a n n e a l ;  t h e  average  g r a i n  s i z e  a f t e r  annea l  w a s  about  h a l f  t h e  w i r e  

d iameter .  The re fo re ,  a less demanding annea l ing  schedu le  w a s  adopted:  

2 min a t  1400°C (2552'F), 20 min a t  1200°C (2192"F),  1 h r  a t  1000°C 

(1832'F), and 2 h r  a t  500°C (932°F).  T h i s  t r ea tmen t  produced w i r e s  

composed of r e l a t i v e l y  small, equiaxed  g r a i n s ,  and t h e  mechanical  

p r o p e r t i e s  o f  t h e  w i r e s  were n o t  degraded.  

The a c t u a l  c a l i b r a t i o n  of t h e  v a r i o u s  thermocouple combinat ions 

w a s  c a r r i e d  o u t  i n  the Metrology Research and Development Labora tory ,  

In s t rumen t s  and C o n t r o l s  D i v i s i o n ,  Oak Ridge Na t iona l  Labora tory .  The 

procedure  used involved  s e v e r a l  comparison c a l i b r a t i o n s  of  t h e  thermo- 

couple  w i r e s  t o  1500°C (2732'F). Several thermocouples ,  i n c l u d i n g  two 

NBS-calibraced P t  vs Pt-lO% Rh thermocouples ,  were connected t o  a common 

h o t  j u n c t i o n  and t h e  emf v a l u e s  of v a r i o u s  p a i r s  compared wi th  t h e  

s t a n d a r d s .  A d e t a i l e d  d e s c r i p t i o n  of t h e  c a l i b r a t i o n  procedure  w a s  

g iven  I n  a p rev ious  r e p o r t . 3  

The d a t a  ob ta ined  i n d i c a t e d  t h a t  t h e  t h e r m o e l e c t r i c  p r o p e r t i e s  of 

o u r  wires w e r e  e x c e l l e n t .  The P t  vs Pt-lO% Rh w i r e  behaved very  much 

l i k e  t h e  NBS-calibrated thermocouples.  

This  c a l i b r a t i o n  procedure  r e p r e s e n t e d  an a t t empt  t o  ach ieve ,  under 

i d e a l  c o n d i t i o n s ,  measurements of tempera ture  w i t h  maximum u n c e r t a i n t y  

of t2"C (3.6"F) on IPTS-68 a t  1500°C (2732°F). Below 1064°C (1947"F), 

e s t i m a t e d  u n c e r t a i n t i e s  of  thermocouple c a l i b r a t i o n s  were less  than  

t 0 . 2 " C  (0.36"F) a t  f i x e d  p o i n t s  and less than  +0.3"C (0.54"F) f o r  t a b l e  

v a l u e s  between f i x e d  p o i n t s .  These u n c e r t a i n t i e s  i n c r e a s e d  above 

1064°C (1947°F). A t  1450°C (2646°F) an u n c e r t a i n t y  of  k 1 " C  (1.8"F) 

is g iven  f o r  a n  NBS c a l i b r a t e d  P t  vs Pt-10% Rh thermocouple,  and w e  

e s t i m a t e d  an  u n c e r t a i n t y  of 51.5"C (2.7'F) f o r  o u r  thermocouples a t  

l 5 0 O o C  (2732°F).  Thus o u r  goa l  of an u n c e r t a i n t y  o f  t2"C (3.6'F) a t  

1500°C (2732°F) appea r s  t o  be  r e a l i z e d  excep t  f o r  p o s s i b l e  problems 

a s s o c i a t e d  w i t h  thermocouple d e c a l i b r a t i o n  du r ing  i n s t a l l a t i o n  and use.  

W e  addressed  t h i s  l a t te r  concern by s u b m i t t i n g  f o r  r e c a l i b r a t i o n  

a P t  vs Pt-lO% Rh thermocouple t h a t  had been used i n  several. experiments  

between 900 and 1475OC (1652-2687"F) f o r  approximately 3 h r .  Th i s  

thermocouple w a s  t e s t e d  t o  1000°C (1832'F), and t h e  r e s u l t s  of t h e  
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r e c a l i b r a t i o n  gave no ev idence  of d e c a l i b r a t i o n  problems. P o r t i o n s  of 

a. s imilar  thermocouple were a l s o  submitted f o r  chemical  ana1ysi.s. There 

was no i i i d i c a t i o n  o f  s i g n i f i c a n t  contaminat ion  which might l e a d  to  

d e c a l i b r a t i o n  o€  t h e  thermocouples .  

A f e a t u r e  o f  our  expe r imen ta l  p rocedure  t h a t  m i t i g a t e s  d e c a l i b r a + '  L1Ol ' l  

d i f  f i c u l . t i e s  i s  t h e  fac t  t h a t  i n  a normal experi-ment t h e  thermocouple 

h o t  j u n c t i o n  i s  made by welding t h e  thermocouple l-eads t o  a sma1.l t a b  

o f  t a n t a 1 . m  t h a t  i s  i n  %urn  welded d i r e c t l y  t o  t h e  specimen. A t  t he  

end of an  experiment t h e  l e a d s  are  cli.pped o f f  j u s t  below t h e  h o t  

j u n c t i o n ,  and an e n t i r e l y  new h o t  j u n c t i o n  i s  formed on t h e  nex t  s p e c i -  

men. Thus any contaminants  n e a r  t h e  h o t  j u n c t i o n  are  e l i m i n a t e d  b e f o r e  

they  have t ime t o  d i - f f u s e  far  enough a long  t h e  thermocouple wires t o  

produce problems. 

The rmo coup 1 e- S pe c imen C omp a 1- i b i 1 i t y 

'The Zj.rcaloy--steam r e a c t i o n  i s  h i g h l y  exotheunic  (AH % 1-40 kca l /mole  

i t i  t h e  t m p e r a t u r e  range of i n t e r e s t ) ,  and s i g n i f i c a n t  s e l f - h e a t i n g  of a 

Zi rca loy  specimen call occur  under c o n d i t i o n s  where the r a t e  o f  o x i d a t i o n  

is high .  The re fo re ,  i:: o:dcr h:o inonitor a c c u r a t e l y  t h e  tempera ture  o€ 

an  oxidi-zing s a m p l e ,  we cons idered  i.t e s s e n t i a l  t h a t  metal-to-metal  

contact: be mainta ined  a t  al.1 times between t h e  specimen and the 

t herrno co up les  . 
Unfor tuna te ly  , p l a t  i.num-b as e t h e  rmo coup l e  s c anno i: be a t  tach  e d 

d i r e c t l y  t o  Z i r ca loy  specimens used :i.n experiments  above 'L 1150°C 

(2102°F) because  of t h e  Eormation of  a low mel-t ing [1185"C (21.65"F)] 

Pt-Zr e u t e c t i c  ( s e e  F ig .  1). We circumvented t h i s  problem by h s e r t i n g  

t an ta lum or i r i d i u m  t a b s  [2 x 2 x 0.075 mm (0.08 x 0.08 x 0.003 i n . ) ]  

between t h e  thermocouple and t h e  specimen. The thermocouple l e a d s  were 

first s p o t  wel.ded toge ther  on the t a b s ,  and the  t a b s  were then s p o t  

welded to the specimen. 

T a : ; - ; l l u m  proved t o  be  an e x c e l l e n t  t a b  material  when used i n  

vacuum, as i n  ou r  d i f f u s i o n  exper iments ,  o r  i n  at1 i n e r t  g a s ,  as i n  o u r  

low thermal  i n e r t i a  oxida. t ion appa ra tus  ( s e e  below).  A Z r - T a  e u t e c t i c  

mel. t ing a t  % 1850°C !3?F?"?)  has been r e p o r t e d l l  b u t  produced no problems. 



7 

P t - Zr P I Q tin urn -2 i rconi urn 
Atonilc Percentaae Zirconium 

A. S. D. 

B u l t g r e n .  1' 

Weight Percentage Zirconium 
F i g .  1. Pla t inum-Zirconium Phase  Diagram A f t e r  Hawkins and 

A narrow d i f f u s i o n  zone be tween a t a b  and a Z i r c a l o y  d i f f u s i o n  specimen 

c o u l d  b e  d e t e c t e d  a f t e r  a 30 min a n n e a l  a t  1450°C ( 2 6 4 2 " C ) ,  b u t  because  

t h e  j u n c t i o n  between t a b  and spec imen a lways  c o n s i s t e d  of  metal w i t h  

good t h e r m a l  c o n d u c t i v i t y ,  w e  see no r eason  t o  q u e s t i o n  t h e  v a l i d i t y  of  

t h i s  form o f  thermocouple  a t t a c h m e n t .  No Pt-Ta phase  d i a s - r m  appears 

t o  b e  a v a i l a b l e ,  b u t  m e t a l l o g r a p h i c  e x a m i n a t i o n s  o f  t h e  Pt-Ta i n t e r f a c e  

showed l i t t l e  e v i d e n c e  of i n t e r a c t i o n .  The o n l y  d i s a d v a n t a g e  of t h e  

t a n t a l u m  t a b s  w a s  t h e  n e c e s s i t y  t o  p r o t e c t  them from stearn d u r i n g  o u r  

o x i d a t i o n  e x p e r i m e n t s .  

spec imen weld  area is shown i n  F i g .  2.  The specimen was from a n  e x p e r i -  
m e n t  i n  t h e  MiniZWOK apparatus, ( 5 - 7 4 ) ,  i n  which o x i d a t i o n  f o r  339 s a t  

1153°C (2107°F) took p l a c e .  A good c o n n e c t i o n  between t h e  thermocouple  

b e a d ,  t h e  t a b ,  and t h e  specimen i s  s e e n  t o  ex is t .  

A c r o s s - s e c t i o n  th rough  a t h e m o c o u p l e - t a b -  



8 

F i g .  2. Cross  S e c t i o n  Through Thermocouple and Tantalum Tab S p o t  
Welded t o  Zircaloy-4 Specinmi. Outer  s u r f a c e  of  specimen tube  w a s  
ox id i zed  339 s at  1153°C (2107'F). 7 5 ~ .  

Because i t  w a s  much more d i f f i c u l t  t o  p r o t e c t  the thermocouple t a b s  

i n  t h e  p re l imina ry  v e r s i o n  (two-sided o x i d a t i o n )  of  t h e  MiniZWQK appara- 

tus, w e  o r i g i n a l l y  employed i r i d i u m  tabs f o r  use i n  steam where,  i n  t h e  

tempera ture  range  of i n t e r e s t ,  i r i d i u m  is i n e r t .  We were unable t o  f i n d  

a Zr-Ir phase diagram i n  t h e  l i t e r a t u r e ,  and prel imi .nary anneal. ing 

testsla i n  vacuum d i d  i n d i c a t e  t h e  format ion  of  a Zr-Ir eu tec l i ic  between 

1200 and 1300°C (2192-2372°F). However, i n  t h e s e  tests t h e  specimen w a s  

h e a t e d  a t  a rate of 4OO"C/hr (720°F/hr ) ,  t h u s  p rov id ing  ample t i m e  f o r  

i n t e r d i f f u s i o n  hetween t h e  sample and t a b .  In-a  much s h o r t e r  test, a t  

a tempera ture  of % 1400°C (2552OF) and c a r r i e d  o u t  under  t he  tine- 

t empera ture  regime shown i n  F ig .  3, t h e  thermocouple d i d  remain a t t a c h e d  

t o  t h e  specimen throughout  t h e  experiment .  Subsequent metal lographi-c  

examinat ion of t h e  specimen ( F i g .  4 )  showed evidence  o f  I . i qua t ion  i n  

bo th  t h e  tab  and t h e  specimen. However, m e l t i n g  was conf ined  t.o t h e  

immediate v i c i n i t y  of  t h e  t a b ,  t h e  t a b  i t s e l f  was not p e n e t r a t e d  ( t h u s  
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F ig .  3 .  Recorder Trace  of Time-Temperature Regime Used i n  Test 
of I r i d i u m  Thermocouple Tab on Zircaloy-4.  

F i g .  4 .  Cross S e c t i o n  o f  Zircaloy-4 PWR Tube Specimen a f t e r  Exposu 
i n  S team According t o  t h e  Temperature Cycle  of F ig .  3 .  This  i l l u s t r a t e s  
t h e  i n t e r a c t i o n  zone a s s o c i a t e d  w i t h  t h e  weld between t h e  i r i d i u m  t a b  (0 
i n s i d e  of  tube)  and t h e  specimen. A s  p o l i s h e d ,  b r i g h t  f i e l d ,  6 2 ~ .  

re 

n 
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p r o t e c t i n g  t h e  thermocouple l e a d s  from a t t a c k ) ,  and good p h y s i c a l  and 

thermal  c o n t a c t  w a s  maintained between t h e  t a b  and specimen throughout  

t h e  experiment.  For these r easons  and because w e  a n t i c i p a t e d  o x i d a t i o n  

experiments  o f  d u r a t i o n s  c o n s i d e r a b l y  less  than  4 mi11 a t  t h e s e  ve ry  

h igh  t empera tu res ,  we were c o n f i d e n t  t h a t  i r i d i u m  t a b s  could have been 

used successEu l ly  as needed i n  our  o x i d a t i o n  ra te  sirudies.  The modif i -  

c a t i o n  o f  t he  MiniZWOK a p p a r a t u s  t o  produce oxidati .on on ly  on t h e  o u t e r  

s u r f a c e  made i t  more p r a c t i c a l  t o  use t h e  tantal.um t a b s .  

Apparatus Des c r i p  t ion-Max i. ZWOK 

The Max.i%WOK steam o x i d a t i o n  a p p a r a t u s  i s  shown schemat ica1l.y i n  

F i g .  5.  The main components o f  t h i s  system are t h e  supe rhea ted  steam 

and d i s t i l l e d  water s u p p l i e s ,  t h e  fu rnace  and r e a c t i o n  t u b e ,  t h e  spec i -  

men i n s e r t i o n  d e v i c e ,  and the i n s t r u m e n t a t i o n  arrangements The appara tus  

p rov ides  f o r  s u p e r h e a t i n g  steam at  h igh  f l o w  rates arid b r i n g s  i t  i n  con- 

t a c t  w i t h  ZircaLoy t u b i n g  specimens under wel.l.-documc?nted c o n d i t i o n s .  

The incoming steam (65 p s i g )  from the ORNL pl-ant steam system 

passes  through a s e p a r a t o r ,  i s  metered, and e n t e r s  t h e  s u p e r h e a t e r  a t  a 

p r e s s u r e  o f  55-60 p s i g .  Tests on t h e  p l a n t  steam have r evea led  t h a t  t h e  

oxygen i s  maintained a t  less t h a n  0.5 ppm, t o t a l  s o l u b l e  g a s e s  are less 

t h a n  15 ppm, and t o t a l  s o l i d s  are approximately 0 . 4  ppm. The s u p e r h e a t e r  

c o n s i s t s  o f  two c o i l s  o f  0 .95 c m  ( 3 / 8  i n . )  OD I n c o n e l  600 t u b e s  t h a t  are  

r e s i s t a n c e - h e a t e d .  Power t o  t h e  c o i l s  i s  f u r n i s h e d  by f o u r  5 KVA s t e p -  

down t r ans fo rmers  each f e d  by a Variac. T'ne t empera tu re  of t h e  I n c o n e l  

a t  several. p o i n t s  n e a r  t h e  t o p  (and h o t t e s t  p o r t i o n )  o f  t h e  s u p e r h e a t e r  

i.s monitored a t  a l l  t i m e s  as p a r t  o f  t h e  " s u r v e i l l a n c e "  thermocouple 

system. The s u p e r h e a t e r  system is w e l l - i n s u l a t e d  w i t h  h i g h  t empera tu re  

material (Kaowool). T h i s  arrangement proved capab le  o f  de l ive r i -ng  

approximately 1 lb lmin  o f  steam a t  t empera tu res  up t o  1000°C (1832'E') 

t o  t h e  r e a c t i o n  chamber, Incone l  t u b e  t empera tu res  approaching 120OoC 

(2192'F) were common. 

t h e  steam was e s t i m a t e d  t o  be  about  20 m/s (66 f t / s )  i n  t h e  reaction 

chamber, and a few hundred m / s  i n  t h e  s u p e r h e a t e r  tube.  

A t  t h e s e  m a s s  f low rates ,  t h e  l i n e a r  v e l o c i t y  of 
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The steam eliters t h e  top  of t h e  r e a c t i o n  chamber through a n  Lnconel 

"header",  where t h e  steam tempera ture  i s  measiiretl by a Pt/Pt---iO% Rh 

thermocouple a t t a c h e d  t o  a p l a t inum suppor t  localxed i n  t h e  middle  of 

t h e  steam stream. The ou tpu t  of t h i s  thermocouple a c t u a t e s  a Speedomax H 

r e c o r d e r - c o n t r o l l e r  sys tem t h a t  ma in ta ins  t h e  i n l e t  steam tempera ture  a t  

t h e  d e s i r e d  v a l u e  by  p u l s i n g  power t o  t h e  s u p e r h e a t e r .  

The r e a c t i o n  chamber c o n s i s t s  of a 2" I D  al.umina tube  surrounded 

by a muf f l e  fu rnace .  The pr imary purpose of  t h e  fu rnace  i s  t o  p reven t  

excess ive  h e a t  l o s s e s  from t h e  steam b e f o r e  i t  c o n t a c t s  t h e  specimen 

and t o  p reven t  excessive r a d i a t i o n  l o s s e s  from t h e  specimen t o  t h e  

chamber w a l l .  A thermocouple l o c a t e d  i n  t h e  a n n u l a r  r eg ion  between t h e  

fu rnace  and t h e  specimen tube  is  used i n  con junc t ion  w i t h  ano the r  

Speedomax H system t o  c o n t r o l  t h e  power t o  t h e  fu rnace ,  Gene ra l ly ,  t h e  

fu rnace  tempera ture  i s  se t  equa l  t o  ( o r  s l i g h t l y  above) t h e  i n l e t  steam 

t enpe ra t  Lire. 

A s  shown i n  F i g .  5 ,  a € r a c t i o n  o f  t h e  steam I-eaving t h e  s e p a r a t o r  

i s  condensed and cooled  f o r  use  i n  the  steam desupe rhea te r  and specimen 

quench b a t h .  Thus, a l l  water comi-og i n  c o n t a c t  w i t h  t h e  specimen i n  t h e  

appa ra tus  i s  d i s t i l l e d  water. 

The s u r v e i l l a n c e  thermocouple system c o n s i s t s  of twelve Chrome1.- 

A l u m e l  thermocouples l o c a t e d  a t  impor tan t  p o i n t s  on t h e  appa ra tus .  A 

twelve-point  r e c o r d e r  o p e r a t e s  con t inuous ly  du r ing  t h e  cour se  of an 

experiment ,  s e r v i n g  as a n  e a r l y  warning system f o r  i n c i p i e n t  trroubles 

i n  c r i t i c a l  pa r t s  of  t h e  appa ra tus .  P a r t i c u l a r  a t t e n t i o n  needs t o  be  

pa id  t o  tempera tures  i n  t h e  Superhea ter  system i n  o r d e r  t o  p reven t  

them from becoming excess ive .  

h e a t e r  t ube  o p e r a t i n g  a t  a high- tempera ture ,  high-flow condit:i.on c r e a t e s  

some i n t e r e s t i n g  s c e n a r i o s .  

The p o s s i b i l i t y  of  a r u p t u r e  o f  a super-  

The specimen c o n s i s t s  of a 46 c m  (18 i n . )  i e n g t h  of Z i r c a 1 . o ~  tub ing .  

A small segment of t h e  tube i n  c l o s e  proximi ty  t o  t h e  thermocouple 

s t a t i o n s  a c t u a l l y  serves as t h e  bas i c  specimen; t h e  remainder f u n c t i o n s  

s imply as suppor t  f o r  t h e  specimen and t h e  thermocouple l e a d s .  

The specimen i s  c u t  from a s t a n d a r d  PbIR tube  s e c t i o n .  A t  a p o i n t  

approximately 20 cm (8 i n . )  from t h e  forward end,  a series of  s t a g g e r e d  
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v e n t i l a t i o n ”  s l o t s  is  c u t  i n  t h e  tube i n  o r d e r  t o  p rov ide  a pa th  f o r  

t h e  steam flow through t h e  i n t e r i o r  of t h e  tube  and t o  i n t e r f e r e  wi th  

h e a t  conduct ion  from t h e  upper end of t h e  tube t o  i t s  c o o l e r  lower 

p o r t i o n s .  The t u b e  is then  c leaned  thoroughly  w i t h  a d e t e r g e n t  s o l u t i o n ,  

washed i n  a l c o h o l ,  r i n s e d  w i t h  d i s t i l l e d  water, and d r i e d .  

11 

Three thermocouple i n s t a l l a t i o n s  are made on t h e  specimen. Genera l ly ,  

a l l  t h r e e  are  l o c a t e d  on t h e  o u t s i d e  of t h e  tube ,  120’ a p a r t ,  a t  a p o i n t  

5 cm ( 2  i n . )  from t h e  upper end. A f t e r  o x i d a t i o n ,  t h e  tube  i s  s e c t i o n e d  

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

d e s i r e d ,  a d i f f e r e n t  arrangement of t h e  thermocouples can be made. A s  

mentioned p r e v i o u s l y ,  t h e  thermocouples are 0.025 c m  (0.010 i n . )  

Pt/Pt-lO% Rh c a l i b r a t e d ,  r e fe rence -g rade  materials encased i n  high- 

p u r i t y  alumina t o  a d i s t a n c e  of about  1 . 2  cm (0.5 i n . )  from t h e  welded 

j u n c t i o n s .  The ceramic tubes  are p o s i t i o n e d  a long  t h e  a x i s  of t h e  

tube  and are h e l d  i n  p l a c e  w i t h  several Nichrome w i r e s .  The o u t p u t s  

of t h e  t h r e e  thermocouples a t t a c h e d  t o  t h e  specimen are f e d  d i r e c t l y  

t o  one s ing le -channe l  and one two-channel Esterl ine-Angus r e c o r d e r s .  

The specimen t empera tu re  from i n s e r t i o n  t o  quench can  t h u s  be  monitored 

a t  v a r i o u s  c h a r t  speeds  and s e n s i t i v i t i e s .  In a d d i t i o n ,  a swi t ch  is 

a v a i l a b l e  t o  r ead  t h e  specimen thermocouple o u t p u t  d i r e c t l y  on a Leeds 

and Northrup K-3  po ten t iome te r .  

The ins t rumented  specimen is  i n s t a l l e d  i n  t h e  a p p a r a t u s  i n  a c o l l e t  

chuck l o c a t e d  a t o p  t h e  p lunger  of a s m a l l  h y d r a u l i c  r a m  t h a t  s e r v e s  as 

t h e  i n s e r t i o n  system. The thermocouple connec t ions  are completed v i a  

t e r m i n a l s  l o c a t e d  on a b a k e l i t e  c y l i n d e r  benea th  t h e  chuck. With t h e  

specimen i n  p l a c e ,  t h e  p a n e l  door t o  t h e  specimen chamber is  f i x e d  

t i g h t l y  i n  p l a c e  w i t h  clamps. D i s t i l l e d  water is  c i r c u l a t e d  i n  t h e  

specimen chamber t o  keep t h e  specimen cool  p r i o r  t o  i t s  i n s e r t i o n  i n t o  

t h e  r e a c t i o n  tube ;  t h i s  arrangement,  i n  con junc t ion  w i t h  t h e  sp ray  

d e s u p e r h e a t e r ,  a l s o  serves as a n  e f f i c i e n t  quench b a t h  a t  t h e  conc lus ion  

of t h e  exper iment .  

Very c o n c i s e l y ,  an experiment i n  MaxiZWOK i s  conducted as fo l lows :  

(1) The in s t rumen ted  specimen is mounted i n  t h e  specimen chamber. 

(2) With steam f lowing  through t h e  system, power t o  t h e  steam s u p e r h e a t e r  

c o i l s  i s  i n c r e a s e d  u n t i l  t h e  d e s i r e d  s t e a m  t empera tu re  is  reached. 
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Concur ren t ly ,  t h e  f u r n a c e  temperature ,  measured by a thermocouple l o c a t e d  

i n  t h e  annulus  between t h e  f u r n a c e  wall  and t h e  r e a c t i o n  t u b e ,  i s  brought  

i n t o  c o n t r o l  a t  t h e  d e s i r e d  v a l u e .  (3) The h y d r a u l i c  i n s e r t i o n  system 

i s  a c t i v a t e d ,  d r i v i n g  t h e  specimen i n t o  t h e  r p a c t i o n  chamber. The t i m e -  

t empera tu re  response of t he  specimen i s  monitored. ( 4 )  A t  t h e  conc lus ion  

o f  t h e  expr r imen t ,  t h e  specimen i s  withdrawn from t h e  r e a c t i o n  chamber 

i n t o  thc. quench b a t h .  The o x i d i z e d  specimen is  now ready f o r  me ta l lo -  

g r a p h i c  a n a l y s i s .  

MaxiZWOK Temperature -- Cont ro l  and -.- Recording Syste-m~ 

Power t o  t h e  steam s u p e r h e a t e r  i s  c o n t r o l l e d  by t h e  s i g n a l  from t h e  

P t  v s  Pt-10% Rh thermocouple l o c a t e d  a t  t h e  upper end of t h e  r e a c t i o n  

tube .  An i ce  b a t h  c o l d  j u n c t i o n  i.s u t i l i z e d ,  and c o n t r o l  i s  provided by 

a n  L&N Speedomax H r e c o r d e r - c o n t r o l l e r .  The f u r n a c e  t empera tu re  is con- 

t r o l l e d  by t h e  Chromel-AI-umel thermocouple i n  t h e  f u r n a c e  annu lus ,  a g a i n  

us ing  a Speedomax H c o n t r o l l e r  w i t h  a b u i l t - i n  t empera tu re  compensator. 

The o u t p u t s  from measuring P t  vs Pt-10% Rh thermocouples are f e d  i n t o  

two E s t e r l i n e  Angus, Model 1102s r e c o r d e r s ;  one of t h e  coup les  i s  wired 

through an  L&N DPDT, low-thermal-emf, copper s w i t c h  so  t h a t  i t s  s i g n a l  

can a l s o  be  r ead  on t h e  K-3 po ten t iome te r .  The c a l i b r a t i o n  o f  t h e  

E s t e r l i n e  Angus r e c o r d e r s  i s  checked b e f o r e  and a f t e r  each experiment 

u s i n g  a p o r t a b l e  p o t e n t i o m e t e r ;  however, as in t h e  case of MiniZWOK, t h e  

accep ted  t empera tu res  are based on t h e  K-3 potent i -ometer  r e a d i n g s .  

A t  t h e  c o n t r o l  t empera tu re ,  a MaxiZWOK specimen i s  s u b j e c t e d  t o  

Cemperature o s c i l l a t i o n s  of about k2"C (3 .6"F) .  Two f r e q u e n c i e s  and 

amplt tudes of o s c i l l a t i o n s  w e r e  observed r e l a t e d  t o  t h e  independent 

c o n t r o l  o f  t h e  steam s u p e r h e a t e r  and f u r n a c e  t empera tu res .  

Apparatus Description-MiniZWOK 

The bu lk  o f  t h e  r e a c t i o n  r a t e  experiments  were perform::tl i n  t h e  

MiniZWOK a p p a r a t u s ,  a low the rma l  i n e r t i a  system i n  which t h e  tempera- 

t u r e  of t h e  specimen ( r a t h e r  t h a n  t h a t  of i t s  su r round ings )  i s  c o n t r o l l e d  

i n  a programmed t ime-temperature  excur s ion .  A s chemat i c  diagram of t h e  

MiniZWOK s t e a m  o x i d a t i o n  a p p a r a t u s  i s  shown i n  F ig .  6 .  A s  mentioned 
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Fig .  6 .  Schematic Diagram of  t h e  MiniZWOK Oxida t ion  Appara t u s .  

p r e v i o u s l y ,  t h i s  appa ra tus  h a s  been improved i n  a number of ways s i n c e  

i t s  i n c e p t i o n  and has performed e f f i c i e n t l y  i n  producing w e l l -  

c h a r a c t e r i z e d  experiments  under r a t h e r  extreme exper imenta l  c o n d i t i o n s .  

The r e a c t i o n  chamber c o n s i s t s  of a 60 mm (2.36 i n . )  OD q u a r t z  t ube  

60 c m  ( 2 3 . 4  i n . )  long  w i t h  a Zircaloy-4 PWR tube  specimen [30 mm long 

by 10.92 mm OD by 9.65 mm I D  (1.18 x 0.430 x 0.380 i n . ) ]  suppor t ed  a t  

i t s  c e n t e r  between two smaller q u a r t z  tubes .  During an  experiment ,  

steam flows p a s t  t h e  o u t s i d e  Sur face  of t h e  specimen, and a s l i g h t  

p o s i t i v e  p r e s s u r e  of hel ium i s  main ta ined  i n s i d e  t h e  suppor t  t ubes  i n  
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o r d e r  t o  prevent  i n g r e s s  of steam t o  t h e  i n t e r i o r  of  t h e  speci-men. A 

hel ium f low rate of  % 0 .2  ccfs  is used f o r  t h i s  purpose.  S t e a m  is  

gene ra t ed  i n  a n  a l l - g l a s s  b o i l e r  (not. shown i n  t h e  f i g u r e ) .  

experiments  t h e  steam flow ra te  w a s  a d j u s t e d  t o  30 g/rnin (0 .066 lb/min)  

which cor responds  t o  a l i n e a r  v e l o c i t y  of about  1 rn/s ( 3  f t / s )  p a s t  t h e  

specimen i n  t h e  r e a c t i o n  tube .  

F o r  most 

The fu rnace  sur rounding  t h e  r e a c t i o n  chamber i s  a Research,  Inc .  

q u a d e l l i p t i c a l  r a d i a n t  h e a t i n g  chamber, Model E - 4 ,  w i t h  a h o t  zone of 

25.4 c m  (10 i n . ) .  Specimen h e a t i n g  rates i n  excess  of 150°C/s ( 2 7 O o F / s )  

can be a t t a i n e d  w i t h  t h i s  u n i t ,  and t h e  response  of b o t h  t h e  fu rnace  a id  

i t s  c o n t r o l l e r  i s  ve ry  f a s t .  These c h a r a c t e r i s t i c s ,  p l u s  t h e  f a c t  t h a t  

t h e  fu rnace  is c o n t r o l l e d  d i r e c t l y  by t h e  specimen tempera ture ,  p revent  

specimen over -hea t ing  and a l low e s s e n t i a l l y  i s o t h e r m a l  c o n d i t i o n s  t o  b e  

maintained du r ing  o x i d a t  ion .  

The specimen is ins t rumented  with t h r e e  P t  vs Pt--lO% Rh thermo- 

couples .  A s  d e s c r i b e d  ear l ie r ,  t h e  h o t  j u n c t i o n s  are formed by s p o t  

welding t h e  thermocouple l e a d s  t o  s m a l l  t an ta lum t abs  [2 x 2 x 0.075 mm 

(0.08 x 0.08 x 0.003 i n . ) ]  t h a t  are i n  t u r n  welded t o  t h e  i n t e r i o r  of 

t h e  sample n e a r  i t s  midpoin t .  One thermocouple i s  connected t o  the  

tempera ture  c o n t r o l l e r ,  and t h e  o t h e r  t w o  are used as measuring couples .  

The two measuring couples  are p o s i t i o n e d  180 degrees  a p a r t  a t  t h e  same 

e l e v a t i o n .  Depending upon t h e  d u r a t i o n  of t h e  experiment  and t h e  d e s i r e d  

s e n s i t i v i t y ,  t h e  temperature- t ime excur s ion  of t h e  specimen as sampled 

by each of t h e  monitor  thermocouples is determined by e i t h e r  a r e c o r d e r  

c h a r t  o u t p u t ,  m u l t i p l e  r ead ings  on the  s t a n d a r d  L & N K-3  po ten t iome te r ,  

o r  t h e  CODAS (Computer Operated Data A c q u i s i t i o n  System). These mea-  

s u r i n g  systems w i l l  b e  d i s c u s s e d  la te r .  

This  g e n e r a l  des ign  was adopted s o  t h a t  t h e  tan ta lum thermocouple 

t a b s  could  be  p r o t e c t e d  from t h e  steam and a l s o -  t o  minimize thermal  

shun t ing  effects. 

h e a t  s h i e l d  i n s e r t e d  i n t o  t h e  upper  p o r t i o n  o f  t h e  specimen. A lower 
h e a t  s h i e l d  i s  formed by t h e  ends of t h e  double-bore,  DeCussi.t .kT,-23, 

h igh -pur i ty  alumina i n s u l a t o r s  used t o  separate t h e  lower p o r t i o n s  of 

t h e  thermocouple l e a d s .  The upper p a r t s  of i n s u l a t o r s  are w i t h i n  t h e  

The l a t t e r  purpose i s  a l s o  served by the talltal.um 
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f u r n a c e  and a150 serve t o  p r e h e a t  t h e  he l ium b e f o r e  i t  reaches  t h e  

i n t e r i o r  of  t h e  specimen. 

An experiment  i n  Min iZWOK may b e  d e s c r i b e d  b r i e f l y  as fo l lows:  

(1) The ins t rumented  specimen is  mounted i n  t h e  a p p a r a t u s  as shown i n  
t h e  i l l u s t r a t i o n .  (2)  The steam and he l ium f low is  s t a r t e d  and s u f f i c i e n t  

t i m e  i s  al lowed t o  purge t h e  a i r  from t h e  appa ra tus .  During t h i s  p e r i o d  

t h e  fu rnace  i s  on a t  ve ry  low power t o  e l i m i n a t e  condensa t ion  i n  t h e  

v i c i n i t y  of  t h e  specimen, which is main ta ined  a t  a tempera ture  less than  

200°C (392°F) .  ( 3 )  t h e  CODAS is a c t i v a t e d  €o r  t h e  two monitor  thermo- 

couples .  

t empera ture  c y c l e  by means of t h e  programmable c o n t r o l l e r  which a c t u a t e s  

t h e  q u a d e l l i p t i c a l  r a d i a n t  h e a t i n g  fu rnace  sur rounding  t h e  specimen. 

S u f f i c i e n t  c o o l i n g  is  a v a i l a b l e  t o  perform an e f f e c t i v e  quench a t  t h e  

end of an " i so thermal"  experiment .  (5) A f t e r  t h e  exper iment ,  t h e  

specimen i s  removed from t h e  a p p a r a t u s  f o r  a n a l y s i s .  The thermocouple 

t a b s  are l e f t  i n  p l a c e  so t h a t  t h e  m e t a l l o g r a p h i c  measurements can b e  

r e f e r e n c e d  t o  t h e  monitor  thermocouple p o s i t i o n s .  

( 4 )  The specimen i s  now d r i v e n  through t h e  d e s i r e d  t i m e -  

MiniZWOK Temperature Con t ro l  and Recording System 

The i n s t r u m e n t a t i o n  f o r  t h i s  appa ra tus  is more complex than  t h a t  

f o r  MaxiZWOK and is i n d i c a t e d  s c h e m a t i c a l l y  i n  F ig .  6 .  All P t  vs 

Pt-lCa% Rh thermocouple wires are l e d  o u t  of t h e  system u n i n t e r r u p t e d  

through p o r t s  s e a l e d  w i t h  s i l i c o n e  rubbe r  o r  Te f lon  and from thence  

t o  an  ice b a t h  where they  j o i n  low thermal  emf copper  t e l ephone  w i r e s .  

Temperature c o n t r o l  o f  t h e  specimen i s  main ta ined  w i t h  a Research,  

Iric. Model D-30 MicroThermac C o n t r o l l e r  a s s o c i a t e d  w i t h  a Data-Trak 

Programmer f o r  v i r t u a l l y  any t ime-temperature  regime. The s i g n a l s  from 

t h e  two measuring thermocouples ,  after p a s s i n g  through a thermal  f ree ,  

m u l t i p o s i t i o n  swi t ch  ( c o n t a c t  r e s i s t a n c e  < 0.001 ohm, thermal  e m f  < 1 pV),  

may b e  (1) read  on an  L & N K-3 po ten t iome te r ,  (2) recorded  by a two- 

channel  s t r i p  c h a r t  r e c o r d e r  ( E s t e r l i n e  Angus, Model 11025, a mult i -span 

u n i t  w i t h  c a l i b r a t e d  z e r o ) ,  o r  ( 3 )  f ed  t o  t h e  computer ope ra t ed  d a t a  

a c q u i s i t i o n  sys tem (CODAS). 

d e t a i l  e l sewhere .  l2 

The CODAS sys tem h a s  been desc r ibed  i n  

In  our  sys tem t h e  CODAS computer p e r i o d i c a l l y  
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reads t h e  thermocouple emf ( 2 5  r ead ings  i n  2 rnsec), c a l c u l a t e s  an  

average  emf f o r  a s p e c i f i e d  nuniber of r e a d i n g s ,  conve r t s  t h e  emf t o  

tempera ture  accord ing  t o  t h e  emf-temperature c a l i b r a t i o n  f o r  o u r  p a r t i c u -  

l a r  P t  vs Pt-10% Rh thermocouple wires, and e i t h e r  p r i n t s  t h e  t i m e  and 

t h e  averaged tempera ture  a t  s p e c i f i e d  i n t e r v a l s  w i th  t h e  a i d  o f  a tele- 

type  o r  r eco rds  t h i s  i n fo rma t ion  on magnet ic  t a p e  f o r  l a t e r  r e t r i e v a l . .  

The CODAS system i s  c a l i b r a t e d  d i r e c t l y  b e f o r e  and a f t e r  each experiment 

w i th  a Dial.-A-Source v o l t a g e  u n i t  (General  Res i s t ance ,  I11.c.~ Model 

DAS-47Al) t h a t  itse1.E i s  compared a g a i n s t  o u r  K-3  po ten t iome te r .  

Care was e x e r c i s e d  i n  p r o p e r l y  w i r i n g ,  grounding and s h i e l d i n g  

t h e  vari .ous components of t h e  MiniZWOK c o n t r o l  and r eco rd ing  system i n  

o r d e r  t o  e l i m i n a t e  ground l o o p s  and o t h e r  p a r a s i t i c  emf ' s .  I n  a d d i t i o n  

i t  w a s  found t h a t  c o n s i d e r a b l e  h igh  frequency n o i s e  w a s  i n t roduced  i n t o  

t h e  system by t h e  o p e r a t i o n  of t h e  s i l i c o n - c o n t r o l l e d  r e c t i f i e r s  of t h e  

fu rnace  power supply .  For t h i s  reason  a low band pass  f i l t e r  w i th  a 

c u t o f f  above 50 Hz w a s  i n s t a l l e d  between t h e  rnu l t ipos i t i on  swi t ch  and 

t h e  CODAS a m p l i f i e r  ( i t ems  1 9  and 24 i n  F ig .  6 ) .  The f i l t e r ,  i n s t a l l e d  

i n  each copper l e a d ,  c o n s i s t e d  of a se r i e s -connec ted ,  50 a, manganin-wire 

wound r e s i s t o r  grounded through a 60 UF mylar  c a p a c i t o r .  

The tempera ture  c o n t r o l  c a p a b i l i t y  e x h i b i t e d  by t h i s  system, f o r  

bo th  i s o t h e r m a l  and t r ans i en t - t empera tu re  exper iments ,  was e x c e l l e n t .  

I n  t h e  i s o t h e r m a l  c o n t r o l  r e g i o n s  on ly  s m a l l  t empera ture  f l u c t u a t i o n s ,  

% I l " C  ( t l ,  8"F) ,  about t h e  control.  t empera ture  w e r e  observed.  

P o t e n t i a l  E r r o r s  i n  Temperature Measurements 

Cons iderable  care must be  e x e r c i s e d  i n  the use of thermocouples a t  

h igh  tempera tures  i f  s e r i o u s  tempera ture  e r r o r s  are t o  be  avoided.  Th i s  

c a u t i o n  i s  pa r t i cu la r1 .y  relevant i n  systems where exper imenta l  r equ i r e -  

ments create less than  i d e a l  c o n d i t i o n s .  We have cons ide red  t h e  fo l lowing  

l i s t  of  p o t e n t i a l  e r r o r  sou rces  i n  r e l a t i o n  t o  t h e  ZMWOK program: 

1. Thermal s h u n t i n g  

2.  E l e c t r i c a l  s h u n t i n g  

3 .  P a r a s i t i c  emf's 

4 .  Data acqui.si.tion system e r r o r s  
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5. Thermocouple c a l i b r a t i o n  e r r o r s  

6 .  Temperature g r a d i e n t s  i n  t h e  sample 

7 .  D e c a l i b r a t i o n  of thermocouples 

8 .  Tab a t tachment  e f f e c t s .  

I n  t h i s  s e c t i o n  we d i s c u s s  t h e  e r r o r  sou rces  l i s t e d  above as they  app1.y 

t o  each of t h e  appa ra tuses  used i n  t h e  program. 

Thermal Shunt ing 

The term "thermal  shunt ing"  is used h e r e  t o  mean t h e  shun t ing  o f  

h e a t  t o  o r  from t h e  thermocouple h o t  j u n c t i o n  by convec t ion ,  conduction, 

o r  r a d i a t i o n .  The p rocess  i s  i l l u s t r a t e d  in Fig .  7 f o r  t h e  case of 

thermal  shun t ing  by convec t ion .  

l e a d s  reduces  t h e i r  t empera ture  and causes a flow of h e a t  from t h e  h o t  

j unc t ion  t o  t h e  l e a d s .  

lowered w i t h  a consequent r e d u c t i o n  i n  t h e  emf gene ra t ed  by t h e  thermo- 

couple ,  and t h e  i n d i c a t e d  specimen tempera ture  is  e r roneous ly  low. 

Cool  steam flowing p a s t  the  thermocouple 

A s  a r e s u l t  t h e  ho t - junc t ion  tempera ture  is 

Fig .  7. Schematic Model I l l u s t r a t i n g  Nature  o f  Thermal Shunt ing 
E r r o r s .  
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Thermal shun t ing  e r r o r s ,  o r  "per turba t ion1 '  e r r o r s  as they  are some- 

t i m e s  c a l l e d ,  have been d i scussed  by a number of i n v e ~ t i g a t o r s l ~  who have 

made sugges t ions  bo th  f o r  minimiz-iing t h e  e r r o r s  arid f o r  c a l c u l a t h g  t h e i r  

magnitude. 

The a n a l y t i c a l  problem i s  e s s e n t i a l l y  one of e s t a b l i s h i n g  an  

a c c e p t a b l e  model f o r  t h e  h e a t  t r a n s f e r  system, and then  s o l v i n g  the 

h e a t  f l o w  equa t ions  s o  t h a t  t h e  tempera ture  a t  a g iven  poi.nt i n  t h e  

absence o f  t h e  senso r  can be ca l .cu la ted .  While such  s o l u t i o n s  have been 

obtai.ned1Lt-16 f o r  several cases r e l e v a n t  t o  t h e  o p e r a t i o n  of thermo- 

couples  on specimens suspended i n  f lowing  gas  streams, t h e s e  s o l u t i o n s  

are g e n e r a l l y  based  on o v e r s i m p l i f i e d  sys tem geometr ies .  

under t h e s e  c i rcumstances  an exper imenta l  c a l i b r a t i o n  of  t h e  system is  

d e s i r a b l e ;  b u t  f r e q u e n t l y  i t  is impractical  O K  even impossCb1.e t o  c a r r y  

o u t  such a d i r e c t  c a l i b r a t i o n  f o r  a real  system. For t h i s  r eason  we 

have t aken  t h e  p o s i t i o n  t h a t  w e  shou1.d des ign  ou r  appa ra tuses  i n  such a 

way as t o  minimize p e r t u r b a t i o n  e r r o r s ,  w h i l e  a t  t h e  same t i m e  making 

use  of e x i s t i n g  computa t iona l  procedures  t o  estimate t h e  magnitude of 

t h e  e r r o r s  involved  and t o  guide  t h e  des ign  work. Equat ions  de r ived  

by  Nusse l t  ( r e p o r t e d  by Jakobl f t  and  o t h e r s )  o r  B ~ e l t e r ] . ~  proved useful. 

i n  t h e  l a t i e r  e f f o r t ;  and  they  have t h e  added v i r t u e  t h a t ,  because of 

t h e  n a t u r e  of t h e  assumptions made i n  each d e r i v a t i o n ,  t h e  c a l s i i l a t e d  

p e r t u r b a t i o n  e r r o r  is  b e l i e v e d  t o  be g r e a t e r  t han  t h e  a c t u a l  e r r o r .  

Obviously,  

The r e s u l t s  of t h e s e  ca l cu la t i -ons  , whtch p r e d i c t  thermal  shun t ing  

e r r o r s  of 'L 3% o f  t h e  d i f f e r e n c e  between specimen and coo lan t  tempera- 

t u r e s ,  are recognized  as be ing  approximate.  The i r  c o n t r i b u t i o n ,  t he re -  

f o r e ,  l i es  n o t  so  much i n  a p r e c i s e  p r e d i c t i o n  of  e r r o r  va lues  b u t  i n  

t h e  f a c t  t h a t  t hey  i n d i c a t e  t h e  r e l a t i o n s h i p  between some of t h e  

impor tan t  system parameters t h a t  a f f e c t  t empera ture  measurements e r r o r s ,  

t he reby  s u g g e s t i n g  means f o r  reducing  t h e s e  err6rs t o  a minimum, 

thermocouple i n s t a l l a t i o n s  are c o n s t r u c t e d  w i t h  t h e s e  i d e a s  i n  mind. 

The d e t a i l s  of t h e s e  c a l c u l a t i o n s  are r e p o r t e d  . fu l ly  i n  a previous  

p u b l i c a t i o n .  

Our 

Thermal Shunt ing i n  t h e  MiniZWOK Apparatus - Our d e c i s i o n  t o  con- 
s t r u c t  the MiniZlJOK appa ra tus  as a one-sided o x i d a t i o n  system w i t h  

steam on t h e  o u t s i d e  and t h e  thermocouples mounted i n t e r n a l l y  w a s  a 

- 
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d i r e c t  consequence of  t h e  need t o  minimize thermal  shun t ing  e f f e c t s .  

E r r o r s  on t h e  o r d e r  of 100°C (180°F) have been observed i n  systems where 

t h e  thermocouples were exposed t o  r a p i d l y  f lowing  c o o l  steam.17 

d i s c u s s i o n  of t h e  magnitude of such e r r o r s  may a l s o  be found i n  Jakob.14 

I n  MiniZWOK t h e  thermocouples are s u b j e c t e d  only  t o  very  s lowly f lowing 

hel ium, and t h e  hel ium i t s e l f  is  p rehea ted  as i t  passes  over  t h e  h o t  

A 1 2 0 3  thermocouple i n s u l a t i o n  i n  t h e  lower p o r t i o n  of t h e  appa ra tus .  

normal experiments  t h e  hel ium f low rate through t h e  c e n t e r  t ube  of t h e  

appa ra tus  i s  0.24  c c / s ,  and no changes i n  t h e  measured emf’s of t h e  

thermocouples were noted  when hel ium flow rates were v a r i e d  from 0 t o  

4 .9  c c / s  (h ighe r  f low rates w e r e  n o t  a t tempted)  i n  t h e  range  of 900 t o  

1300°C (1652-2372”F), i n d i c a t i n g  t h e  absence of  any s i g n i f i c a n t  con- 

v e c t i v e  o r  conduct ive  thermal  s h u n t i n g  e r r o r s  owing to t h e  f low of 

hel ium p a s t  t h e  thermocouples.  

A 

I n  

I n  o r d e r  t o  minimize t h e  p o s s i b i l i t y  of r a d i a t i v e  thermal  shun t ing ,  

a tan ta lum h e a t  s h i e l d  is  l o c a t e d  i n  t h e  upper p o r t i o n  of t h e  Z i r ca loy  

specimen (see F ig .  6 ) .  The h1203 thermocouple i n s u l a t i o n  l o c a t e d  i n  

t h e  bot tom specimen suppor t  t ube  a l s o  a c t s  as a h e a t  s h i e l d .  

A s  a l r e a d y  noted  t h e  thermocouples used i n  t h i s  appa ra tus  are s p o t  

welded t o  tan ta lum t a b s ,  and t h e  t a b s ,  i n  t u r n ,  are c a r e f u l l y  s p o t  welded 

t o  t h e  i n t e r i o r  of t h e  specimen tubes .  The thermocouple w i r e s  are l e d  

away from t h e  t a b  a long  t h e  tube  w a l l  i n  a pa th  para l le l  t o  t h e  a x i s  of 

t h e  tube  t o  minimize conduct ion e r r o r s  ( s e e  i n s e t ,  F ig .  6 ) .  The v e r t i -  

c a l  s e c t i o n s  of thermocouple w i r e  between t h e  t a b s  and t h e  double-bore 

h1203 i n s u l a t i o n  are covered wi th  s ing le -bore  A 1 2 0 3  i n s u l a t i o n .  

These v a r i o u s  des ign  f e a t u r e s  and tests have l e d  us t o  t h e  conclus ion  

t h a t  thermal  shun t ing  e r r o r s  i n  t h e  MiniZWOK appara tus  are n e g l i g i b l e .  

Thermal Shunt ing i n  t h e  MaxiZWOK Apparatus - Thermal shun t ing  

problems i n  t h i s  a p p a r a t u s  are r e l a t i v e l y  minor because i n  i so the rma l  

exper iments  bo th  t h e  steam and t h e  fu rnace  are a t  t h e  same temperature .  

Thus, even though t h e  thermocouples are exposed t o  r a p i d l y  f lowing steam, 

t h e r e  can be no coo l ing  e f f e c t .  The p o s s i b i l i t y  of thermal  shun t ing  

does arise i n  experiments  i n  which s u b s t a n t i a l  specimen s e l f - h e a t i n g  

occurs  and i n  which t h e  fu rnace  tempera ture  i s  h i g h e r  than  t h e  steam 
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tempera tures .  We expec t  such e r r o r s  t o  b e  minimal,  however, because 

(1) t h e  d i f f e r e n c e  between s t e a m  and specimen tempera tures  i s  r e l a t i v e 1  p 

s m a l l .  - a t  most i n  t h e  neighborhood o f  2 O O 0 C  (360"F), and ( 2 )  s i n c e  the 

fu rnace  tempera ture  i n  many cases is  h i g h e r  than  t h e  specimen tempera- 

t u r e ,  t h e  e r r o r s  due t o  convec t ive  l o s s e s  (s team e f f e c t s )  will be  of 

o p p o s i t e  s i g n  t o  those  r e l a t e d  t o  r a d i a t i v e  e f f e c t s  ( fu rnace  w a l l  

t empera tu re ) .  Tn t h e  wors t  case, i-ising t h e  p e r t u r b a t i o n  e r r o r  a n a l y s i s  

above, we estimate e r r o r s  due t o  thermal  s h u t i n g  t o  be  no more than  

% 5°C ( 9 ° F ) .  

E 1 e c t r i. ca l  Shun t i ng 

Thermocouple e r r o r s  may ar ise  due t o  e 1 . e c t r i c a l  l eakage  of t h e  

thermocouple i n s u l a t o r s  o r  t o  thermionic  emiss ion  between thermz- 

e lements  o r  o t h e r  metals i n  t h e  system. These e r r o r s  can h e  as l a r g e  

as several  hundred degrees  C e l s i u s  i n  c e r t a i n  environmencs and a t  very  

h igh  tempera tures  [ e . g . ,  i n  a rgon  a t  a p r e s s u r e  o f  4 3  t o r r  arid a t  

teii iperatures n e a r  1800°C ( 3 2 7 2 @ F )  1 .  l 8  

t h i s  phenomenon was n o t  a problem. For example, t h e  r e s i s t a n c e  of 

an open c i r c u i t  thermocouple a t  1300°C (2372°F') i n  t h e  MiniZWOK appara tus  

w a s  5 x l o 5  ohms and 1 . 7  x I O 5  ohms a t  1 4 5 5 ° C  (2651°F) ,  which are  much 

too  h igh  va lues  t o  a l low s i g n i f i c a n t  e l e c t r i c a l  shun t ing .  A similar 

experiment  i n  t h e  MaxiZWOK appa ra tus  produced a v a l u e  of % lo4 ohms, 

The dec rease  i n  r e s i s t i v i t y  r e l a t i v e  t o  t h a t  measured i n  MiniZWQK was 

a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  lower ends of t h e  MaxiZWOK thermocouples 

are exposed t o  t h e  d i s t i l l e d  water of t h e  quench b a t h  f o r  t h e  appa ra tus ;  

however 

h igh  t o  p rec lude  t h e  e x i s t e n c e  of s i g n i f i c a n t  e l ec t r i ca l  shun t ing .  

Howe-ver, i n  t h e  c u r r e n t  work 

a r e s i s t a n c e  of l o 4  ohms was s t i l l .  cons ide red  s u f f i c i e n t l y  

P a r a s i t i c  EMF'S -_-_- 

Teniperature measurement e r r o r s  can b e  caused by t h e  p re sence  of 

p a r a s i t i c  emf 's  i n  t h e  e lec t r ica l  c i r c u i t r y  of thermocouples.  Reference  

h e r e  i s  made t o  such e f f e c t s  as ground loops ,  n o i s e  p ickup,  and p r o b l e m  

a s s o c i a t e d  w i t h  t h e  use  of  improper l e a d  wires, r e f e r e n c e  j u n c t i o n s ,  

feedthroughs ,  et-c. The- I iimiiial-ion of  such e r r o r  sou rces  r e q u i r e s  con- 

s i d e r a b l e  care and t h e  use  o f  proper  thermometry techniques .  I n  
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s e t t i n g  up t h e  c i r c u i t r y  f o r  a l l  our  systems w e  worked c l o s e l y  w i t h  

r e p r e s e n t a t i v e s  of t h e  Ins t rumen t s  and Con t ro l s  D iv i s ion  of O W L ,  and 

t h e  s t e p s  t aken  t o  overcome t h e s e  problems have a l r e a d y  been o u t l i n e d .  

Data A c q u i s i t i o n  System E r r o r s  

Our p r i m a r y  s t a n d a r d  used i n  measuring thermocouple emf's i s  a 

c a r e f u l l y  c a l i b r a t e d  Leeds and Northrup K-3 po ten t iome te r .  The accuracy 

of an  i n d i v i d u a l  measurements i s  g iven  as 0.015% of  t h e  measured emf 

p l u s  0.5 pV. Thus a t  1500°C (2732°F) €o r  a P t  v s  Pt-lO% Rh thermocouple,  

t h e  po ten t iome te r  h a s  an accuracy of % 0.2'6: (0 .36"F) .  
For ou r  MiniZWOK exper iments ,  t i m e  and t empera ture  are a l s o  recorded 

wi th  a Computer Operated Data A c q u i s i t i o n  System (CODAS). This  dev ice  

is c a l i b r a t e d  a g a i n s t  t h e  K-3 po ten t iome te r  a t  t h e  beginning  of each 

experiment ,  and r e c a l i b r a t i o n s  immediately a f t e r  a n  experiment r evea led  

no change. Thus, f o r  s h o r t  p e r i o d s  of  t i m e  t h e  accuracy  of CODAS appears  

t o  b e  comparable t o  t h a t  of t h e  K-3 i t s e l f .  

Thermocouple C a l i b r a t i o n  E r r o r s  

Thermocouple c a l i b r a t i o n  procedures  and u n c e r t a i n t y  l i m i t s  were 

desc r ibed  i n  d e t a i l  i n  a n  earlier s e c t i o n .  This u n c e r t a i n t y  i s  g r e a t e s t  

at tempera tures  above t h e  gold  p o i n t  [1064"C (1947"F)], and w e  estimate 

i t  t o  b e  lt1.5'C (2.7'F) a t  1500°C (2732°F). Below t h e  gold p o i n t  t h e  

u n c e r t a i n t y  i s  k0.8"C ( 1 . 4 ' F ) .  In s i t u  c a l i b r a t i o n  a t  the gold p o i n t  

w a s  conducted i n  t h e  MiniZWOK o x i d a t i o n  appa ra tus .  This  measurement 

i n d i c a t e d  t h a t  t h e  system u n c e r t a i n t y  w a s  less than  2°C (3.6"F) a t  

t h e s e  tempera tures .  

Temperature Grad ien t s  i n  the Sample 

W e  have no evidence f o r  the  e x i s t e n c e  of tempera ture  g r a d i e n t s  

w i t h i n  samples  i n  t h e  c r i t i c a l  p a r t  of t h e  tub ing  used as t h e  specimen 

i n  t h e  MaxiZWOK appara tus .  The MiniZWOK samples ,  however, are n o t  

completely isothermal. For example, at 1200°C (2192°F) we observed a 

l o n g i t u d i n a l  g r a d i e n t  of 1~ 4OC/cm (7*F/cm) from t h e  c e n t e r  t o  t h e  ends 

of the specimens.  There is  a l s o  a c i r c u m f e r e n t i a l  v a r i a t i o n  (two-fold 

symmetry) i n  tempera ture .  The q u a d e l l i p t i c a l  fu rnace  is  b u i l t  i n  two  
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hinged s e c t i o n s  t h a t  can h e  opened t o  a l low t h e  i n s e r t t o n  of  t h e  reac- 

t i o n  tube .  

fu rnace  are  l o c a t e d  a long  t h e  ve r t i ca l  c e n t e r  l i n e  of two opposed 

e l l i p t i c  hemi -cy l ind r i ca l  r e f l e c t i n g  s u r f a c e s .  

c o o l e r  r e g i o n s  on a specimen cor respond t o  t h e  p o s i t i o n s  of t h e  h inge  

and opening,  l e a d i n g  t o  t h e  conc lus ion  t h a t  t h e s e  imper fec t ions  i n  t h e  

r e f l e c t i n g  s u r f a c e s  reduce t h e  e f f i c i e n c y  of t h e  fu rnace  i n  t h e s e  areas. 

The h inge  and cor responding  opening on t h e  o t h e r  s i d e  o f  t h e  

The p o s i t i o n s  of t h e  

These tempera ture  g r a d i e n t s  cause  no p a r t i c u l a r  problem €or  ou r  

measurements o f  ox ide  and a l p h a  l a y e r  t h i c k n e s s e s  s i -nce we  s imply s e c t i o n  

t h e  specimen a t  t h e  thermocouple t a b s  and make our  me ta l log raph ic  mea- 

surements  i n  t h e  immediate v i c i n i t y  of t h e  t a b s  where t h e  tempera ture  

is known. W e  d i d ,  however, i n v e s t i g a t e  t h e  p o s s i h i l . i t y  t h a t  because 

of t h e  Seebeck e f f e c t ,  t h e  e x i s t e n c e  of  such thermal  g r a d i e n t s  coi1l.d 

l e a d  t o  t h e  g e n e r a t i o n  i n  t h e  thermocouple of a n  a d d i t i o n a l  emf t h a t  

i s  p r o p o r t i o n a l  t o  t h e  tempera ture  d i f f e r e n c e  between the  two wires of 

t h e  thermocouple a t  t h e  h o t  j u n c t i o n .  

A c a l c u l a t i o n  w a s  performed f o r  a thermocouple whose h o t  j u n c t i o n  

c o n s i s t s  of s u c c e s s i v e  segments of P t ,  Ta, and Pt-lO% R h .  A t empera ture  

g r a d i e n t  is assumed t o  ex is t  a c r o s s  t h e  j u n c t i o n  w i t h  T I  > T2 > T3, 

TI, T2 and T3 be ing  t h e  tempera tures  a t  t h e  P t /Ta  j u n c t i o n ,  t h e  mid- 

p o i n t  of  t h e  T a  segment, and .the Ta/Pt--lO% Kh j u n c t i o n ,  r e s p e c t i v e l y .  

L e t  % and E 

and a similar thermocouple i n  which t h e  T a  segment is  removed. It can 

b e  shown t h a t  

b e ,  r e s p e c t i v e l y ,  t h e  emf's gene ra t ed  by t h e  thermocouple T 

where t h e  Sx's are t h e  a p p r o p r i a t e  a b s o l u t e  Seebeck c o e f f i c i e n t s .  

r e s u l t s  of t h i s  c a l c u l a t i o n  are t a b u l a t e d  i n  Table  1 f o r  t h e  c a s e  

The 

Ti - T 3  = l°C (1.8OF). 

The "Worst Case Error"  l i s t e d  i n  t h e  t a b l e  w a s  c a l c u l a t e d  on t h e  

assumption t h a t  t h e  thermocouple l e a d s  are welded a t  t h e  edges of t h e  

t a b s ,  thus  producing a h o t  j u n c t i o n  l e n g t h  of rb 2 mm, The w o r s t  

t empera ture  g r a d i e n t  i n  ou r  sample is  rb 0.8OC/mm (1..4°F/mm), t h u s  

c r e a t i n g  a temperature g r a d i e n t  of 1.6'C (2.9'F) across t h e  h o t  j u n c t i o n .  



Tab1.e 1. Seebeck E f f e c t  Temperature E r r o r s  

a E - E , / ' C  '% - ET/dE/dT)'"C Worst Case E r r o r  M ' I  Temperature 

( O F )  

900 -13.70 -1.2 -2.2 -1.9 -3.4 

1100 -18.60 -1.4 -2.5 -2.2 -4.0 

1300 -22. T O  -1.9 -3.4 -3.0 -5.5 

1500 -26.2 -2.2 -4.0 -3.5 - 6 . 3  

--- (UV/"C) ( " C / " C )  ("F/'C) ( " C )  ("0 
-.I 

a See t e x t .  

In l i g h t  of t h e s e  f i n d i n g s  w e  adopted t h e  procedure  of  welding t h e  

t w o  thermocouple w i r e s  t o g e t h e r  and weld ing  t h e  j u n c t i o n  t h u s  formed t o  

a t an t a lum t a b  i n  t h e  o r i e n t a t i o n  shown i n  F ig .  2 .  Thus, f o r  a w e l l -  

made thermocouple j u n c t i o n ,  t h e  e r r o r  due t o  t h e  Seebeck e f f e c t  is 

expec ted  t o  b e  n e g l i g i b l e .  

The c a l c u l a t i o n s  g iven  above w e r e  made f o r  a Pt /Ta/Pt- lO% Eb 

j u n c t i o n ,  whereas i n  a c t u a l  p r a c t i c e  t h e  t an ta lum t a b  i s  a t t a c h e d  t o  

t h e  Z i r c a l o y  tube .  Thus t h e  Z i r c a l o y  might a l s o  be  expec ted  t o  con- 

t r i b u t e  t o  t h e  Seebeck e r r o r .  W e  have made a few rough d e t e r m i n a t i o n s  

of t h e  a b s o l u t e  Seebeck c o e f f i c i e n t  f o r  Zi rca loy-4 ,  however, and f i n d  

i.t t o  b e  approximate ly  1 pV g r e a t e r  t h a n  t h a t  f o r  tantalum. The re fo re ,  

Eq. (1) may a l s o  b e  expec ted  t o  g i v e  a r easonab le  estimate of t h e  

Seebeck e f f e c t  t empera tu re  e r r o r  f o r  a Pt/Ta--Zr/PFlO% Rh j u n c t i o n .  

D e c a l i b r a t i o n  of  Thermocouples 

Th i s  problem w a s  d i s c u s s e d  i n  t h e  s e c t i o n  on Thermocouple Ca l ib ra -  

t i o n  Procedures .  A s  s t a t e d ,  w e  have found no i n d i c a t i o n  of d e c a l i b r a t i o n  

d u r i n g  t i m e s  much l o n g e r  than  t h e  d u r a t i o n  of o u r  exper iments .  

Tab Attachment E f f e c t s  

A s  a l r e a d y  p o i n t e d  out, a t  temperatures above about  1100°C (2012°F) 

w e  f i n d  i t  n e c e s s a r y  t o  i n s e r t  s m a l l  t an t a lum t a b s  between t h e  Z i r c a l o y  

and t h e  thermocouples i n  o r d e r  t o  circumvent t h e  problem of t h e  
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low-melting Pt-%r e u t e c t i c ,  The success  of t h i s  arrangement obvious ly  

depends .on e s t a b l i s h i n g  good thermal  c o n t a c t  between t h e  t a b s  and t h e  

specimen, and our  normal. p rocedure  i s  t o  s p o t  weld t h e  t a b  t o  t h e  

specimen a t  several p o i n t s .  

p r i o r  t o  an  experiment  j u s t  how good t h e  t a b  a t tachment  might b e ,  

a l though i n  g e n e r a l  i t  appea r s  q u i t e  s a t < - s f a c t o r y .  

a t tachment  e f f e c t s ' '  r e p r e s e n t  a s p e c i a l  case of thermal  shun t ing .  

However, w e  have no way of de te rmining  

Note t h a t  " t ab  

We have a t tempted  t o  e s t a b l i s h  an  upper bound f o r  t ab  attachmen% 

e r r o r s  i n  t h e  MiniZWOK appara tus  by performing an  experiment  i n  which 

one measuring thermocouple w a s  a t t a c h e d  t o  t h e  specimen i n  t h e  normal 

f a s h i o n  wh i l e  t h e  second thermocouple w a s  s p o t  welded t o  a t a b  and t h e  

t a b  p o s i t i o n e d  i n  t h e  approximate c e n t e r  of t h e  specimen tube .  Tempera- 

t u r e  d i f f e r e n c e s  of 9 ,  l l . ,  10 ,  and 1 5 ° C  (16, 20 ,  18, and 27°F)  w e r e  

observed a t  900, 1100, 1300, and 1500°C (1652,  2012, 2372, and 2732"F), 

r e s p e c t i v e l y .  I n  t h i s  experiment  t h e  flow rate of  heli-um through t h e  

i n t e r i o r  of t h e  specimen w a s  v a r i e d  from 0 t o  Q 5 c c / s  a t  each t e m p e r a -  

t u r e ;  no change i n  t h e  thermocouple r ead ings  was noted except  a t  900°C 

(1652°F)  where a tempera ture  drop of 1 ° C  (1.8"F) was noted  f o r  t h e  

una t tached  thermocouple.  These r e s u l t s  s e t  t h e  maxi-mum l i m i t s  f o r  

tempera ture  e r r o r s  due t o  poor t a b  a t tachment .  

Our r e g u l a r  exper imenta l  p rocedure  r e q u i r e s  a n  examinat ion of 

bo th  thermocouples and t a b s  a f t e r  each experiment .  Any i n d i c a t i o n  of 

l o o s e  a t tachment ,  e . g , ,  i f  t h e  t a b  can b e  p u l l e d  l o o s e  w i t h  a p a i r  of 

iweezers ,  causes  us  t o  r ega rd  t h a t  experiment  as s u s p e c t .  Any a c c i d e n t a l  

l eakage  of steam i n t o  t h e  i n t e r i o r  of  t h e  specimen i n  q u a n t i t i e s  s u f f i c i e n t  

t o  produce s i g n i f i c a n t  ox ida . t ion  of t h e  thermocouple t a b s  a l s o  l e a d s  t o  

a s u s p e c t  expexi-ment. Thus, i n  a normal experimenL, e r r o r s  due t o  poor 

t a b  a t tachment  are expec ted  to  b e  much smaller t h a n  t h e  max im given  

above and should  approach ze ro  f o r  good a t tachments .  

One i n d i c a t i o n  of the e x i s t e n c e  o f  t a b  a t tachment  e r r o r s  m a y  be 

ob ta ined  by comparing t h e  tempera tures  i n d i c a t e d  by .the two measuring 

thermocouples.  Widely d i f f e r i n g  va lues  sugges t  t a b  t r o u b l e s .  For  

example, i f  t h e  t a b  t o  which t h e  c o n t r o l  and t h e  f i r s t  measuring 

thermocouple are a t t a c h e d  makes poor thermal  c o n t a c t  with t h e  specimen, 
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t h e  c o n t r o l  thermocouple w i l l  s e n s e  a t empera tu re  lower t h a n  t h a t  of  

t h e  specimen. The t empera tu re  o f  t h e  specimen w i l l  t h u s  i n c r e a s e  u n t i l  

t h e  emf r e q u i r e d  by t h e  c o n t r o l l e r  is gene ra t ed  by t h e  c o n t r o l  t h e m o -  

couple .  The f i r s t  measuring thermocouple ( a t t a c h e d  t o  t h e  same t a b  as 

t h e  c o n t r o l  thermocouple) w i l l  i n d i c a t e  approximate ly  t h e  expec ted  

tempera ture ;  however, t h e  second measuring thermocouple (assumed t o  be  

well a t t a c h e d )  w i l l  i n d i c a t e  a r e l a t i v e l y  h i g h  tempera ture  - i n  t h i s  

case t h e  t r u e  t empera tu re  of t h e  specimen. 

The requirement  t h a t  r e a s o n a b l e  agreement ex is t  between t h e  t w o  

measuring thermocouple t empera tu res  is  n o t  a n  a b s o l u t e  measure of t a b  

a t tachment  q u a l i t y .  Real t empera tu re  d i f f e r e n c e s  may e x i s t  i n  t h e  

specimen o r  bo th  t a b s  may b e  poor ly  a t t a c h e d .  With r ega rd  t o  t h e  l a t t e r  

problem, t h e  p r o b a b i l i t y  t h a t  t h e  the rma l  a t tachment  of  bo th  t a b s  w i l l  

b e  e q u a l l y  poor seems s m a l l ,  b u t ,  c l e a r l y ,  t h e  on ly  real c u r e  f o r  t a b  

a t tachment  e f f e c t s  is t o  make s u r e  t h a t  good bonding i s  achieved  between 

t a b  and specimen, and w e  make eve ry  e f f o r t  t o  see t h a t  t h a t  i s  done. 

Eva lua t ion  of Temperature E r r o r s  

I n  t h i s  s e c t i o n  w e  c o n s i d e r  t h e  magnitudes of  t h e  t o t a l  t empera ture  

measurement e r r o r s  i n  o u r  expe r imen ta l  sys tems.  

Determinant  E r r o r s  

C e r t a i n  p a r t s  of t h e  tempera ture  measuring sys tem used wi th  a g iven  

a p p a r a t u s  may b e  c a l i b r a t e d  a g a i n s t  external s t a n d a r d s ,  and a q u a n t i t a -  

t i ve  estfmate of t h e  e r r o r  associatred w i t h  each  component can b e  ob ta ined ;  

such e r r o r s  are u s u a l l y  r e f e r r e d  t o  as t h e  de te rminant  e r r o r s  of t h e  

system. The de terminant  t empera tu re  e r r o r s  f o r  o u r  steam o x i d a t i o n  

a p p a r a t u s e s  are summarized i n  Table  2.  

Inde terminant  E r r o r s  

It i s  cons ide rab ly  more d i f f i c u l t  t o  s p e c i f y  q u a n t i t a t i v e l y  t h e  

inde te rminan t  tempera ture  measurement e r r o r s  a s s o c i a t e d  w i t h  o u r  

experimental ,  systems.  Inde te rminan t  e r r o r s  are t h o s e  r e l a t e d  t o  pro- 

cedures  o r  a p p a r a t u s  f e a t u r e s  n o t  s u s c e p t i b l e  to direct ,  independent  
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c a l i b r a t i o n  as are, f o r  example, thermocouples.  Examples of  such e r r o r s  

i n c l u d e  t h e  problems of  t he rma l  and electrical  s h u n t i n g ,  d e c a l i b r a t i o n  

of  thermocouples,  t a b  a t tachment  e f f e c t s ,  and s p u r i o u s  emf ' s  a s s o c i a t e d  

w i t h  t empera tu re  g r a d i e n t s  a c r o s s  t h e  thermocouple h o t  j u n c t i o n s  ( t h e  

Seebeck e f f e c t ) .  

Inde terminant  E r r o r s  i n  MiniZWOK - On t h e  b a s i s  of ev idence  c i t e d  

i n  t h e  s e c t i o n  on P o t e n t i a l  E r r o r s  w e  f e l t  t h a t  i nde te rminan t  e r r o r s  i n  

t empera tu re  measurements i n  t h e  MiniZWOK a p p a r a t u s  were a c c e p t a b l y  small. 

The q u a n t i f i c a t i o n  of such e r r o r s  i s ,  however, ex t remely  d i f f i c u l t ,  and 

t h e  procedure  f i n a l l y  adopted f o r  t h a t  purpose i n  t h e  Thermometry Repor t3  

is  admi t t ed ly  r a t h e r  a r b i t r a r y  (see a l s o  t h e  s e c t i o n  on T o t a l  E r r o r  

E s t i m a t e s  below). For t h i s  r eason  and in c o n s i d e r a t i o n  of t h e  s p e c i a l  

need f o r  a c c u r a t e  t empera tu re  measurements i n  t h e  ZWOK p r o j e c t  w e  

cont inued  throughout t h e  e n t i r e  program t o  perform exper iments  des igned  

t o  check o u r  o r i g i n a l  estimates of k4"C (27°F) and 26°C (211°F) as t h e  

maximum t o t a l  u n c e r t a i n t y  i n  t empera tu re  measurements a t  900 and 1500°C 

(1652-2732"F), r e s p e c t i v e l y .  

P a r t i c u l a r l y  i n  t h e  MiniZWOK a p p a r a t u s ,  which w a s  used t o  o b t a i n  

t h e  b a s e  i s o t h e r m a l  o x i d a t i o n  d a t a  se t ,  t h e s e  expe r imen ta l  checks have 

been e x h a u s t i v e .  I n  a d d i t i o n  t o  t h e  e x t e r n a l  c a l i b r a t i o n s  and tests 

a l r e a d y  d e s c r i b e d  of t h e  component p a r t s  of t h e  thermometry assembly, 

in s i t u  tests w e r e  performed t o  e v a l u a t e  t h e  accuracy  of  thermometry 

measurements under o p e r a t i n g  c o n d i t i o n s .  I n  one such  experiment t h e  

c a l i b r a t i o n  of  t h e  thermocouples w a s  checked a t  t h e  go ld  p o i n t  E1064.43"C 

(1947.9"F)I.  Using a s t a n d a r d  MiniZWOK Z i r c a l o y  t u b e  specimen, one 

r e c o r d i n g  thermocouple (des igna ted  T/C #l) w a s  i n s t a l l e d  i n  t h e  usua l  

f a s h i o n ,  i . e . ,  a t t a c h e d  t o  a T a  t a b  t h a t  w a s  welded t o  t h e  i n s i d e  w a l l  

of t h e  specimen. 

by a t t a c h i n g  a Ta t a b  t o  a l e n g t h  of P t  wire, which w a s  t hen  l o c a t e d  i n  

t h e  c e n t e r  of  t h e  specimen a long  t h e  t u b e  a x i s  o u t  of  c o n t a c t  w i t h  t h e  

tube  w a l l s .  One end of a t h i n  go ld  w i r e  w a s  welded t o  t h e  back of t h i s  

t a b ,  and t h e  o t h e r  end of  t h e  w i r e  w a s  a t t a c h e d  t o  t h e  T a  t a b  of  T/C #l. 

The e l e c t r i c a l  c i r c u i t  f o r  TIC  #2 w a s  completed through t h e  Pt-Rh l e g  of 

TIC #l. The o u t p u t  of  bo th  thermocouples w a s  recorded  by t h e  CODAS, t h e  

A second r e c o r d i n g  thermocouple (T/C 112) w a s  formed 
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purpose o f  T / C  #2 be ing  t o  i n d i c a t e  by a l o s s  o f  e l ec t r i ca l  c o n t i n u i t y  

t h e  t i m e  a t  which t h e  go ld  w i r e  mel ted.  The ou tpu t  o f  t h e  normal. thermo- 

couple ,  T / C  81, se rved  t o  measure t h e  Cemperature of the T a  t a b  a t  t h e  

moment of m e l t i n g  of t h e  gold .  The tempera ture  of  t h e  sample w a s  s lowly  

i n c r e a s e d  t o  t h e  expec ted  m e l t i n g  p o i n t  of go ld ,  and m e l t i n g  occur red  a t  

a tempera ture  of 1064 ? 2°C (1947 k 4°F).  

This  tes t  shows t h a t  t h e  tempera ture  of t h e  thermocouple j u n c t i o n  

a c c u r a t e l y  r e f l e c t e d  t h e  tempera ture  of t h e  T a  t a b  t o  which i t  was 

a t t a c h e d .  It demonst ra tes  t h e  accuracy  of t h e  e x t e r n a l  c a l i b r a t i o n  of 

t h e  thermocouples and i n d i c a t e s  t h a t  a l l  p o t e n t i a l  sou rces  of  error ,  

save on ly  thermal  shun t ing ,  a re  srnall. 

To e v a l u a t e  thermal  s h u n t i n g  e r r o r s ,  a specimen must be  he1.d a t  a 

known tempera ture  and t h a t  tempera ture  compared t o  t h e  apparent  specimen 

tempera ture  as recorded  by t h e  thermocouple.  Th i s  c o n s t r a i n t  w a s  

s a t i s f i e d  i n  exper iments  i n  which w e  used t h e  tempera tures  f o r  t h e  a-f3 

and a-y t r ans fo rma t ions  i n  z i rconium and i r o n ,  r e s p e c t i v e l y ,  and t h e  

me l t ing  p o i n t  o f  gold as independent  means of e s t a b l i s h i n g  t h e  specimen 

tempera ture"  

, 

For t h e  a-B t r ans fo rma t ion  i.n z i rconium, a c y l i n d e r  of c r y s t a l - b a r  

z i rconium was machined i n t o  a t u b e  having  dimensions s u i t a b l e  f o r  use 

i n  MiniZWOK. Th i s  specimen w a s  ins t rumented  i n  t h e  s t a n d a r d  manner and 

s u b j e c t e d  t o  a steam o x i d a t i o n  experiment  u s ing  t echn iques  t y p i c a l  of 

p rev ious  exper iments .  The i n i t i a l  p o r t i o n  of t h i s  experiment  (which was 

a t r ans i en t - t empera tu re  t e s t )  involved  a f a s t  heat-up t o  1400°C (2552'F) 

fol lowed by a f a s t  coo l  t o  650°C (1202'F). The CODAS ou tpu t  d e s c r i b i n g  

the  temperature- t ime response  of tile two moni tor  thermocouples du r ing  

t h i s  p a r t  o f  t h e  c y c l e  is  shown i n  F ig .  8a. The i n i t i a l  hea-tkrig ra te  

of  t h e  specimen w a s  2OO0C/s (360"F/s ) ,  and t h e  i n f l e c t i o n  i n  t h e  h e a t i n g  

cu rve  shown a t ' a b o u t  860°C (1580'F) w a s  a r e s u l t  o f  t h e  endothermic 

alpha-to-beta  t r ans fo rma t ion  of  t h e  Z i r c a l o y ,  which, f o r  t h e  pu re  material, 

t a k e s  p l a c e  a t  862 ? 5°C (1584 2 9°F).  
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F i g . & .  Time-Temperature Excurs ion  f o r  Pure  Z r  Specimen i n  MiniZWOK 
Appara tus .  Note h e a t i n g  and c o o l i n g  rates and a/@ t r a n s i t i o n  ternpera- 
t u r e s  i n d i c a t e d  by tab-mounted thermocouples.  

The i r o n  a-y phase t r a n s i t i o n  experiment w a s  performed i n  a some- 

what similar manner. 

o f  t h e  same dimensions as a s t a n d a r d  MiniZWOK specimen, and the thermo- 

couples  w e r e  welded d i r e c t l y  t o  t h e  specimen. The the rma l  arrest 

o b t a i n e d  on h e a t i n g  through t h e  a-y t r a n s i t i o n  a t  a h e a t i n g  rate of  

%13"C/s occur red  a t  912.7 t 0 . 1 " C  (1674.9 k 0.2"F). While i r o n  is by no 8 

means a s t a n d a r d  r e f e r e n c e  material f o r  t empera tu re  c a l i b r a t i o n ,  t h e  

A s h e e t  of h igh  p u r i t y  i r o n "  w a s  formed i n t o  a tube  

accep ted  v a l u e  f o r  t h e  a-y t r a n s i t i o n  t empera tu re  is  912°C (1674°F)-  

*Mar2 I r o n  ob ta ined  from Materials Research Corp. Vendor c e r t i f i e d  
a n a l y s i s  (ppm by wt): 12  C ,  60 0 ,  1.0 H ,  10 N ,  c O . 1  A l ,  1.6 N a ,  0.87 Mg, 
0.70 P, 2.60 S, 0.80 C1, 1.80 K ,  0.80 C a ,  1.40 T i ,  0.60 Cu, 10.10 Si, 
1.60 C r ,  <0.10 N i ,  1 .90 Zn, <0.10 G a ,  <0.10 Z r ,  40.10 Nb, <0.10 Mo, 
<0.10 Pd, CO.10 Ag, <0.10 I n ,  cO.10 Sn, <0.10 Sb, <0.10 Ta ,  i0.10 P t ,  
<0.10 Au, <0.10 Pb, o t h e r s  <0.10. 
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Perhaps t h e  most convincing ev idence  t h a t  thermal shun t ing  e r r o r s  

were n e g l i g i b l e  i n  t h e  MiniZWOK appara tus  w a s  provided by a test  i n  

which t h e  specimen was h e l d  a t  t h e  gold m e l t i n g  tempera ture .  I n  o r d e r  

t o  avo id  any lowering of t h e  go ld  me l t ing  p o i n t  as a r e s u l t  of che f o r -  

mat ion of a Au-Zr s o l i d  s o l u t i o n ,  t h i s  measurement was c a r r i e d  o u t  i n  a 

s p e c i a l  "Zi rca loy  oxide  c r u c i b l e "  made by arraiigjxig a s t a n d a r d  PWR 

Zircaloy-4 specimen c o n c e n t r i c a l l y  i n s i d e  a EWR t u b e  of t h e  same l e n g t h ,  

bo th  tubes  be ing  h e l d  i n  a Zi rca loy  j i g  as shown i n  F ig .  8b. Because 

of t h e  g r e a t e r  d iameter  of t h e  BWR tube ,  an  a n n u l a r  space  approximately 

0.075 c m  (0.030 i n . )  w a s  formed between t h e  two t ubes .  The r e s u l t i n g  

specimen" w a s  t hen  ins t rumented  i n  t h e  s t a n d a r d  f a s h i o n  atid mounted i n  

t h e  MiniZWOK appara tus  where t h e  o u t e r  and i n n e r  BWR- and ouLer PWK-tube 

s u r f a c e s  were ox id ized  i n  pu re  oxygen a t  ~ 1 0 0 0 ~ C  (1832'F) t o  f o r m  s u r f a c e  

oxide  l a y e r s  Q30 iim t h i c k .  The n e t  r e s u l t  of t h i s  t r ea tmen t  was the 

convers ion  of t h e  annu la r  r e g i o n  of t h e  sample i n t o  a "Zircaloy-oxide" 

I 1  

ORNL-DWG 77-10953 

1 ,-BWRTUBING / 

3 crn 

THERMOCOUPLE 

F i g .  8b. Schematic Drawing of the "Zircal.oy Oxide Cruc ib le"  Used 
i n  t h e  Gold-Point Determinat ion.  
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c r u c i b l e .  Next t h e  spec imen-cruc ib le  w a s  removed from t h e  a p p a r a t u s ,  a 
go ld  f o i l  of mel t ing-poin t -s tandard  p u r i t y *  was i n s e r t e d  i n t o  t h e  a n n u l a r  

c r u c i b l e ,  and t h e  en t i r e  assemblage w a s  p l aced  back i n  the. MiniZWOK 

appara tus .  The subsequent m e l t i n g  of t h e  gold  w a s  done w i t h  f lowing  

he l ium as a n  environment. The specimen w a s  f i r s t  d r i v e n  through t h e  

m e l t i n g  p o i n t  of go ld  t o  b r i n g  t h e  g o l d  i n t o  i n t i m a t e  c o n t a c t  w i t h  t h e  

ox ide  s u r f a c e  and t h e n  aga in  d r i v e n  through t h e  t r a n s i e n t  p i c t u r e d  i n  

F i g .  8c. T h i s  mode of h e a t i n g  w a s  i d e n t i c a l  t o  t h a t  i n  an o x i d a t i o n  

experiment excep t  t h a t  when t h e  tempera ture  reached  the  me l t ing  p o i n t  

of g o l d ,  a thermal arrest  occur red ,  caus ing  t h e  oxide-gold i n t e r f a c e  

t o  b e  a t  a f i x e d  and known t empera tu re  of 1064.4.3 It: i s  a t  t h i s  t i m e  

*Mar2 Gold ob ta ined  from Materials Research Corp. Vendor c e r t i f i e d  
a n a l y s i s  (ppm by w t ) :  15C, c5.0 0 ,  11.00 H, <5.0 N ,  0.20 AI, 0.18 Na, 
0.02 Mg, 10.01 P ,  0 .13  S, 0,16 C 1 ,  0.40 K, 0.30 Ca, 0.01 T i ,  0.73 F e ,  
1.30 Cu, 0 .51 S i ,  cO.01 C r ,  0.05 Ni, 0.05 Zn, 0.06 Mo, 0.25 Pd, 4.20 Ag,  
c0.01 Sn,  0.02 Sb, <0.01 Pb. 

ORNL-DWG 77-12842 
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Fig. 8c. Time-Temperature Excurs ion  f o r  Gold-Point Determina t ion  
i n  t h e  MiniZWOK Apparatus.  
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t h a t  t h e  d i f f e r e n c e  i n  t h e  recorded  thermocouple tempera ture  and t h e  

gold  p o i n t  i s  p r e c i s e l y  t h e  thermal  shun t ing  e r r o r .  A s  i s  i l l u s t r a t e d  

i n  F ig .  8c, t h e  thermal  arrest  a t  t h e  gold  p o i n t  l .as ted f o r  approximately 

n i n e  seconds and w i t h  t h e  tempera ture  moni tor ing  c a p a b i . l i t y  of  CODAS 

seven ty - f ive  tempera ture  measurements were made ove r  t h i s  t i m e  i n t e r v a l ,  

t h e  average  tempera ture  i n d i c a t e d  by t h e  thermocouple be ing  1064-4  I 0 . 3 " C .  

Attempts  w e r e  a l s o  made t o  perform an  ?:n si&% n icke l -po in t  d e t e r -  

mina t ion  us ing  t h e  "Zircaloy-oxide" c r u c i b l e  and by o t h e r  approaches.  

I n  a l l  cases, however, severe expe r imen ta l  d i f f i c u l t i e s  were encountered ,  

f o r  example, t h e  m e l t i n g  down of t h e  c r u c i b l e  as a r e s u l t  of t h e  a l l o y t n g  

of t h e  n i c k e l  and %ircal .oy when t h e  ox ide  c o a t i n g  on t h e  c r u c i b l e  e i t h e r  

cracked due t o  thermal. s t r a i n s  o r  because t h e  oxide d i s s o l v e d  i n t o  t h e  

unde r ly ing  Zircal.oy as t h e  s a m p l e  w a s  h e a t e d  t o  t h e  N i  me l t ing  tempera- 

t u r e .  For  t h i s  r eason  w e  w e r e  unable  t o  o b t a i n  a comple te ly  unambiguous 

comparison between i n d i c a t e d  thermocouple tempera tures  and a c t u a l  specimen 

tempera tures  a t  t h e  upper end of the tempera ture  range  i n v e s t i g a t e d .  

Nonethe less ,  t h e  r a t h e r  remarkab1.e r e s u l t s  ob ta ined  f o r  t.he t ransforma- 

t i o n  tempera tures  of Z r  and Fe and t h e  me l t ing  p o i n t  of go ld  s t r o n g l y  

sugges t  t h a t  thermal. shun t ing  e f f e c t s  i n  t h e  MiniZlJOK appa ra tus  w e r e  

e s s e n t i a l l y  n e g l i g i b l e  and t h a t  o u r  estimates of maximum t o t a l  tempera- 

t u r e  measurement u n c e r t a i n t i e s  are  v a l i d  and, i f  any th ing ,  somewhat 

conse rva t ive .  

- Lndeterminant E r r o r s  i n  MaxiZWcg - Again f o r  reasons  a l r e a d y  g iven ,  

w e  b e l i e v e  t h a t  e l e c t r i c a l  s h u n t i n g  and thermocouple d e c a l i b r a t i o n s  

e r r o r s  are n e g l i g i b l e  i.n t h i s  appa ra tus .  E r r o r s  due t o  thermal  shun t ing  

are a l s o  ve ry  s m a l l  f o r  i s o t h e r m a l  exper iments ,  a l though w e  estimate 

t h a t  such e r r o r s  may reach  5°C (9°F)  i n  our  "mixed temperature ' '  exper i -  

ments where t h e  fu rnace  tempera ture  exceeds t h e  steam tempera ture  a The 

r e l a t ive  ease w i t h  which thermocouples may b e  i n s t a l l e d  and t h e  absence 

of s i g n i f i c a n t  thermal  g r a d i e n t s  i n  t h i s  appa ra tus  tend  t o  minimize bo th  

t h e  t a b  and Seebeck e f f e c t s .  

T o t a l  E r r o r  E s t i m a t e s  

The: t o t a l  t empera ture  e r r o r  f o r  a g iven  appa ra tus  i s  t h e  sum o f  

t h e  de te rminant  and inde te rminan t  e r r o r s  f o r  t h e  system. The de terminant  

e r r o r s  f o r  t h e  Mini-ZWOK and MaxiZWOK a p p a r a t u s e s  are  l i s t e d  above and w e  
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have a l r e a d y  c i t e d  ev idence  f o r  our  b e l i e f  t h a t  t h e  inde terminant  e r r o r s  

are s m a l l .  

i t  h a s  been observed t h a t  t h e  p robab le  a b s o l u t e  accuracy e r r o r  of t e m -  

p e r a t u r e  measurements i n  a w e l l  des igned  system is two-to-three times 

t h e  r e p r o d u c i b i l i t y .  Thus, t a k i n g  t h e  de te rminant  e r r o r  as an estimate 

of r e p r o d u c i b i l i t y ,  w e  g i v e  as t h e  probable  tempera ture  measurement 

e r r o r  i n  MiniZWOR and f o r  i so the rma l  experiments  i n  MaxiZWOK v a l u e s  

ranging  from 54°C (7.2"F) a t  900°C (1652'F) t o  t6'C (10.8'F) a t  1500°C 

(2732°F). 

where t h e  tempera tures  of  t h e  steam; t h e  f u r n a c e ,  and t h e  specimen are 

a l l  d i f f e r e n t ,  t h e  tempera ture  e r r o r  may be  s l i g h t l y  l a r g e r  than  t h a t  

g iven  above, t h e  a d d i t i o n a l  u n c e r t a i n t y  r each ing  an  e s t ima ted  k5"C (9°F) 

f o r  t h o s e  s i t u a t i o n s  where,  because of specimen s e l f - h e a t i n g ,  t h e  spec i -  

men tempera ture  is s i g n i f i c a n t l y  above t h a t  of e i t h e r  t h e  steam o r  t h e  

fu rnace .  

It is imposs ib le  t o  q u a n t i f y  them; however, in o t h e r  s t u d i e s 1 9  

During t r a n s i e n t  tempera ture  t e s t s  i n  t h e  MaxiZWOK appa ra tus  

Weight Gain T e s t s  

I n  o r d e r  t o  p rov ide  a measurement of t h e  k i n e t i c s  o f  t o t a l  oxygen 

consumption du r ing  i so the rma l  steam o x i d a t i o n ,  it i s  necessa ry  when 

us ing  t h e  mult ispecimen t echn ique  t o  o b t a i n  f o r  each specimen a v a l u e  

of  t h e  oxygen uptake.  Normally, t h i s  t a s k  would be  accomplished by 

p r e c i s i o n  weight-gain measurements o r  by q u a n t i t a t i v e  chemical  a n a l y s i s .  

However, bo th  of t h e s e  methods y i e l d  average  v a l u e s  of t h e  oxygen g a i n  

f o r  t h e  whole specimen o r  sample and, t h u s ,  care must b e  t aken  t o  i n s u r e  

t h a t  t h e  e n t i r e  specimen is  uniformly r e a c t e d .  I n  a d d i t i o n ,  f o r  t h e  

weight  g a i n  method, t h e  p o s s i b l e  problems a s s o c i a t e d  w i t h  t h e  thermo- 

couple  i n s t a l l a t i o n s ,  end e f f e c t s ,  and t h e  l i k e ,  must be  cons idered .  

These problems and o t h e r s  make t h e  weight  g a i n  and chemical  a n a l y s i s  

methods u n a t t r a c t i v e  for a s s e s s i n g  the e x t e n t  of t h e  h i g h  tempera ture  

steam o x i d a t i o n  of Z i r ca loy  f u e l  t ubes .  

An a l t e r n a t i v e  procedure ,  based on t h e  exper imenta l  obse rva t ion  

t h a t  compaet and r e l a t i v e l y  uniform l a y e r s  of ox ide  and a lpha-Zi rca loy  

form dur ing  t h e  r e a c t i o n ,  is t o  c a l c u l a t e  t h e  t o t a l  oxygen consumed from 

phase t h i c k n e s s  measurements and d i f f u s i o n  c a l c u l a t i o n s .  mi i s  value i s  
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ob ta ined  by computing the t o t a l  oxygen a s s o c i a t e d  w i t h  t h e  ox ide ,  a l p h a ,  

and ( p r i o r )  b e t a  l a y e r s ,  and s u b t r a c t i n g  from t h i s  t h e  amount of oxygen 

o r i g i n a l l y  i n  t h e  specimen. A b a s i c  assumption i s  t h a t  e q u i l i b r i u m  

v a l u e s  of t h e  oxygen c o n c e n t r a t i o n s  apply  a t  t h e  v a r i o u s  i n t e r f a c e s .  

( I t  i s  common i n  c a l c u l a t i o n s  of t h i s  t y p e  t o  cons ide r  t h e  ox ide  t o  be  

comp1.etely s to i ch i .ome t r i c  r a t h e r  t han  having  a n  oxygen g r a d i e n t  a c r o s s  

i t .  S ince  t h e  d e f e c t  s t r u c t u r e  of Zircal.oy oxide  i s  n o t  w e l l  e s t a b l i s h e d ,  

a ' ' conserva t ive"  es t imate  of t o t a l  oxygen i s  ob ta ined  i f  t h e  oxide  i s  

assumed t o  b e  s t o i c h i o m e t r i c .  Unless o the rwise  no ted ,  a s  i n  t h e  case 

f o r  c a l c u l a t i n g  d i f f u s i o n  c o e f f i c i e n t s ,  w e  will r e p o r t  v a l u e s  of t o t a l -  

oxygen based  on s t o i c h i o m e t r i c  ox ide .  Furthermore,  l i n e a r  oxygen con- 

c e n t r a t i o n  g r a d i e n t s  are assumed f o r  t h e  al.pha phase,  and a s i m p l i f i e d  

d i f f u s i o n  c a l c u l a t i o n  is  used t o  de te rmine  t h e  amount of oxygen i n  t h e  

b e t a  phase.  The accuracy  of t h e  l a t t e r  c a l c u l a t i o n  was checked f o r  

several cases by a more s o p h i s t i c a t e d  method and wa.s found t o  be  

s a t i s f a c t o r y .  ) 

We sei-ected t h e  fo l lowing  expres s ions  t o  r e p r e s e n t  the  e q u i l i b r i u m  

s o l u b i l i t y  and d i f f u s i v i t y  v a l u e s  f o r  t h e  Zircaloy-4--oxygen system over  

t h e  tempera ture  range  of ou r  experiments:  

a. The c o n c e n t r a t i o n  o f  oxygen i n  t h e  ox ide  a t  the gas i n t e r f a c e  

( s t o i c h i o m e t r i c  ox ide ) :  

= 1.511 g/cm3 . 'ox/gas ( R e f ,  20) 

b.  The c o n c e n t r a t i o n  of oxygen? i n  t h e  ox ide  a t  t h e  a l p h a  phase 

i n t e r f a c e  (used i n  c a l c u l a t i o n s  where a n  oxygen c o n c e n t r a t i o n  g r a d i e n t  

across t h e  oxide is cons ide red )  : 

c. The concentrat ion of oxygen i n  t h e  alpha phase  a t  the oxide 

i n t e r f a c e :  

5 d O - x  = 0.4537 g/cm3 . (Kefs.  22 and 23)  
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d.  The c o n c e n t r a t i o n  o f  oxygen i n  t h e  a l p h a  phase a t  t h e  b e t a  

phase i n t e r f a c e :  

(T i 1073'K) 

e. The c o n c e n t r a t i o n  of oxygen i n  t h e  b e t a  phase a t  t h e  a l p h a  

phase i n t e r f a c e :  

(Ref. 2 4 )  

(T '> 1.373%) 

( 1 2 3 3 O K  < T < 1373'F) . 
f. The d i f f u s i v i t y  oE oxygen i n  t h e  b e t a  phase: 

A d i r e c t  comparison of t h e  t o t a l  oxygen v a l u e s  o b t a i n e d  Ry weight- 

g a i n  measurements and by c a l c u l a t i o n s  based on t h e  m e t a l l o g r a p h i c  phase 

l a y e r  measurements i s  g iven  i n  Table  3. These f o u r  experiments were 

T a b l e  3 .  A Comparison of Values f o r  T o t a l  Oxygen Consumption by 
Weight-Gain and Meta l log raph ic  Measurements. Oxida t ion  of 

Batch B PWR t u b e s  i n  steam a t  1200°C (2192°F).  

-.-- . 

T o t a l  Oxygen Consumed Layer Thickness 
Oxide 
(w> (urn> (mg/cm2) (mg / cm2 

Alpha Weight Gain Metallography T i m e  
( s  1 

62 25.3 33.0 

142  36.5 50.8 

171 38 .9  5 1 . 7  

188 41.4  57.0 

5.31 

7.61 

8.17 

8.73 

5.29 

7.76 

8.22 

8.80 
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conducted i n  an  e a r l y  v e r s i o n  of t h e  MiniZWOK a p p a r a t u s ,  and p a r t i c u l a r  

a t t e n t i o n  w a s  p a i d  t o  t h e  weighing procedures  f o r  t h e  specimen b e f o r e  

and a f t e r  o x i d a t i o n .  'The measured and c a l c u l a t e d  oxygen consumption 

v a l u e s  are seen  t o  e x h i b i t  ve ry  good agreement f o r  each case, and w e  

r ega rd  t h i s  as f u r t h e r  evi.de.nce t h a t  t h e  metallographic: method and 

a s s o c i a t e d  computational. p rocedures  are a c c e p t a b l y  a c c u r a t e ,  at. least  

f o r  o x i d a t i o n  under i s o t h e r m a l  c o n d i t i o n s .  

C h a r a c t e r i z a t i o n  of Zircaloy-4 PlJR Tube Specimens 

The bu lk  of t h e  o x i d a t i o n  experiments  c a r r i e d  o u t  i n  t h i s  program 

were conducted w i t h  Reactor  Grade Zircaloy-4 PWR tubi-ng from Sandvik 

S p e c i a l  Metals  Corporat ion.  T h i s  material  w a s  p a r t  o f  a l a r g e r  qu'1iLLitjl 

purchased s p e c i f i c a l l y  f o r  use i n  a number oE f u e l  c l add ing  r e s e a r c h  

programs sponsored by the D i v i s i o n  of Reactor  S a f e t y  Research of t h e  

Nuclear  Regulatory Commission. The s p e c i f i c a t i o n s  and c h a r a c t c r i z a t i o n  

o f  t h i s  tul:,ing have been pub l i shed  p rev ious ly2 '  and will n o t  b e  con- 

s i d e r e d  h e r e .  The p a r t i a l  chemical a n a l y s e s  of t h j s  mater ia l ,  a long  

w i t h  comparat ive val.ues from a second l o t ,  d e s i g n a t e d  Batch B ,  i s  

p r e s e n t e d  i n  'I'ab1.e 4 .  'The 9RNL a n a l y s e s  f o r  Fe and C r  were determined 

Tab le  4 .  Nominal Ana lys i s  of Zircaloy-4 PWR Tubes Used i n  
ZWOK Steam Oxida t ion  Experiments 

- I..__I__ .-.- 

ORNL Ana lys i s  ORNL Ana lys i s  Vendor Ana1ysi.s Vendor Ana lys i s  
Batch B Tubes Sandvik Tubes Sandvik Tubes Sandvik I n g o t  Element 

Sn 

Fe 

C r  

N i  

s i  
0 

C 

N 

H 

1 . 3  G l t  % 

0 . 2 2  

0.10 

<.02 

<. 0015 

12.50 ppm 

100 

1 5  

15  

1 . 6  w t  % 

0.2.5 

0.12 

1200 pprn 

90 

30 

25  

1 .47  w t  % 

.21 

.12 

< .O035 

.0080 

1220 ppJk 1240 ppm 

110 

33 32 

20 5 
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by i s o t o p e  d i l u t i o n  spark-source  mass spec t romet ry  methods w i t h  a 

p robab le  e r r o r  w i t h i n  5 t o  10% of  t h e  r e p o r t e d  va lue .  The Sn concen- 

t r a t i o n  was determined p h o t o e l e c t r i c a l l y  w i t h  an u n c e r t a i n t y  of about  

5% of t h e  r e p o r t e d  v a l u e .  The agreement between t h e  vendor and ORNL 

a n a l y s e s  f o r  t h e  Sandvik t u b i n g  i s  seen  t o  be  q u i t e  good. The concen- 

t r a t i o n s  of  t h e  m e t a l l i c  a l l o y i n g  e lements  i n  t h e  Batch B material show 

some s m a l l  d i f f e r e n c e s  compared t o  t h e  Sandvik tub ing .  The Batch B 

tubing w a s  used on ly  i n  t h e  p r e l i m i n a r y  o x i d a t i o n  s t u d i e s  and f o r  one 

of  t h e  scoping  test sequences .  The tube  dimensions (Sandvik: 

1.092 c m  OD, .0635 cm w a l l  t h i c k n e s s ;  Batch E:  1 .067 c m  OD, .0686 cm 

w a l l  t h i c k n e s s )  were such t h a t  e i t h e r  could  be  used i n  ou r  a p p a r a t u s e s  

wi thou t  m o d i f i c a t i o n .  

EXPERIMENTAL RESULTS FOR ISOTNERMAL, OXIDATION 

The main o b j e c t i v e  of t h e  Reac t ion  Rate Task of t h e  Zirconium 

Metal-Water Oxida t ion  K i n e t i c  Program w a s  t o  p rov ide  a b a s i c  se t  of 

i s o t h e r m a l  o x i d a t i o n  rate parameters  f o r  Zi rca loy-4  i n  steam a t  temper-  

a t u r e s  from 900 t o  1500°C (1652 t o  2732'F) o b t a i n e d  under c a r e f u l l y  

c o n t r o l l e d  expe r imen ta l  c o n d i t i o n s .  A number o f  scoping  rests w e r e  

a l s o  conducted. These w e r e  des igned  t o  e s t a b l i s h  t h e  e f f e c t  on t h e  

i s o t h e r m a l  rate of o x i d a t i o n  of  Zi rca loy-4  of  (a) t h e  steam i n j e c t i o n  

t empera tu re ,  (b) steam flow rates,  ( c )  t h e  p re sence  i n  t h e  steam o f  

gaseous i m p u r i t i e s  such  as oxygen, hydrogen, and n i t r o g e n ,  and (d)  s m a l l  

v a r i a t i o n s  i n  a l l o y  composition. (Scoping tests of t h e  e f f e c t  of  steam 

p r e s s u r e  are p r e s e n t l y  i n  p r o g r e s s  and t h e i r  r e s u l t s  w i l l  be  d e s c r i b e d  

i n  a subsequent r e p o r t . )  I n  a d d i t i o n ,  a number of t r a n s i e n t -  

t empera tu re  o x i d a t i o n  tests were performed i n  o r d e r  t o  p rov ide  a b a s i s  

f o r  t e s t i n g  ou r  code p r e d i c t i o n s  based  on t h e  i s o t h e r m a l  d a t a .  

The primary data set f o r  i s o t h e r m a l  o x i d a t i o n  w a s  o b t a i n e d  us ing  

t h e  MiniZWOK o x i d a t i o n  a p p a r a t u s .  This  a p p a r a t u s  proved t o  b e  ex t remely  

versat i le  and w a s  a l s o  used f o r  many of t h e  scop ing  tests.  The MaxiZWOK 

a p p a r a t u s  provided  scop ing  test in fo rma t ion  (steam flow rate and i n s e r t i o n  

t empera tu re )  f o r  o x i d a t i o n  a t  the Lower t empera tu res  of i n t e r e s t .  A few 

"mixed-temperature" exper iments ,  where t h e  steam and fu rnace  w e r e  
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maintai-ned at different tempera tures  were a l s o  conducted i n  t h i s  

appa ra tus .  

Primary I so the rma l  Data S e t  - MiniZWOR Apparatus 

‘The l c ine t i c s  o f  t h e  r e a c t i o n  beilween t h e  s t a n d a r d  b a t c h  o f  Sandvik 

Zircaloy-4 PUR f u e l  t ubes  and s t e a m  w e r e  s t u d i e d  under e s s e n t i a l l y  

is0 thermal  c o n d i t i o n s  ove r  t h e  t ernp era t ure range  900-1500 C (16 5 2-2 7 32 F) 

at 50°C (90’F) i n t e r v a l s .  The Min iZFjOK o x i d a t i o n  appa ra tus  was u t i l i z e d  

t o  produce series o f  ox id i zed  speci.mens t h a t  were then  examined by 

me ta l log raph ic  methods i n  o r d e r  t o  ob ta in  t h e  b a s i c  k i n e t i c  parameters .  

For each tempera ture  i n v e s t i g a t e d ,  a t  l eas t  t e n  s p e c h e n s  w e r e  ox id i zed .  

The maxi.mum o x i d a t i o n  t i m e  a t  each teii iperature wa-s chosen t o  enab1.e an  

a c c u r a t e  d e s c r i p t i o n  of t h e  k ine t ics  t o  be ob ta ined  y e t  t o  avo id  problems 

t h a t  a r h e  a t  longe r  o x i d a t i o n  times where e x c e s s i v e  oxygen s o l u t i o n  i n  

t h e  b e t a  phase occur s .  

Most o f  t h e  da t a -ga the r ing  procedures  have been d i s c u s s e d  i n  d e t a i l  

i n  prev ious  Quar t e r ly  ~eports. 1 

c r i p t i o n  of the techni-ques used emphasizing on ly  those  p o i n t s  t h a t  have 

not  p r e v i o u s l y  r ece ived  a t t e n t i o n .  The procedures  o u t l i n e d  i n  t h e  

p r e c e d i n g  c h a p t e r  of t h i s  r e p o r t  d e s c r i b i n g  t h e  appa ra tus  w e r e  fo l lowed.  

F a r  a l l  of t h e  experiments  involved  i n  t h e  pr imary d a t a  se t ,  the steam 

flow rate  was set  a t  approximately 30 g/rnin (0.066 lblrrrin) cor responding  

t o  a l i n e a r  v e l o c i t y  of about  1 ni/s ( 3  f t / s )  past: t h e  specimen i n  t h e  

appa ra tus .  

~e w i l l  i n c l u d e  h e r e  a general .  des- 

The t ime-temperature  cycles  used eo approximate t h e  i s o t h e r m a l  

exposures  w e + e  s e t  i n t o  t h e  programmer f o r  the tFemperature c o n t r o l l e r  

p r i o r  to each experiment. Genera l ly  t h e s e  experiments involved  h e a t i n g  

‘Lhe speeimens t o  t h e  d e s i r e d  t c r n p e ~ ~ t u r e  at rates i n  excess of 100°C/s 

(18O0F/ -:I, ho ld ing  t h e  specimen a t  cons t an t  tempera ture ,  w i t h i n  about 

l J ° C ,  f o r  tl-e r e q u i r e d  t i m e ,  and f i n a l l y  coo1i.rrg t h e  specimen a t  

i n i t i a l  ra tes  g r e a t e r  than  100°C/s (180°F/s). Two t ime-temperature  

curves  illixstrat iiig t y p i  i so the rma l  experiments  are shown i n  



4 1  

Figs. 9 and 10. A comparatively low-temperature, long-time experiment 

is shown in Fig. 9, which is taken from a recorder trace of an oxidation 

experiment conducted nominally at llOO°C (2012'F). The high degree to 

which this cycle approximates an isothermal exposure is clear. 

is a similar recorder trace f o r  a high-temperature, short-time experiment. 

While equally fast heating and cooling rates were employed here, the very 

short time-at-temperature suggests that a significant fraction of the 

total oxidation process occurred during heating and cooling, 

considered necessary to account for these contributions in all the iso- 

thermal. experiments. This process requires an accurate record of the 

complete time-temperature cycle. 

The connection of the CODAS to the temperature measuring circuit of 

Figure 10 

It was 

the MiniZWOK apparatus permitted a complete and sensitive record of the 
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time-temperature history of each experiment to be obtained. The inter- 

face circuitry was designed so that the temperatures sensed by the two 

monitor thermocouples could be measured. Thermocouple emf's could be 

gathered by the computer in time steps as small as 50 m s  over the entire 

duration of the experiment, stored, and recalled on demand. The CODAS 

computer converted thermocouple emf's to temperature according to the 

calibration for our Pt vs Pt--lO% Rh 

s tandnrdization procedures showed that the accuracy of the system was 

equivalent to that of the Leeds and Northrup K-3 potentiometer. Both 

teletype printout and paper tape records of the experiment histories 

were utilized. The paper tape record was subsequently used in a com- 

puter program, discussed below, for the normalization of the time- 

temperature data and the establishment of effective times-at-temperature 

€or each set of isothermal experiments. 

and frequent 

Normalization of Time-Temperature Excursions 

The experimental determination of an isothermal rate constant using 

a multispecimen technique - where a change in a parameter is measured as 

a function of time - requires considerable care t o  insure that a11 

variables, save time, are equivalent f o r  each measurement. For "$so- 

thermal" experiments in either of our oxidation apparatuses, the problem 

i s  two-fold. First, the heat-up, cool-down, and stabilization times 

frequently constitute significant departures from isothermal conditions; 

secondly, it is rare that any two experiments result in precisely the 

same equilibrium temperature. These difficulties can be circumvented 

by appropriate normalization of each of the individual time-temperature 

excursions t o  an equivalent isothermal excursion at some assigned, 

representative temperature. 

The normalization is accomplished in a manner identical to that 

employed by diffusion researchers to compensate for heat-up times and 

small differences in annealing temperatures.26 If we assume that the 

rate constants f o r  the kinetic parameters of interest in the steam 

oxidation of Zircaloy-4 are represented by Arrhenius relationships, we 

can write for any known time-temperature excursion: 
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where 

( e f f )  ' = e q u i v a l e n t  t i m e ,  s ,  a t  a n  a s s igned  t empera tu re ,  'T 

= ass igned  tempera ture ,  O K ,  

( e f f )  

( e f f j  

t 

T 

T ( t )  = a c t u a l  t empera tu re ,  OK, as a f u n c t i o n  of t i m e ,  t ,  

Q 5 a c t i v a t i o n  energy ( r a t e  c o n s t a n t )  cal /g-mol ,  

R = gas  c o n s t a n t ,  1.987 cal/g-mol-"K, 

t = t i m e ,  s. 

T h i s  exp res s ion  pe rmi t s  t h e  c a l c u l a t i o n  of the e q u i v a l e n t  r e a c t i o n  t i m e ,  

t 

ternperature-time excur s ion .  W e  have w r i t t e n  a s i m p l e  computer program 

t h a t  accomplishes  t h e  above c a l c u l a t i o n .  

f o r  any g iven  
( e f f  1 ' a t  a n  a r b i t r a r y  c o n s t a n t  t empera tu re ,  T 

( e f f )  

For  each set  of  i s o t h e r m a l  exper iments  conducted i n  t h e  o x i d a t i o n  

a p p a r a t u s e s ,  t h e  average  tempera ture  of t h e  set  was determined,  and t h e  

e q u i v a l e n t  t i m e  a t  t h a t  t empera ture  was cal.cuPated acco rd ing  t o  E q .  ( 2 )  

f o r  each experiment .  I n  t h e s e  c a l c u l a t i o n s ,  a n  a c t i v a t i o n  energy of 

40 Kcal/mol w a s  assumed t o  apply  f o r  each r a t e  p rocess .  However, 

s e n s i t i v i t y  tests showed t h a t  t h e  t i m e  c o r r e c t i o n s  t o  most experiments  

v a r i e d  only  s l i g h t l y  f o r  v a l u e s  of  Q i n  -the range  of 30 t o  50 Kcal/mol. 

Pforeover, as p a r t  of a later i t e r a t i v e  c a l c u l a t i o n  check, rate. c o n s t a n t s  

were computed f o r  ox ide  and a l p h a  l a y e r  growth a t  1253 and 1504°C 

(1287-2739°F) u s i n g  t h e  a c t u a l  Q v a l u e s  f o r  each.  The average  change i n  

t h e  range  c o n s t a n t  observed us ing  t h e  i t e r a t ive  method f o r  computat ion 

o f  t h e  times w a s  l e s s  t h a n  0.5%; t h u s ,  w e  have con.c.luded t h a t  Eq.  ( 2 )  

performs a c c u r a t e  no rma l i za t ions  of  t h e  t ime-temperature  excur s ions  

us ing  a mean v a l u e  f o r  t h e  a c t i v a t i o n  energy.  O f  cou r se ,  t h e  magnitude 

of t h e  c o r r e c t i o n  and i t s  s e n s i t i v i t y  t o  the p r e c i s e  -values of t h e  

a c t i v a t i o n  energy w i l l  depend upon t h e  exact shape  of t h e  t ime-temperature  

c y c l e  i n  r e l a t i o n  t o  t h e  d e s i r e d  i so the rma l .  

The c a l c u l a t i o n s  of t h e  e f f e c t i v e  ox: idat ion t i m e s  a cco rd ing  t o  

Eq.  (2)  w e r e  performed by computer. The CODAS system provided t h e  

b a s i c  t ime-temperature  f u n c t i o n ,  T ( t )  , whi-ch, f o r  t h e  very-short- t ime 
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exper iments  a t  t h e  h i g h e s t  t empera tu re ,  c o n s i s t e d  of tempera ture  r e a d i n g s  

on each thermocouple every  50 m s .  For l onge r  exper iments  t h e  CODAS 

i n p u t  t o  t h e  program w a s  a p p r o p r i a t e l y  modi f ied  w i t h  no a p p r e c i a b l e  l o s s  

i n  accuracy .  

e x i s t e d  between t h e  moni tor  thermocouple p o s i t i o n s  d u r i n g  o x i d a t i o n  on 

a s i n g l e  specimen, t h e  e q u i v a l e n t  t i m e s  a s s o c i a t e d  w i t h  each p o s i t i o n  

w e r e  g e n e r a l l y  d i f f e r e n t .  The s e l f - c o n s i s t e n c y  of t h e  c a l c u l a t e d  

e f f e c t i v e  o x i d a t i o n  t i m e s  i n  such  c a s e s  w a s  regarded  as f u r t h e r  ev idence  

of t h e  accuracy  of ou r  t empera tu re  and l a y e r - t h i c k n e s s  measuring procedures .  

It should  b e  po in ted  o u t  t h a t  where t empera tu re  d i f f e r e n c e s  

Meta l log raph ic  Procedures  

I n  o r d e r  t o  e s t a b l i s h  t h e  growth k i n e t i c s  of  t h e  ox ide  and oxygen- 

s t a b i l i z e d  a l p h a  phases ,  i t  i s  necessa ry  t o  measure a c c u r a t e l y  t h e  

phase t h i c k n e s s e s  on each specimen. S tandard  m e t a l l o g r a p h i c  t echn iques  

were r e l i e d  upon t o  accomplish t h e s e  measurements. Each o x i d i z e d  

specimen w a s  c a r e f u l l y  s e c t i o n e d  i n  t h e  t r a n s v e r s e  d i r e c t i o n  w i t h  a 

slow-speed, diamond-impregnated wheel. The s e c t i o n  w a s  t h e n  mounted i n  

an epoxy r e s i n  mix tu re  c o n t a i n i n g  40% (by we igh t )  of 1 pm alumina 

p a r t i c l e s  (Linde C) t o  a i d  i n  edge p r e s e r v a t i o n  d u r i n g  subsequent  

p o l i s h i n g .  

v i b r a t o r y  p o l i s h e r .  The f irst  s t a g e  c o n s i s t e d  of a 24 h r  p o l i s h i n g  

p e r i o d  us ing  0.3 um alumina (Linde A) on a nm Buehler P e l l o n  p o l i s h i n g  

c l o t h .  Th i s  was fo l lowed by a 1 2  t o  36 h r  p e r i o d  us ing  0 .5  pm diamond 

p a s t e  on a s t a n d a r d  nylon p o l i s h i n g  c l o t h .  Th i s  procedure  proved 

p a r t i c u l a r l y  e f f e c t i v e  i n  p r e s e r v i n g  edges and t h e  f i n e - s t r u c t u r e  

a s s o c i a t e d  w i t h  t h e  oxide  l a y e r .  

P o l i s h i n g  w a s  accomplished i n  two s t a g e s  us ing  a Synt ron  

For o x i d a t i o n  t empera tu res  above about 1050°C (1922OF) t h e r e  

w a s  no s e r i o u s  problem i n  d e f i n i n g  t h e  phase boundar ies  du r ing  

subsequent m e t a l l o g r a p h i c  examinat ion  of specimens o x i d i z e d  f o r  

r e l a t i v e l y  s h o r t  t i m e s .  However, i n  compara t ive ly  long-time 

o x i d a t i o n s ,  specimens e x h i b i t e d  i r r e g u l a r  " incu r s ions"  of  a l p h a  

t h a t  a f f e c t  an o b s e r v e r ' s  a b i l i t y  t o  d e f i n e  p r e c i s e l y  t h e  p o s i t i o n  of 

t h e  a lpha-be ta  i n t e r f a c e .  S i m i l a r l y ,  at: lower o x i d a t i o n  t empera tu res ,  

n o t a b l y  f o r  t h e  series of specimens o x i d i z e d  between 900 and 1000°C 

(1652 and 183Z°F) ,  t h e  a lpha -be ta  boundary was poor ly  d e f i n e d ,  and a 
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c e r t a i n  degree  of a r b i t r a r i n e s s  w a s  involved  i n  f i x i n g  i t s  p o s i t i o n .  We 

found t h a t  t h e  degree of a r b i t r a r i n e s s  could b e  l e s s e n e d  by u t i l i z i - n g  an  

e t ch -anod iza t ion  procedure  t o  p r e p a r e  t h e  specimen f o r  examinat ion.  Th i s  

procedure  l e d  t o  an improved d e f i n i t i o n  (by i n t e r f e r e n c e  c o l o r )  between 

t h e  high-oxygen a l p h a  phase and t h e  low-oxygen ( p r i o r )  b e t a  phase i n  t h e  

specimen. 

technique  w e r e  more c o n s i s t e n t ,  and v a r i a t i o n s  i n  measurements made by 

d i f f e r e n t  i n d i v i d u a l s  were g r e a t l ~ y  reduced.  The method was a l s o  s u i t a b l e  

f o r  examining specimens ox id ized  a t  t h e  hi-gher tempera tures .  

Measurements made i n  b r i g h t - f i e l d  i l l umina t i -on  us ing  t h i s  

The e tch-anodiza t ion  procedure  i s  as fo l lows .  The p o l i s h e d  specimen 

is  e t ched  f o r  10 t o  15 s w i t h  swabbing and a g i t a t i o n  i.n a d i l u t e d  K r o l l ' s  

e t c h a n t  c o n s i s t i n g  of 4 m l  conc. HN03  and 2 m l  conc. HF p e r  l i t e r  o f  water. 

The specimen is then  anodized i n  a 1% KOH s o l u t i o n  t o  20 v and h e l d  a t  

t h i s  p o t e n t i a l  f o r  120 s by which time t h e  c u r r e n t  drops  essent ia1I .y  t o  

leakage  levels .  Color  micrographs are u s e f u l  t o  i l l u s t r a t e  t h e  advantages 

of t h i s  treatme-nt ; however, t h e  improved sha rpness  o f  t he  a l p h a / b e t a  

boundary is c l e a r l y  ev iden t  even i n  1;he micrographs shown i n  F i g s .  1-1 

and 1.2, which are from c ross - sec t ions  of specimens ox id ized  a t  900 and 

1005°C (1652 and 1841'F). 

Represen ta t ive  l a y e r  t h i c k n e s s  measurements w e r e  determined f o r  

each specimen. S e v e r a l  d i f f e r e n t  measurement schemes w e r e  i n v e s t i g a t e d  

f o r  o b t a i n i n g  t h e s e  v a l u e s ,  and bo th  a n  image-shear%ng eyepiece  and a 

s t a n d a r d  f i l - a r  micrometer  eyepiece  have been u t i l i z e d .  The measurements 

r e p o r t e d  h e r e  w e r e  ob ta ined  us ing  a c a l i b r a t e d  f i l a r  micrometer eyep iece  

on a s m a l l  Bausch and Lomb bench meta l lograph .  

Ph as e Thickness  Meas u r  erne n ts -- 
A f t e r  each s team-oxidat ion experiment  w a s  completed,  ;the specimen 

w a s  removed from t h e  a p p a r a t u s ,  s e c t i o n e d  on a diamond-impregnated wheel ,  

mounted i n  epoxy, p o l i s h e d ,  and prepared  f o r  metaJ.l.ographic examinat ion 

by t h e  e t ch -anod iza t ion  t r ea tmen t  p r e v i o u s l y  desc r ibed .  Care w a s  t aken  

t o  i n s u r e  t h a t  t h e  f i n a l  p o l i s h e d  s e c t i o n  w a s  a t  t h e  e l e v a t i o n  which 

inc luded  t h e  weld p o s i t i o n s  of  all (.hree thermocouple i n s t a l l a t i o n s .  

Thus, t h e  phase t h i c k n e s s  measurements could  b e  made i n  very  closc 

proximi ty  t o  t h e  moni tor  thermocouple l o c a t i o n s .  In t h e  l i g h t  of t h e  



Fig .  11. Cross - sec t ion  of  Zircaloy-4 PWR Tube Oxidized i n  t h e  
MaxiZWOK Apparatus  f o r  858 s a t  900°C (1652'F) (Expt.  MAX-17). Outer  
surface. Etch-anodized specimen. B r i g h t  f i e l d  i l l u m i n a t i o n .  7 5 0 ~ .  

Pig .  12 .  Cross-Sect ion of Zircaloy-4 PWR Tube Oxidized i n  t h e  
MaxiZWOK Apparatus  f o r  99 s a t  1005°C (1841°F) (Expt.  MAX-23). Outer  
s u r f a c e .  Etch-anodized specimen. B r i g h t - f i e l d  i l l u m i n a t i o n .  7 5 0 ~ .  



general. o b s e r v a t i o n  t h a t  t h e  tempera ture  (and t h u s  t h e  product  l a y e r  

t h i c k n e s s e s )  of t h e  specimens o x i d i z i n g  i n  MiniZWOK e x h i b i t e d  a circum- 

f e r e n t i a l  v a r i a t i o n ,  i t  w a s  impor tan t  t o  a s s o c i a t e  each phase t h i c k n e s s  

measurement p o s i t i o n  w i t h  a p o i n t  on t h e  specimen having a known time- 

tempera ture  h i s t o r y .  

The two moni tor  thermocouple s t a t i o n s  on each specimen were always 

l o c a t e d  i n  t h e  same re la t ive  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  h e a t i n g  lamps 

w i t h i n  t h e  furnace .  

and,  t h u s ,  t h e  e x t e n t  of t h e  tempera ture  v a r i a t i o n  around a specimen 

could  on ly  b e  determined by r o t a t i n g  t h e  specimen ( o r  furnace)  du r ing  

o x i d a t i o n  o r  i n f e r r e d  by measuring t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  i n  

product  l a y e r  t h i c k n e s s e s  a f t e r  t h e  experiment .  A t  low t empera tu res ,  

t h e s e  v a r i a t i o n s  w e r e  small .  A p l o t  of ox ide  and a l p h a  l a y e r  t h i cknesses  

a f t e r  o x i d a t i o n  a t  1153°C (2107°F) as a f u n c t i o n  of a n g u l a r  p o s i t i o n  on 

These p o s i t i o n s  were g e n e r a l l y  t h e  "hot" p o s i t i o n s ,  
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F i g .  13 .  V a r i a t i o n  in Oxide and Alpha Thicknesses  on Specimen S-71, 
Oxidized Nominally 105 s a t  1153°C (2107'F). Thermocouple N o .  2 l o c a t e d  
a t  approximately 0"  and thermocouple No. 3 a t  approximately 1.80°. 
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the circumference of the specimens is presented in Fig. 1 3 .  While the 

periodicity is evident, the magnitude of the variation is seen in this 

case to be little more than the normal data scatter. At higher tempera- 

tures, the effect was generally more pronounced. Figure 14 illustrates 

the variation observed after an experiment at 1504°C (2739°F). Although 

in this case the temperature-time cycles recorded by the two monitor 

thermocouples (thermocouples Nos. 2 and 3 )  located at approximately 0 

and 180 degrees were virtually the same, the thickness variations observed 

over the whole specimen imply that a maximum temperature variation of 

about + 1 5 " C  (27°F) existed. The periodicity of the temperature variation 

is consistent with the furnace geometry, and "cold" positions correspond 

to the location of the two furnace seams. A case where the t w o  monitor 

thermocouples registered different temperatures is shown in Fig. 15. 

Here, the measured temperarure difference accounted accurately f o r  the 
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Fig. 14.  Variation in Oxide and Alpha Thicknesses on Specimen S-137, 
Oxidized Nominally 22 s at 1504°C (2739°F). Thermocouple No. 2 located 
at approximately 0" and thermocouple No. 3 at approximately 180". 
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Fig. 15. Variations in Oxide and Alpha Thicknesses on Specimen S-136, 
Oxidized Nomina1.l.y 47 s at 1504°C (2739OF). Thermocouple No. 2 located 
at approximately 0" and thermocouple No. 3 at approximately 180". 

measured phase thickness difference, The maximum variation in layer 

thicknesses over the whole specimen can be accounted f o r  by a temperature 

variation o€ about t20"C (36°F) .  

The existence of circumferential variations in temperature about a 

specimen made it mandatory that layer thickness measurements be made at 

points where the temperature is well known. Thus, layer thicknesses were 

measured to coincide with each of the monitor thermocouple positions. In 

order to reduce errors in the thickness measurements the average of seven 

measurements made at 5' intervals t 7 5 "  from each thermocouple position was 

used. 

Results --.- 

The procedures outlined above were used to obtain measurements of 

oxide layer thickness and alpha layer thickness as functions of time 

f o r  each temperature investigated. In addition, the oxygen uptake f o r  
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each specimen w a s  c a l c u l a t e d  from t h e  l a y e r  t h i c k n e s s  measurements on 

t h e  b a s i s  of t h e  model. d i s c u s s e d  ea r l i e r  t h a t  assumed t h a t  a l l  t h e  

oxide  w a s  s t o i c h i o m e t r i c ,  t h a t  a l i n e a r  oxygen c o n c e n t r a t i o n  g r a d i e n t  

e x i s t e d  i n  t h e  a l p h a  l a y e r ,  and t h a t  a s imple  d i f f u s i o n  c a l c u l a t i o n  

would s u f f i c e  f o r  de te rmining  t h e  amount of  oxygen i n  t h e  b e t a  phase.  

The d a t a  ob ta ined  i n  t h i s  phase of our  i n v e s t i g a t i o n  are p resen ted  

i n  Tables  5 t o  17. We have d i sca rded  t h e  r e s u l t s  of experiments  on ly  

when t h e  experiment w a s  obvious ly  flawed. 

The r e s u l t s  of c e r t a i n  of  t h e  o t h e r  exper iments ,  a l s o  few i n  number, may 

be regarded  s t a t i s t i c a l l y  as o u t l i e r s "  bu t  have n e v e r t h e l e s s  s t i l l  been 

inc luded  i n  t h e  p r e s e n t  d a t a  set .  A d d i t i o n a l l y ,  € o r  o x i d a t i o n  measure- 

ments a t  and above 1400°C (2552'F) i n s t r u m e n t a t i o n  changes pe rmi t t ed  

complete and independent  measurements of t i m e  and tempera ture  a t  two 

p o s i t i o n s  on each specimen. For  experiments  below t h i s  tempera ture ,  

on ly  measurements a t  t h e  No .  2 thermocouple p o s i t i o n  w e r e  cons idered  

i n  t h e  a n a l y s i s .  

These w e r e  ve ry  few i n  number. 

( 1  

Table  5. Steam Oxida t ion  of  Sandvik Zircaloy-4 PSJR 
Tubing a t  905OC (1661'F) 

Layer Thickness  T o t a l  Oxygen T i m e  Cons wned 
(mg / cm2 1 Oxide Alpha ( s )  

Expt. No. 

(vm) (urn> 

S-15 791.9 1 3 . 5  13.2 2.37 

S-16 776.6 13.8 13.5 2 .42  

S-17 * 2088.7 17.4 1 8 . 2  3.08 

S-18 1148.8 15 .8  16.5 2 . 8 0  

S-19 420.3 1 1 . 5  9.4 1.97 

s- 20 2088.7 17.7 18 .3  3.13 

5-21 1228.2 15.1 1 4 . 1  2.63 

s -22  1509.5 17.0 20.4 3.08 

s-23 1623.4 1 7 . 2  21.0 3.12 

S-24 370.7 1 1 . 2  10.0 1 . 9 4  
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Table  6 .  Steam Oxida t ion  of Sandvik Zircaloy-4 I'WR 
Tubing a t  956°C (1752.8"F) 

L g e r  T h i c k n E  T o t a l  Oxygen 
-. 

Consumed 
(mg/cm2> 

Time 
(S) Oxide Alpha Expt.  No. 

( V d  (vm) 

s-49 

S-50 

S-51 

S-52 

s-53 
s-54 

s-5 5 

s-5s 
s-57 
S-58 

1.344.9 

977.9 

1595.7 

690.6 

774.6 

1300.2 

9 4 8 - 7  

1.634.5 

412-2  

428.7 

26.5 

23.1 

26.2 

21 .  .! 

22.5 

25.1. 

22.0 

26.3 

17.9 

18.0 

24.1 

18.9 

25.2 

15.7 

16.9 

22.3 

19.9 

26.4 

13.0 

15.3 

4.62 

3.97 

4.61. 

3.62 

3.83 

4 . 3 7  

3.83 

4.6.5 

3.04 

3.11. 

Table  7.  Steam Oxida t ion  o f  Sandvik Zircaloy-4 PWR 
Tubing a t  1001°C (1833.8'F) 

Layer  Thickness  T o t a l  Oxygen T i m e  
(SI Oxide Alpha Consumed 

(mg / cm2 ) 
Expt.  No. 

(w) (l.d 

s-37 

S- 38 

s- 39 

S-40 

S-41 

S-42 

s-43 

s-44 

s-4.5 

S-46 

s-47 

S-48 

11.30.5 

725.2 

301.1 

925.0 

300.2 

483.4 

678.6 

1104.1 

915.5 

47s.  7 
493.4 

299.4 

40.5 

32.6 

22.5 

37.4 

20.9 

26.5 

29.9 

38.6 

34.5 

25.9 

27.1 

21.3 

23.7 

23.1 

15.2 

24.6 

14  . 4 

18.V 

20.8 

26.1. 

24.6 

17.6 

1 9 . 5  

13.8 

7.04 

5.77 

3.95 

6.57 

3.69 

4.67 

5.30 

6.81 

6.13 

4.57 

4.80 

3.73 
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Table  8. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR 
Tubing a t  1050°C (1922°F) 

-- 
Time Layer  Thickness  Total. Oxygen 

(SI 
Expt. No .  Consumed Oxide Alpha 

(mg/cm2) (urn) (um) 

s- 59 576.4 40.7 32.7 7.50 
S-61 518.6 38.6 24.3 6.93 

S-63 351.4 32.1 27.7 5.97 
S-62 663.5 43.1 35.6 7.98 

S-64 482.7 37.4 27.6 6.83 

S-65 338.6 30.9 24.5 5.69 

5-66 833.2 48.4 36.0 8.85 
S-6 7 763.0 44.7 35.7 8.26 

S-68 204.7 24.2 23.4 4.57 

S-69 209.0 24.6 23.4 4.63 

Tab le  9.  Steam Oxida t ion  of Sandvik Zircaloy-4 PWR 
Tubing a t  llOl°C (2013.8"F) 

Layer Thickness  T o t a l  Oxygen T ime 
(SI Oxide Alpha 

Cons ume d 
(mg/cm2) 

Expt.  No. 

(vm) i w 4  

s-25 495.6 45.7 41.6 8.77 

S-26 252.7 33.5 33.0 6.49 

S-2 7 313.4 36.6 36.6 7.12 

S-28 512.4 47.1 45.4 9.10 

5-29 3 4 8 , l  37.2 37.0 7.25 

S- 30 383.4 40.8 37.1 7.82 

S-31 252.1 33.3 24.5 6.22 

S- 32 159.5 26.0 2 3 . 1  4.97 

5-33 173.9 29.4 26.9 5.61 

s-35 449.3 45.7 43.5 8.79 

S- 36 458.9 44.6 44.5 8.66 
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T a b l e  10. Steam Oxidation of  Sandvik Zircaloy-4 P'kJR 
Tubing a t  1153°C (2107. [ + O F )  

Layer T'nickness To ta l  Oxygen 
_q_ ---_ T i m e  Consumed 

(SI Oxide Alpha (mg / cm2 
E x p t .  No. 

(!Jd (!Am> 

S- 70 

S- 7 1  

S-72 

s-73 

s-74 

S- 76 

s-77 

S- 78 

s- 79 

S-80 

S-81 

269.5 

104.8 

343.3 

193.7 

339 " 0  

249.4 

108.6 

169.9 

388.2 

29.6 

29.9 

43.0 

28.9 

50.2 

37.6 

48.9 

42.4 

29.1 

37.0 

53.2 

16 .8  

16 .9  

40.6 

27.9 

47.7 

38.0 

46.7 

42.6 

29.5 

37.4 

46.5 

1 5 . 8  

15.9 

8.42 

5.64 

9.82 

7.42 

9.59 

8.36 

5.73 

7.27 

10.29 

3.24 

3.26 

Table  11. Stea.11 Oxidation oE Sandvik Zircaloy-4 PVR 
'l'uhing a t  1203°C (2197.4'F) 

Layer  Thickness ' To ta l  Oxygen -_ Time 
(SI Oxide Alpha Consumed 

( Ing/cm2) 
Expt .  No.  

(WI  (lid 

s-82 

S-83 

S- 84 

S-85 

S-85 

S-88 

s- 89 

S-90 

s-91 

236.4 

160 2 

126.6 

280.2 

234.6 

56 .1  

171 .8  

6 6 . 1  

111.2 

49.4 

42.8 

38.9 

53" 5 

50.2 

26.6 

43.2 

28.6 

37.2 

53.5 

4 4 , 7  

41.0 

54.9 

51.6 

2 8 . 2  

44,O 

30.9 

39 - 7 

10 .03  

8.59 

7 . 8 1  

10.78 

10.09 

5 .33  

8.66 

5.75 

7.46 
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Tab le  12.  Steam Oxida t ion  of Sandvik Zi rca loy-4  PWR 
Tubing a t  1253OC (2287.4"F) 

T i m e  Layer  Thickness  T o t a l  Oxygen 

(SI Oxide Alpha Cons w e d  
(mg/ cm2 

E x p t .  No. 

(urn> (urn.) 

s-9 2 

s-93 

s-95 

s-9 7 
S-98 

s-99 

s-100 

5-101 

s-102 

S-103 

240.3 

189.0 

50.7 

90.2 

62.5 

117.8 

55.5 

169 .3  

226.4 

48.6 

59.2 

54.2 

30.2 

39.5 

32.3 

43.5 

30.3 

50 .7  

58.5 

30.0 

67.2 

61.3 

34.2 

44.3 

37.7 

50.2 

36.4 

60.2 

66.9 

34.3 

12.30 

11.21 

6.20 

8 * 1 2  

6.69 

9.02 

6 .31  

10.59 

12.15 

6.16 

Table  13. Steam Oxida t ion  of Sandvik Zircaloy-4 FWK 
Tubing a t  1.304"C (2379.2"F) 

Layer  Thickness  T o t a l  Oxygen ?I i m e  
CS) Oxide Alpha  Cons w e d  

(mg/ 
Expt.  No. 

( urn) (urn) 

s-1 138.4 56.2 66.9 11.87 

5-3 151.4 59.7 71.8 12.61 

5-4 83.4 44.9 53.4 9.45 

s-5 124.4 51.7 61.7 IO. 96 

S-6 123.2 53.1 60.6 11.13 
s- 7 32.9 28.9 32.5 6.01 

s- 8 30.0 27.9 31.7 5.81 
s-9 111.1 50.1 58.9 10.57 

s- 10 62.2 38.2 45.2 8.05 

s-11 79.9 41.2 48.6 8.72 

s-12 59.3 36 .4  42.8 7.6% 

5-13 57.7 36.5 42.2 7.67 

S- 14 34.3 28.0 32.4 5.89 
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Tab le  14 .  Steam Oxida t ion  o f  Sandvik Zircaloy-4 PWR 
Tubing a t  1352*C (2465.6"F) 

Layer,-?hi c k n e s s  T o t a l  Oxygen T i m e  
( s )  Oxide Consumed 

(mg/  cm2 1 A l p h a  Expt .  No. 

(ud (1rm) 
.-- __.I_____----.- -- 

S-104 1 1 2 . 8  62 .3  78.1 13.36 

S-105 80 .8  52.7 66.9 11.33 

S-106 69.5 46.9 60.5 10.15 

s- 10 7 73.1  49.8 63.2 1 0 . 7 1  

S-108 28 .3  31. 8 41 .3  6.85 

s-109 30.1 53.7 70.3 11.66 

s-110 32.4 32.5 39.6 6.96 

s-111 50.9 40.6 5 2 , 1  8.78 

s-112 116.5 60.9 73.3 13.21 

Table 15.  Steam Oxida t ion  o f  Sandvik 2 i r c a l . o ~ - 4  PWR 
Tubing a t  1404°C (2559.2"F) 

-_. Layer Thicknesg T o t a l  Oxygen T isne 
(SI  Oxide Alpha  Consi.inied 

(mg/ cm2) 
E x p t .  N o .  

(urn> ( P d  

S-114-TC- 2 72.7 58.4 78.3 12.84 
S-114-TC-3 62.2 53.4 70.9 11.74 
S-115-TC-2 29.7 38.7 51.0 8 .45  
S- 115- TC- 3 28.6 35.2 49.2 7.84 
S- l16-TC- 2 45.7 4 5 * 7  62.9 10.12 
S-116-TC-3 42.6 44.7 60.4 9.85 
S-11.7-TC- 2 1.4.3 28.0 3 6 , 8  6.08 
S-117-TC-3 13.5 26.1 35.7 5.74 
S- 118-TC- 2 1 1 . 2  24.5 31.8 5 .31  
S- 118-TC- 3 10.4 23.4 30.7 5.03 
S-119-rTC-2 56.4 51.6 67.5 11.29 
S-119-TC-3 54.2 48.8 65.7 10. '79 
s- 120-TC- 2 44.8 47.1 62.2 10.29 
S- 120- TC- 3 43.4 4 5 , l  60.4 9.92 
s- 1 2  I.-TC- 2 27.5 39.1 51.1 8.47 
S - 1 2  1-TC- 3 29.8 39.2 51.4 8.53 
S-122-TC- 2 74 e 1. 59.0 77.3 12.92 
S-122-TC-3 78.9 60.3 77.6 13.18 
S-123-TC- 2 29.3 39.0 50.4 8.46 

7.73 S- 1 2  3-TC- 3 26.5 35.1 47.2 -..I-- Lc 
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T a b l e  16 .  Steam O x i d a t i o n  o f  Sandvik  Z i r c a l o y - 4  PWR 
Tubing a t  1454°C (2649.2'F) 

Layer T h i c k n e s s  T o t a l  Oxygen Time 
(SI Oxide  Alpha  Consumed 

(mg/cm2> 
Expt .  No. 

( Pm> ( P d  
__ -~ - 

S-124-TC-2 5 7 . 1  6 1 . 8  81.4 13.64 
S-124-TC- 3 54.0 59.7 7 9 . 1  13.20 
S- 125-TC-2 25.1 41.5 5 6 . 5  9 . 2 0  
S- 125-TC- 3 23.2 4 0 . 7  53.4 8 .94  
S-126-TC- 2 27.9 4 5 . 5  5 9 . 4  9.96 
S-126-TC-3 26 .1  42 .2  57.4 9.36 
S-127-TC-3 53.3 58.7 78.0 13.01 
S- 128-TC- 2 27.3 42.8 58.7 9.52 
S-128-TC-3 26.4 42.5 57.4 9 . 4 1  
S-129-TC- 2 1 3 . 7  32.6 42.4 7 . 1 1  
S-129-TC-3 14 .9  32.6 42.0 7.14 
S-130-TC-2 43.5 5 4 . 5  72.6 1 2 . 0 4  
S-130-TC-3 4 3 . 1  54.6 72.2 1 2 . 0 3  
S-131-TC-2 47.2 56.4 74 .3  1 2 . 4 4  
S-131-TC-3 42.0 52.6 68.9 1 1 . 6 1  
S-132-TC- 2 1 5 . 3  32 .3  41.8 7.10 
S-132-TC-3 1 4 . 5  31.0 40.6 6.84 
S- 133-TC- 2 36.8 49.7 64.9 10.95 
S-133-TC- 3 34.5 47.5 62.9 10.51 

T a b l e  1 7 .  Steam O x i d a t i o n  of Sandvik  Z i r c a l o y - 4  PWR 
Tubing  a t  1504°C (2739.2"F) 

L a y e r  T h i c k n e s s  T o t a l  Oxygen Time 
( s )  Oxide Alpha Consumed 

(mg/cm2> 
Expr.  N o .  

( P d  (Pm> 

S-134-TC- 2 31.8 5 3 . 6  7 2 . 1  1 1 . 9 8  
S-134-TC-3 28.9 50 .7  6 8 . 1  1 1 . 3 4  
S- 135-TC-2 33.0 57.8 75.7 12.76 
S-135-TC- 3 31.2 5 0 . 3  74.2 11.53 
S-136-TC-2 47.0 65.6 88.2 14 .65  
S-136-TC- 3 42.6 61.8 83.8 13.84 
S-137-TC- 2 22.8 45.8 63.6 10.29 
S-137-TC-3 21.9 4 3 . 8  62.8 9 . 9 3  
S-138-TC-2 7.6 27 .3  38.7 6.13 
S-138-TC-3 8.2 28.5 38.5 6 . 3 4  
S-139-TC- 2 53.2 73.7 97.6 16.29 
S-141-TC-2 9 .2  30.0 40.7 6.68 
S-141-TC-3 8 . 9  28.9 40 .8  6 .50  

14 .42  S-142-TC-2 49 .O 62.6 93 .9  
S- 142-TC-3 50.0 62.5 91 .4  14 .34  
S-14 3-TC- 2 42.4 65.9 85.6 1 4 . 5 1  
S-143-TC- 3 37.8 57.5 80 .3  12.97 
S-150-TC- 2 13.9 37.5 4 8 . 3  8.25 
S-150-TC-3 13 .2  35.5 48.6 7.93 
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Examples of t h e  appearance of c ros s - sec t ions  of ox id i zed  specimens 

a r e  g iven  i n  F igs .  16-18. These a r e  lOOx micrographs taken  from specimens 

ox id ized  a t  1101, 1304, and 1.504"C (2014,  2379, and 2739°F) and r e p r e s e n t  

t y p i c a l  m i c r o s t r u c t u r e s  showi-ng t h e  ox ide ,  a l p h a ,  and p r i o r  beta r eg ions .  

The tendency f o r  s e p a r a t i o n  w i t h i n  t h e  oxide  l a y e r  (a long  t h e  t i n - r i c h  

p a r t i c l e  l i n e 6 )  f o r  t h e  longe r  experiments  a t  1304 arid 1504°C (23'7'52739'F) 

w a s  aggrava ted  by t h e  p a r t i c u l a r  method employed i n  mounting t h e  spec i -  

m e n s .  

of t h e  two p a r t s  of t h e  ox ide  and t h e  r e a u 1 . t ~  summed t o  g i v e  t h e  t o t a l  

ox ide  t h i c k n e s s .  

I n  t h e  even t  of such a s e p a r a t i o n ,  s e p a r a t e  measurements were made 

C o r r e l a t i o n  of t h e  Data 

An exa.rnination of the ra tes  o f  growth of t h e  oxide  and a l p h a  l a y e r s  

over  t h e  tempera ture  range of t h i s  i n v e s t i g a t i o n  r evea led  t h a t  p a r a b o l i c  

growth k i n e t i c s  a p p l i e d  t o  bo th  phases  a t  tempera tures  above l O 0 O ' C  

(1832'F) bu t  o n l y  t o  t h e  al-pha phase below t h i s  tempera ture .  For t h i s  

r eason ,  p a r a b o l i c  r a t e  c o n s t a n t s  w i l l  n o t  b e  r e p o r t e d  f o r  ox ide  growth 

a t  tempera tures  below lO0O'C (1832'F). S ince  t h e  ra te  c o n s t a n t s  f o r  

X i  (ox ide  -t- a lpha )  l a y e r  growth and f o r  t o t a l .  oxygen consumed invol-ve 

t h e  oxide  growth parameter ,  t hey  a l s o  are  s u b j e c t  tio this l i m i t a t i o n .  

The b a s i c  expres s ion  f o r  tile rate of a r e a c t i o n  where parabo1.i.c. 

k i n e t i c s  c o n t r o l  i s  

62 dK 1 K 
d t  K 2 
__ - .... __ - ( 3 )  

where 

K i s  a k i n e t i c  parameter  [ i , e . ,  oxide l a y e r  t l i i .ckness,  $; a lpha  

l a y e r  t h i c k n e s s ,  a ;  X i  (oxlcle -!- a lpha )  layer t h i c k n e s s ,  f;; o r  t o t a l  
oxygen consumed, T I ,  and - 6K i s  d e f i n e d  as t h e  i s o t h e r m a l  parabol ic .  r a te  

2 
cons t an t .*  

*It should  be  emphasized, see E q .  ( 3 ) ,  t h a t  w e  expres s  t h e  p a r a b o l i c  
r a t e  c o n s t a n t s  as 6 2 / 2 .  
t h e  s l o p e  o f  a p l o t  o f  K2 vs t [ c . f . ,  E q .  ( 4 ) ] .  D i f f e r e n t  a u t h o r s  use  
o t h e r  convent ions such  as d e s i g n a t i n g  t h e  p a r a b o l i c  ra te  c o n s t a n t  as 
be ing  t h e  s l o p e  of a K2 vs t p l o t .  T h e  ma t t e r  comes down t o  t h e  q u e s t i o n  
of whether  t h e  f a c t o r  of 112 ob ta ined  d u r i n g  t h e  i n t e g r a t i o n  of KdR ( i m e . ,  
IK KdK = K2/2) i n  E q .  ( 3 )  i s  o r  i s  n o t  i nco rpora t ed  i n  t h e  ra te  c o n s t a n t .  

These va lues  must b e  m u l t i p l i e d  by two t o  g i v e  

0 
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Fig. 16. Cross-Sect ions of Sandvik Zircaloy-4 PWR Tube Oxidized i n  
Steam f o r  (a) 160 s and (b) 512 s a t  1 1 0 1 ° C  (1834OF). 
and 5-28. Etch-anodized; b r i g h t - f i e l d ;  100~. 

Experiments S-32 
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F ig .  1 7 .  C r o s s - S e c t i o n s  or' Sandvik Zircaloy-4 PWR Tube Oxidized in 
Steam f o r  (a) 30 s and (b) 151 s a t  1304OC (2379°F). Experiments S-8 
and S - 3 .  Etch-anodized;  bi i g h t - f i e l d ;  7 0 0 ~ .  
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The i n t e g r a t e d  form of t h i s  equa t ion  is 

and,  t h u s ,  a p l o t  of K2 vs t should  b e  I . inear  wit:h a s l o p e  of 62 and an  

i n t e r c e p t  o f  K2.  

of K2 might i n d i c a t e  d e v i a t i o n s  from s t r i c t  p a r a b o l i c  behav io r  a t  s h o r t  

t i m e s ,  a p r e e x i s t i n g  f i l m  o r  r e a c t i o n  l a y e r  on (:he specimen, o r  poor 

de t e rmina t ions  of t ime-at- temperature  f o r  t h e  r e a c t i o n .  

K 
Such p l o t s  of experi-mental  d a t a  wi th  nonzero v a l u e s  

0 

0 

P a r a b o l i c  ra te  c o n s t a n t s  f o r  t h e  fou r  k i n e t i c  parameters  4 ,  a, 5 ,  and 

T were determined,  where a p p l i c a b l e ,  a t  each r e a c t i o n  tempera ture  from 

t h e  exper imenta l  d a t a  p re sen ted  i n  Tables  5 through 17  by a l eas t - squa res  

t rea tment  based on Eq. ( 4 ) .  Although w e  investigated bo th  approaches,  

t h e  p r e s e n t  ra te  c o n s t a n t s  w e r e  c a l c u l a t e d  on the b a s i s  t h a t  X = 0 ,  

which assumes " idea l "  p a r a b o l i c  behav io r .  

t h e  d a t a  w a s  f o r  K t o  have s m a l l ,  p o s i t i v e  v a l u e s ,  v i r t u a l l y  no loss  i n  

s t a t i s t i c a l  conf idence  w a s  found as a r e s u l t  of t h i s  a r b i t r a r y  assignment .  

I n  f a c t ,  t h e  Arrhenius  c o r r e l a t i o n  of t h e  ra te  c o n s t a n t s  ra l .culated i n  

t h i s  way e x h i b i t e d  a lower  sum of squa res  of  e r r o r ,  implying t h a t  t h i s  

procedure  g i v e s  a more c o n s i s t e n t  f i na l .  r e s u l t .  

0 

Whil.e t h e  observed t r e n d  i n  

0 

I l l u s t r a t i o n s  of t h e  k i n e t i c  behav io r  f o r  ox ide  and a l p h a  growth 

€ o r  tempera tures  from 1001 t o  1504°C (1834 t o  2739°F) are  gfven i n  

F igs .  19  t o  2 4 .  A t  t h e  lower end of  t h i s  tempera ture  range  [1001--1101"C 

(1834--2014"F)], a l a r g e r  sca t te r  e x i s t s  f o r  t h e  a lpha  l a y e r  measurements. 

This  i s  i n  l a r g e  p a r t  due  t o  t h e  u n c e r t a i n t i e s  i n  l o c a t i n g  p r e c i s e l y  

t h e  p o s i t i o n  of t h e  al-pha-beta i n t e r f a c e  a t  t h e s e  tempera tures .  A t  

t empera tures  below 1400°C (2552"F),  each d a t a  set inc luded  measurements 

from on ly  one r e f e r e n c e  p o i n t  p e r  specirnen (the No. 2 thermocouple 

p o s i t i o n ) ;  a t  h i g h e r  t empera tu res ,  measurements were made a t  each of 

t h e  two moni tor  thermocouple p o s i t i o n s  on each specimen, and the h igh  

degree  of s e l f - c o n s i s t e n c y  of t h e s e  measurements i s  e v i d e n t .  I n  each 

of t h e s e  cases, as i n  a l l  c a s e s  f o r  r e a c t i o n  above 1000°C (1832"F), t h e  

growth rates of t h e s e  phases  are well. r e p r e s e n t e d  by parabol ic .  growth 

k i n e t i c s .  It should  be poin ted  ou t  t h a t  t h e  k i n e t i c s  f o r  X i  (ox ide  

f a lpha )  l a y e r  growth, 5 ,  and f o r  t o t a l  oxygen consumption, T, behave 
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ORNL- DWG 76-18302 2000 I I I I I 

Fig. 19. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing in t he  
MiniZWOK Apparatus at 1001°C (1834'F). 

Fig. 20. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing in the  
MiniZWOK Apparatus at 1101°C (2014°F). 
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F i g .  21. Steam Oxida t ion  o f  Sandvik Zircaloy-4 PWR 'Tubing i n  the 
MiniZWOK Apparatus a t  1203°C (2197'F). 
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Fig .  22. Stearn Ox ida t ion  of Sandvik Zircaloy-4 PWR Tubing i n  t h e  
MiniZWOK Apparatus a t  1304'C (2379°F).  
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Fig .  23. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing i n  t h e  
MiniZWOK Apparatus  a t  1404°C (2559OF). 
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Fig .  24. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing i n  t h e  
MiniZWOK Apparatus  a t  1504°C (2739OF). 
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s i m i l a r l y .  

l o c a t e d  i n  t h e  ox ide  l a y e r ,  t h e  k i n e t i c  response  o f  t h i s  parameter  is 

v i r t u a l l y  i d e n t i c a l  t o  t h a t  f o r  ox ide  l a y e r  growth. 

S ince  most o f  t h e  t o t a l  oxygen consumc?d by a specimen is  

The d a t a  f o r  steam oxida t io i i  a t  905 and 956°C (1661 and 1753°F) 

d i f f e r  from t h e  h i g h e r  tempera ture  r e s u l t s  i n  t h a t  non-parabol ic  growth 

of t h e  ox ide  l a y e r  w a s  observed a t  b o t h  of t h e s e  tempera tures .  

d a t a  s c t  f o r  o x i d a t i o n  a t  956°C (1753°F) f u r n i s h e s  a good example of 

t h e s e  d i f f e r e n c e s .  These d a t a  arc? p resen ted  i n  F ig .  25. While t h e  

growth of t h e  a l p h a  l a y e r  appears  t o  be  accounted f o r  s a t i s f a c t o r i l y  

by p a r a b o l i c  k i n e t i c s ,  d e p a r t u r e s  from t h i s  behavior  c l e a r l y  exis t  f o r  

t h e  ox ide  l a y e r  growth. 

a t  t h i s  tempera ture  is more c l o s e l y  r e p r e s e n t e d  by a c u b i c  ra te  expres-  

s i o n ,  as shown i n  F ig .  26 .  

The 

I n  f a c t ,  t h e  growth rate of t h e  ox ide  l a y e r  

ORNL-DWG 76-9768 

700 

600 
"J, 

E 

5 500 

cn 
cn 
z 
Y 
0 

k- 
K 

w 400 

7I 300 

y 200 
a 
J 
v 

100 

0 

+. .. 

Z I R C - 4  
- 956 " C  

I 

J.. 

I 

(I - - _ _ _  

PWR TUBE i 

........ 1 

............ __ :L~- 
.......... A A L P H A  L A Y E R  

0 O X I D E  L A Y E R  
~ 

0 400 800 1200 16300 
t (sed 

I 

Fig .  25. S t e a m  Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing i n  t h e  
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Fig. 26. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing i n  t h e  
MiniZWOK Apparatus a t  956°C (1753'F). Cubic p l o t  f o r  ox ide  l a y e r  growth. 

The p a r a b o l i c  rate c o n s t a n t s  from t h e  p r e s e n t  d a t a  sets are g iven  

i n  Table 18. It is i n t e r e s t i n g  t o  observe  t h a t  t h e  scat ter  i n  t h e  

i n d i v i d u a l  d a t a ,  i n d i c a t e d  by t h e  s t a t i s t i c a l  conf idence  in t h e  r a t e  

c o n s t a n t s ,  a c t u a l l y  improved as t h e  t empera tu re  i n c r e a s e d .  P a r t  of  t h e  

unexpected improvement must be  a s s o c i a t e d  w i t h  t h e  f a c t  t h a t  t h e  mea- 

surements of  i n t e r f a c e  p o s i t i o n s  are r e l a t i v e l y  more a c c u r a t e  a t  t h e  

h i g h e r  tempera tures  because t h e  sys tem behaves more i d e a l l y .  

C o r r e l a t i o n s  of t h e  rate c o n s t a n t s  i n  terms of s i m p l e  Arrhenius  

r e l a t i o n s h i p s  were, except  f o r  t h e  a l p h a  l a y e r  growth, r e s t r i c t e d  t o  

t h e  t empera tu re  range  1000-1500°C (1832-2732°F). I n  f a c t ,  because  t h e  

ra te  c o n s t a n t  f o r  ox ide  growth at 1001°C (1834°F) appeared  a l i t t l e  low 

compared t o  t h e  rest of  t h e  d a t a  set ,  t h e  l e a s t - s q u a r e s  and s t a t i s t i c a l  

r e p r e s e n t a t i o n s  w e r e  based  on t h e  d a t a  a t  and above 1050°C (1922°F).  

The f o u r  se ts  of p a r a b o l i c  rate c o n s t a n t s  are p l o t t e d  i n  Arrhenius  

f a s h i o n  i n  F i g s .  27-30. The data are obv ious ly  w e l l  r e p r e s e n t e d  by 

t h i s  r e l a t i o n s h i p ,  a l though  a c r i t i c a l  examinat ion  seems t o  i n d i c a t e  



Table 18. P a r a b o l i c  Rate Cons tan ts  f o r  Isothermal Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing 

x 108 

905 1661 
956 1753 
1001 1834 0.7072 
1050 1922 1.399 
1101 2014 2.171 
1153 2017 3.631 
1203 2197 5.389 
1253 2287 7.663 
1304 2379 11.41 
1352 2466 16.51 
1404 2559 23.51 
1454 2649 33.66 
4504 2739 45.25 

8.0 
5.8 
8.0 
4.9 
10.4 
6.7 
4.8 
6.9 
4.1 
3.5 
8.7 

x 108 

0.1012 
0.2027 
0.3139 
0.8493 
1.950 
3.254 
5.872 
10.07 
15.93 
27.10 
41 .22  
59.01 
85.95 

36.9 
12.4 
17.2 
28.2 
21.2 
13.7 
14.1 
8.2 
6 . 3  
4.4 
4.4 
4 . 1  
3 .4  

x i o 7  

0.1961 
0.4421 
0.8230 
1.375 
2.251 
3.530 
5.431 
5.592 
12.70 
18.18 
25.58 

8.7 
13.0 
12.3 
8.3 
11.9 

7.2 
5.2 
4.6 
3.9 
3.6 
4.5 

0.2191 
0.4725 
(3.8066 
1.387 
2.185 
3.300 
5.078 
7.693 
11.31 
16.41 
22.79 

7.2 
6.0 
7.6 
5.0 
9.7 
6.0 
4.2 
5.2 
3.4 
3.0 
6.0 

%laximum u n c e r t a i n t y  a t  90% conf idence  l e v e l .  
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Fig .  28. Arrhenius  P l o t  of t h e  P a r a b o l i c  Rate Constan ts  f o r  Alpha 
Layer  Growth from 900 t o  1500°C (1652-2732'F). Oxida t ion  of Sandvik 
Zircaloy-4 PWR tub ing  i n  steam. 
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t h a t  some minor b u t  s y s t e m a t i c  d e v i a t i o n s  e x i s t .  It should  be  mentioned, 

€ o r  example, t h a t  i f  t h e  Arrhenius  r e p r e s e n t a t i o n  f o r  t h e  ox ide  and 

a l p h a  ra te  c o n s t a n t s  a r e  each l i n e a r  w i th  d i f f e r e n t  s l o p e s ,  t h e n  t h e  

cor responding  r e p r e s e n t a t i o n  f o r  X i  m u s t  e x h i b i t  c u r v a t u r e .  This  e f f e c t  

appears  n e g l i g i b l e  i n  t h e  p r e s e n t  case, and w e  have determined a l l  of  

the  e x p r e s s i o n s  € o r  t h e  t empera tu re  dependence of t h e  p a r a b o l i c  ra te  

c o n s t a n t  on t h e  b a s i s  of conformi ty  t o  t h e  Arrhenius  equa t ion .  

I n d i v i d u a l  conf idence  i n t e r v a l s  €o r  t h e  p re -exponen t i a l  and a c t i v a -  

t i o n  energy  terms of  t h e  Ar rhen ius  e x p r e s s i o n s  f o r  t h e  rate c o n s t a n t s  

were c a l c u l a t e d .  I n  a d d i t i o n ,  t h e  j o i n t  conf idence  i n t e r v a l s  f o r  t h e  

rate c o n s t a n t s  themselves were a l s o  c a l c u l a t e d .  The computation 

p rocedures  and s i g n i f i c a n c e  of t h e  s t a t i s t i ca l  q u a n t i t i e s  have been 

r e p o r t e d  p r e v i o u s l y 4  and w i l l  n o t  be  r epea ted  h e r e .  

w a s  shown t h a t  

S p e c i f i c a l l y ,  i t  

62 -$ = ,01126 [t233 exp(-35890[+2.2%]/RT) cm2/s ( 5 )  

+5 4% 6 2  
a - =  .7615 [--35%1 exp (-48140 [ 52.621 /RT) cm2/s 2 

+17% 62 3 = .3412 [-.15x] exp(-41700[51.2%]/RT> cm2/s 

62 
'c' -- 2 = .1811 [+20%] -16% exp (-39940 [ +1.4% 1 /RT) (g/cm2) 2 / s  , 

6; where each  - is t h e  p a r a b o l i c  rate c o n s t a n t  f o r  t h e  k i n e t i c  parameter 

k c a l c u l a t e d  on t h e  basis t h a t  k = k --. The q u a n t i t i e s  i n  t h e  b r a c k e t s  

r e f e r  t o  t h e  individual 90% conf idence  l i m i t s  on t h e  p re -exponen t i a l  

and a c t i v a t i o n  energy  terms. 

6 2  dk 2 

2 d t  

While t h e  i n d i v i d u a l  conf idence  i n t e r v a l s  are u s e f u l  i n  d e s c r i b i n g  

t h e  s ta t is t ics  on t h e  s p e c i f i c  terms, t h e  j o i n t  conf idence  i n t e r v a l s  are 
more meaningfu l  d e s c r i p t i o n s  of t h e  accu racy  of t h e  s p e c i f i c  rate con- 

s t a n t s  because  t h e  u n c e r t a i n t i e s  on t h e  pre-exponent ia l  and a c t i v a t i o n  

energy  terms are c o r r e l a t e $ .  
i n t e r v a l s ,  t h e  r anges  of - &k at  t h e  90% level w e r e  c a l c u l a t e d  and are 

g iven  i n  Table  19. The conf idence  ranges  f o r  t h e  rate c o n s t a n t s  shown 

i n  Table  19 are cons ide red  t o  be  e x c e l l e n t .  Thus,  t h e  d a t a  are c o n s i s t e n t  

From c o n s t r u c t i o n s  of t h e  j o i n t  conf idence  

2 
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Table  19. 90% J o i n t  Confidence I n t e r v a l s  f o r  t h e  P a r a b o l i c  R a t e  
Cons tan ts  €or  Oxide Layer Growth, Alpha Layer Growth, X i  Layer 

Growth and T o t a l  Oxygen Consumption 

R a t e  Cons tan t  Pe rcen t  _- Devia t ion  from ExpeFrcd Value a t  

- 1500°C (2732°F) 1250°C (2282°F) 1050°C (1922°F) 
2 , 

3 
2 

4-4.3 
-4.1 

4-10.1 
- 9 . 2  

f 2 . 6  
-2.6 

+3.0 
-2.9 

C2.5 
-2 .4 

3-6.1. 
-5.8 

4-1.5 
--1 .5 

$1.7 
-1. 7 

4-4.9 
-4.7 

f12 .1  
-10.8 

3-3.0 
-2.9 

+3.4 
-3.3 

w i t h  and r e p r e s e n t e d  a c c u r a t e l y  by t h e  g iven  Arrhenius  r e l a t i o n s h i p s .  

(For a more complete e x p o s i t i o n  of t h e  s t a t i s t i c a l  t r ea tmen t  of t h e  

d a t a ,  see Appendix A , )  

Oxide-Alpha Thickness  R a t i o s  

A s  h a s  been po in ted  o u t ,  t h e  a c t i v a t i o n  e n e r g i e s  f o r  ox ide  and 

a l p h a  l a y e r  growth are 35,890 and 48,140 ca l /mole ,  r e s p e c t i v e l y .  This  

d i f f e r e n c e  i s  expected t o  produce d i f f e r e n c e s  i n  t h e  r e l a t i v e  rates of 

growth of  t h e  two phases  as a f u n c t i o n  of tempera ture ,  and such  a 

phenomenon i s  observed as shown i n  F ig .  33. where t h e  oxide-alpha l a y e r  

t h i c k n e s s  r a t i o  ($/a) is  p l o t t e d  as a f u n c t i o n  of t empera ture .  The 

e r r o r  b a r s  r e p r e s e n t  two s t a n d a r d  d e v i a t i o n s  from t h e  mean of t h e  r a t i o s  

observed . 
It h a s  been sugges ted  t h a t  the  $/a r a t i o  might b e  used as 3 measure 

of o x i d a t i o n  tempera ture  of specimens ox id ized  under approximately iso- 

thermal  c o n d i t i o n s .  Such a n  approach i s  c e r t a i n l y  p o s s i b l e  b u t  must b e  

used w i t h  c o n s i d e r a b l e  c a u t i o n .  A s  the d a t a  demonst ra te ,  even when 
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F ig .  31 .  OxideIAlpha Thickness  Ra t ios  P l o t t e d  as a Funct ion  of 
Temperature f o r  Zircaloy-4 Specimens Oxidized i n  Steam. 

samples  are ox id ized  under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s ,  a s u b s t a n t i a l  

v a r i a t i o n  i n  t h e  $ / a  r a t i o  i s  observed.  

errors i n  tempera ture  estimates of 1 0 0 ° C  (180'F) o r  g r e a t e r .  

This  v a r i a t i o n  could  l e a d  t o  

The method c e r t a i n l y  should  n o t  be used a t  tempera tures  below 

1000°C (1832°F). A t  900 and 950°C (1652-1742°F) t h e  oxide  growth ra te  

is no t  p a r a b o l i c ,  and,  as a consequence, t h e  +/a r a t i o  changes as a 

f u n c t i o n  of o x i d a t i o n  t i m e  as w e l l  as tempera ture .  This  e f f e c t  is 

i l l u s t r a t e d  i n  F ig .  32(b) where + / a  is  p l o t t e d  a g a i n s t  o x i d a t i o n  t i m e .  

A t  t empera tures  above 1000°C (1832"F), however, t h i s  r a t i o  does no t  

appear  t o  vary s i g n i f i c a n t l y  w i t h  t i m e  [ s e e  F ig .  32 (a ) ] .  

Comparison of I so the rma l  Kinetic Data 

A g e n e r a l  comparison of t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  w i t h  

p rev ious  work can b e  made i9  t e r m s  of t h e  p a r a b o l i c  rate c o n s t a n t s  f o r  

t o t a l  oxygen consumption, 2. The tempera ture  dependences r e p o r t e d  by 

( o r  de r ived  from t h e  d a t a  o f )  a number of  i n v e s t i g a t o r s  are g iven  below. 

It should  be remembered t h a t  w e  have de f ined  t h e s e  ra te  c o n s t a n t s  as 

6 

2 
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f o r  Oxida t ion  of Z i r ca loy -4  i n  S t e a m  a t  956 and 1001°C (1753-1534°F).  

dr 
2 dt. 

62 
T - (g/cm2>2/s  = T -, where T i.s the t o t a l  oxygen consumed i n  grams/cm?-. 

P r e s e n t  I n v e s t i g a t i o n  (Based on S t o i c h i o m e t r i c  Oxide) : 

6 2  ‘r 
2 = .1811 e~p[-39940/RT(~K)]  (g/cm’)>”/s 

P resen t  I n v e s t i g a t i o n  (Based on Sto ich iometry  Gradien t  i n  Oxide) : 

67- 
- . I680 exp [-3987O/RT ( O K )  ] (g/cm”) / s ’I - 

2 

HOBSON27 (Ana1ysi.s o f  Complete Data S e t )  : 

62 
.1553 exp[-39290/RT(”K)] (g/ciii2)’/s T -.- = 

2 



H c B S O N ~ ~  (Point-by-Point Analyses)  : 

62 
.008311 exp[-311LO/RT("K) 1 (g/cm2)'/s T - =  

2 

BAKER-  JUST^^ : 

62 
T - = 2.0496 exp[--455OO/RT('K) I (g/crn2)2/s 2 

62 
7 = .028875 exp[---34000/RT('K) ] (g/~m'>~/s 2 

6 2  

01907 exp [-33370/RT( O K )  ] (g/cm2) '/s 
T - =  
2 

KAWASAKI, e t  a1.31: 

6 2  

- 7 = . l994  e~p[--40500/RT(~K)1 (g/cm2)2/s  2 

LEISTIKOW, e t  a l .  32 (approximated from g r a p h i c a l  d a t a )  * 

-c-c 

*The a n a l y t i c a l  expres s ion  de r ived  €o r  t h e  d a t a  of Le is t ikow,  e t  
a l ,  e x h i b i t s  a comparat ively l a r g e  a c t i v a t i o n  energy term, a l though tlhe 
i n d i v i d u a l  exper imenta l  rate c o n s t a n t  v a l u e s  agree reasonably  w e l l  w i t h  
o t h e r  r e c e n t  data (see Appendix A ) .  It appea r s  t h a t  t h e  h igh  a c t i v a t i o n  
energy stems from t h e  i n c l u s i o n  i n  t h i s  d a t a  set of t h e  ve ry  l o w  v a l u e  
of t h e  p a r a b o l i c  ra te  c o n s t a n t  determined a t  900'C (1652"F), which pro- 
duces a r e l a t i v e l y  s teep  s l o p e  f o r  t h e  Arrhenius  p l o t .  I f  t h i s  point 
i s  neg lec t ed ,  as sugges ted  by our  r e s u l t s  t h a t  i n d i c a t e  t h e  k i n e t i c s  t o  
be non-parabol ic  a t  this t empera ture ,  t h e  a c t i v a t i o n  energy dec reases  t o  
less than  42000 ca l /mole  w i t h  a cor responding  change i n  t h e  pre-exponent ia l  
t e r m .  
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62 
- 2.142 exp [-4 7640 /RT  ( O K )  ] (g/cm2 ) /s T -.- - 

2 

(900°C - < T -- < l3OO0C) 

(1652°F c < T I- < 2372°F) . 
While s i g n i f i c a n t  v a r i a t i o n s  exis t  i n  b o t h  t h e  pre-exponent ia l  and 

exponen t i a l  terms of t h e  v a r i o u s  Arrhenius  expressi-ons,  most o f  t h e  

ra te  c o n s t a n t s  p r e d i c t e d  by t h e s e  equa t ions  1i.e w i t h i n  a compaxatively 

narrow band ove r  t h e  tempera ture  range where they  apply .  

t h e s e  d a t a  s e t s  are compared i n  F ig .  33.  A s  a n t i c i p a t e d  from a n  exami- 

n a t i o n  of t h e  a n a l y t i c a l  expres s ions  l i s t e d  above, several o f  t h e  sets 

are v i r t u a l l y  i d e n t i c a l .  For example, t h e  d a t a  of Kawasaki, e t  al. 

a g r e e s  very w e l l  w i t h  t h e  p r e s e n t  d a t a ;  t h e  "Klepfer  c o r r e l a t i o n " ,  as 

i t  is  sometimes c a l l e d ,  a g r e e s  w e l l  w i t h  t h e  r e c e n t  d a t a  of  Biederman,et  a l .  

The Baker-Just  expres s ion  i s  s e e n  t o  produce v a l u e s  f o r  t h e  p a r a b o l i c  

ra te  c o n s t a n t  which d ive rge  a t  e l e v a t e d  tempera tures  from t h e  main body 

oE exper imenta l  d a t a .  F u r t h e r  d i s c u s s i o n  of t h e  e x t e n t  of agreement 

among these  .var ious data s e t s  can  b e  found i n  Appendix A .  

Several of 

Scoping Tests 

A number of  tests were conducted i n  bo th  of t h e  steam o x i d a t i o n  

a p p a r a t u s e s  i n  o r d e r  t o  assess t h e  e f f e c t  of c e r t a i n  expe r imen ta l  o r  

system v a r i a b l e s  on t h e  observed r e a c t i o n  behav io r  of Z i r ca loy .  The 

e f f e c t  of v a r i a t i o n s  i n  t h e  steam f low rate  and steam i n j e c t i o n  tempera- 

t u r e  was determined by comparison of t h e  d a t a  ob ta ined  i n  t h e  MaxiZFlQK 

appa ra tus  with t h e  s t a n d a r d  d a t a  s e t .  The e f f e c t s  of gaseous i m p u r i t i e s  

i n  t h e  steam and of s m a l l  composi t iona l  v a r i a t i o n s  i n  t h e  Z i r ca loy  were 

s t u d i e d  by a d d i t i o n a l  experiments  i n  t h e  MiniZWOK appara tus .  

I so the rma l  Oxida t ion  Tests  i n  MaxiZWO& .__.--I 

The MaxiZWOK appa ra tus  w a s  u t i l i z e d  t o  conduct o x i d a t i o n  tests a t  

nominal temperatures of 900 and 1000°C (1652 and 1832°F) f o r  comparison 

w i t h  t h e  MiniZWOK d a t a  ob ta ined  f o r  t h e  same tempera tures .  The expe r i -  

mental  c o n d i t i o n s  i n  MaxiZWOK,  as d i scussed  i n  a prev ious  sect i -on,  d i f f e r  
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F i g .  3 3 . g 2 A  Comparison o f  P a r a b o l i c  Rate Cons tan ts  f o r  T o t a l  Oxygen 
Consumption, 2, from Several I n v e s t i g a t o r s .  

2 

from those  i n  MiniZWOK i n  two impor tan t  ways: (I) t h e  steam i n s e r t i o n  

tempera ture  i s  approximate ly  t h e  same as t h e  r e a c t i o n  tempera ture ,  and 

(2)  t h e  steam f l o ~  rate is main ta ined  a t  about  360 g/mfn (0.8 Lbs/min), 

which cor responds  t o  a v e l o c i t y  of about  18 m / s  ( 4 0  mph) i n  t h e  r e a c t i o n  

t u b e  O K  more than  order of magnitude h i g h e r  t han  cor responding  val.ues 

i n  MiniZWOR. 

R e p r e s e n t a t i v e  t ime-temperature  excur s ions  f o r  exper iments  con- 

ducted  a t  900 and 1000°C (1652--1832°F) are shown i n  F i g s .  34 and 35. 

Upon i n s e r t i o n  of  t h e  specimen i n t o  t h e  r e a c t i o n  tube ,  t h e  specimen 
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F’ig. 35. Specimen Temperature a s  a Funct ion of Time f o r  MaxiZWOK 
Oxidat ion  Experiment a t  1000°C (1832°F) .  Steam flow r a t e  was 0.8 lb/rnin 
( 6  d S > .  
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t empera ture  i n c r e a s e s  r a p i d l y  t o  t h e  system tempera ture .  A p e r t u r b a t i o n  

of t h e  h e a t i n g  rate i s  observed due t o  t h e  endothermic cx-to-8 t ransforma- 

t i o n  of t h e  Z i r c a l o y ,  which makes t h e  ra te  of approach t o  tempera ture  a t  

900°C (1652°F) somewhat s l u g g i s h .  For r e a c t i o n  a t  1000°C (1832OF), t h e  

exothermic h e a t  of reactl ion is s u f f i c i e n t  t o  d r i v e  t h e  specimen temper- 

a t u r e  above t h a t  o f  i t s  environment ,  c r e a t i n g  t h e  "overshoot"  t h a t  was 

t y p i c a l  of MaxiZWOK experiments  i n  t h i s  tempera ture  range.  I n  t h e  

p a r t i c u l a r  ca se  i l l u s t r a t e d  i n  F i g .  35, a n  overshoot  of about  1 8 ° C  

(32°F) w a s  observed b e f o r e  t h e  specimen tempera ture  began t o  r e t u r n  t o  

i t s  s t e a d y - s t a t e  v a l u e ,  and several minutes  were r e q u i r e d  € o r  t h e  e f f e c t s  

of specimen s e l f - h e a t i n g  t o  b e  d i s s i p a t e d .  A t  t h e  t e rmina t ion  of each 

experiment ,  t h e  specimen i s  withdrawn from t h e  r e a c t i o n  chamber i n t o  t h e  

quench b a t h ,  and the  tempera ture  drops  r a p i d l y .  

Data and R e s u l t s  - The b a s i c  exper imenta l  phase t h i c k n e s s  measure- 

ments were ob ta ined  from t h e  ox id ized  MaxiZWOK specimens us ing  e s s e n t i a l l y  

t h e  same procedures  d i scussed  i n  connec t ion  wi th  t h e  MiniZWOK appa ra tus .  

One excep t ion  i n  the procedure  concerned t h e  g a t h e r i n g  of t h e  phase 

t h i c k n e s s  measurements s i n c e  t h i s  appa ra tus  produced specimens ox id ized  

on bo th  s i d e s .  Thus, measurements w e r e  made on each s u r f a c e  f o r  

comparison. 

I n  o r d e r  t o  check on t h e  un i fo rmi ty  of t h e  r e a c t i o n ,  phase th i ck -  

n e s s  measurements were made on several  specimens as a f u n c t i o n  of  

angu la r  p o s i t i o n  around t h e i r  c i rcumferences .  While t h e r e  were obvious 

l o c a l  a r t i f ac t s  which a f f e c t e d  t h e  accuracy of some of t h e  i n d i v i d u a l  

measurements, the c i r c u m f e r e n t i a l  v a r i a t i o n  of t h e  phase t h i c k n e s s e s  

w a s  cons ide red  small enough f o r  MaxiZWOK specimens s o  t h a t  an "average" 

l a y e r  t h i ckness  w a s  meaningful.  C i r c u m f e r e n t i a l  l a y e r  t h i c k n e s s  measure- 

ments on the o u t e r  s u r f a c e s  of two specimens ox id ized  a t  900 and l0OS0C 

(1652-1841°F) i n  t h e  MaxiZWOK appara tus  a r e  p re sen ted  i n  F i g s .  36 and 37. 

S i m i l a r  r e s u l t s  w e r e  ob ta ined  f o r  measurements on t h e  i n n e r  s u r f a c e s .  

While no s t a t i s t i c a l  t r ea tmen t  of  t h e s e  d a t a  has  been performed, w e  

have used such p l o t s  t o  j u s t i f y  t h e  use of a s i m p l e  da t a -ga the r ing  

procedure invo lv ing  few measurements: t h i s  procedure  w a s  t o  make only  

f o u r  measurements, approximately 90" a p a r t ,  s t a r t i n g  from a random 

p o i n t  f o r  bo th  i n n e r  and o u t e r  s u r f a c e s  of t h e  specimen tube .  Care 
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F i g .  36. Oxide,  Alpha, and 5 Layer  Thickness  Measurements on Outer 
Sur face  o f  Oxidized Zircaloy-4 PWR Tube as a Funct ion  of Angular P o s i t i o n .  
Expt.  MAX-16, 383.4  s a t  900°C. Arrows i n d i c a t e  average  v a l u e s  ob ta ined  
from f o u r  measurements 90” a p a r t  s t a r t i n g  a t  a random point. 
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Fig .  37. Oxide, Alpha, and Layer  Thickness  Measurements on Outer  
Sur face  o f  Oxidized Zircaloy-4 PWR Tube as a Funct ion of Angular P o s i t i o n .  
E x p t .  MAX-23, 99.4 s a t  1005°C. Arrows i n d i c a t e  average  values ob ta ined  
from f o u r  measurements 90” a p a r t  s t a r t i n g  a t  a random p o i n t .  
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w a s  t a k e n  t o  avo id  obvious ly  n o n r e p r e s e n t a t i v e  areas. The t h i c k n e s s  of 

each l a y e r  on each s u r f a c e  w a s  t h e n  t aken  as a s imple  average  of t h e  

f o u r  measurements. The arrows i n  F igs .  36 and 37 i n d i c a t e  t h e  average  

t h i c k n e s s  v a l u e s  o b t a i n e d  by t h i s  l a t t e r  procedure  f o r  each l a y e r .  

They are seen  t o  a g r e e  w e l l  w i t h  t h e  mean v a l u e  computed from t h e  e n t i r e  

d a t a  se t .  

by t h i s  four -poin t  method. 

The MaxiZWOK d a t a  p r e s e n t e d  l a t e r  i n  t h i s  r e p o r t  were ob ta ined  

The e q u i l i b r i u m  t empera tu res  f o r  t h e  se t  of  MaxiZWOK experiments  

nominal ly  a t  900°C (1652°F) v a r i e d  from 897 t o  902°C (1647-1666°F); a t  

1000°C (1832"F),  t h e  range  w a s  1000 t o  1009°C (1832--1848°F). Corresponding 

i s o t h e r m a l  t empera tu res  of 900 and 1005°C (1652-1841°F) were chosen t o  

r e p r e s e n t  each o f  t h e s e  d a t a  sets. 

tempera ture  excur s ion  f o r  each exper iment ,  t h e  e f f e c t i v e  t i m e  a t  temper- 

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

desc r ibed .  

On t h i s  b a s i s ,  and t h e  measured t i m e -  

C o r r e l a t i o n  of Data and Comparisons - V a l u e s  of t h e  ox ide  and a l p h a  

phase  t h i c k n e s s  measurements f o r  t h e  sets of o x i d a t i o n  exper iments  i n  

MaxiZWOK a t  900 and 1005°C (1652-1841°F) are p resen ted  i n  Tables  20 and 

21.  Measurements f o r  bo th  o u t e r  and i n n e r  s u r f a c e s  of  t h e  tube  are 

r e p o r t e d .  It should  be  emphasized h e r e  t h a t  t h e  cons i s t ency  of t h e  

a l p h a  l a y e r  t h i c k n e s s  measurements i s  n o t  as h igh  as t h a t  ob ta ined  

a f t e r  o x i d a t i o n  a t  h i g h e r  t empera tu res  because  of d i f f i c u l t i e s  i n  

d e f i n i n g  t h e  a/@ o r  a/(a+B) i n t e r f a c e .  

A p a r a b o l i c  p l o t  f o r  t h e  growth of  t h e  o u t e r  ox ide  l a y e r  a t  900°C 

(1652°F) is g iven  i n  F ig .  38, which shows t h e  e x t e n t  of t h e  d e p a r t u r e  

from i d e a l  p a r a b o l i c  behav io r  and a l s o  compares t h i s  d a t a  set w i t h  t h e  

M i n i Z W O K  r e s u l t s  f o r  ox ide  growth a t  905OC (1661OF). (Note t h a t  f o u r  

a d d i t i o n a l  p o i n t s  a t  s h o r t  t i m e s  w e r e  added t o  t h e  MiniZWOK d a t a  set t o  

a i d  i n  t h i s  comparison. These f o u r  d a t a  p o i n t s  w e r e  no t  i nc luded  i n  

Table  5 . )  The ve ry  good agreement between t h e s e  two d a t a  sets i s  

regarded  as ev idence  t h a t  steam f low rate  and steam i n s e r t i o n  tempera- 

t u r e  do n o t  a f f e c t  s i g n i f i c a n t l y  t h e  k i n e t i c s  of t h e  steam o x i d a t i o n  

of  Z i r c a l o y ,  a t  least  i n  t h i s  t empera tu re  range.  
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Table  20. Steaiii Oxida t ion  of Sandvik Zi rca lsy-4  PWR 
Tubing afr 9OO0C (1652°F) MaxiZWOK JJata 

Outer  Sur face  ---- =nner  - Sur face  ,_.-_____ 

T i m e  

( s )  (urn) (urn) Consumed (urn) (im) Consumed 
(mg/  c m 2 )  

Expt . N o .  Oxide Alpha T o t a l  Oxygen Oxide Alpha T o t a l  Oxygen 

(mg / cm?- j ~ _ _ _ _  .l.l.._.l........ ....I.--.I_. . ... ..........- _ll-l_.- 

Max- 11 637.3 12 .8  15 .3  2.314 1.2.0 1 4 . 1  2.163 

Max- 1 2  75.8 5 .6  5 .O .368 4.9 4 .7  .856 

Max-13 1194,O 15 .7  18.6 2.833 1 4 . 4  18.0 2.624 

Max- 1 4  1.36.4 7.0 7.9 1.253 6.6 7.9 1.193 

Max- 1 5  46.3 5 . 0  3.9 .852 3.8 3.9 .670 

Max- 16  383.4 9.3 11.3 1.776 9.4 11.0 1 .693  

Max- 1 7 857.7 13 .2  1 7 . 5  2.431 1 2 , 6  17.9 2,350 

Max-28 2291.1 19.6 21.7 3.500 18.3 21.4 3.296 

Table  21. S t e a m  Oxida t ion  o f  Sandvik Zircaloy-4 PWR 
Tubing a t  1005°C (1841'F) MaxiZWOK Data 

--_ Outer  Surface _- I n n e r  Sur face  

( u d  (pm) Consumed (pm) (pin) Consume d 
(mg/ cm2)  (mg/ c m 2 )  

Time Oxide Alpha T o t a l  Oxygen Oxide Alpha To ta l  Oxygen (SI Expt.  No. 

---11111. ~ .__. _. .- -.I II- _--- 
Max- 2 1 367.4 25.8 17.6 4.547 24.6 17.7 4.370 

Max- 2 2 866.5 40.6 26.0 7.104 38.3 24.9 6.727 

Max- 2 3 99.4 1 3 . 7  10.2 2.436 1l.8 1 0 . 1  2.147 

Max-24 640.5 35.3 22.6 6.1 7 3  33.3 22.3 5.865 

Max- 2 5 234.4 20 .6  1 4 . 1  3.632 2 0 , l  13.6 3.543 

Max- 2 6 512.4 31.0 19 .3  5.410 30.4 18 .3  5.292 
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Fig .  38. Non-Parabolic Growth of Oxide Layer on Zircaloy-4 PWR 

Tube i n  t h e  Mini- and MaxiZWOK Appara tuses  a t  % 900°C (16112°F). 

The p a r a b o l i c  p l o t  f o r  t h e  10OS0C (1841'F) ElaxiZWOK d a t a  se t  is 

p r e s e n t e d  i n  F ig .  39, which shows t h e  behav io r  f o r  bo th  o u t e r  and i n n e r  

s u r f a c e s  of t h e  tube .  The k i n e t i c  behav io r  a t  t h i s  t empera tu re  is  

c l e a r l y  p a r a b o l i c  w i t h  on ly  minor d i f f e r e n c e s  observed  f o r  t h e  l a y e r  

growth on t h e  o u t e r  and i n n e r  s u r f a c e s .  S m a l l  d i f f e r e n c e s  of t h i s  s o r t  

may be due t o  geomet r i ca l  e f f e c t s  o r  t o  the d i f f e r e n t  f i n a l  i nne r -ou te r  

s u r f a c e  t r e a t m e n t s  used by t h e  tube manufac turer .  

A l ist  of t h e  p a r a b o l i c  ra te  c o n s t a n t s  f o r  t h e  k i n e t i c  parameters  

(where they apply)  € o r  o x i d a t i o n  i n  MaxiZWOK i s  g iven  i n  Table  2 2 .  

While t h e  900°C d a t a  compare very  f a v o r a b l y  w i t h  t h e  v a l u e s  p r e d i c t e d  

from t h e  MiniZWOK d a t a  o b t a i n e d  a t  905"C, t h e  comparison is  n o t  as good 

f o r  t h e  d a t a  sets a t  nominal ly  1000°C. 

t h i s  t empera tu re  sugges t  a s l i g h t l y  h i g h e r  v a l u e  f o r  t h e  p a r a b o l i c  ra te  

c o n s t a n t  f o r  ox ide  and a l p h a  growth, i t  i s  i n t e r e s t i n g  t o  observe  t h a t  

t h e  a c t u a l  MiniZWOK ra te  c o n s t a n t  v a l u e s  f o r  r e a c t i o n  at  l.OQl°C are 

Although t h e  MaxiZWOK d a t a  a t  
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F i g .  39. Oxida t ion  o f  Zircaloy-4 PWR Tube .i.n t he  MaxiZWOK Apparatus  
a t  1005°C. 

Table  22. P a r a b o l i c  Kate Cons tan ts  f o r  Oxida t ion  of Sandvik Zircaloy-4 
PWR Tubes i n  MaxiZWOK Apparatus  at 900 and 1005°C (1652--1841"F) 

Temper a t  u r e  

("a (OF) 
Par  ame t e r 

P a r  ab o 1. i c 
a R a t ( ?  Go-nstant llev. 

6' (%> - x so8 
-- 2 .__.I_ 1_1_ 

900 1652 Oxide ( o u t e r )  non-parabo l i c  
900 1652 Alpha ( o u t e r )  . 1 2 3  c m 2 / s  26.4 
900 1652 Xi ( o u t e r )  non-parabol ic  
900 1652 T o t a l  Ox. ( o u t e r )  non- p a r a b  o 1 i c  

900 1652 Oxide ( i n n e r )  non-parabol ic  
900 1652 Alpha ( i n n e r )  .119 crn2/s 26.2 
900 1552 X i  ( i n n e r )  non- parabo 1 i c  
900 1652 T o t a l  Ox. ( i n n e r )  non-parabol ic  

1005 1841 Oxide (ou te r )  .949 c d / s  4 . 2 
1005 1841 Alpha ( o u t e r )  ,393  c m 2 / s  9 . 9  
1005 1847. Xi ( o u t e r )  2.562 c.m2/s 4.2 

1005 1841 Oxide ( i n n e r )  .858 c m 2 / s  6.0 

1.005 1841. T o t a l  Ox. ( o u t e r )  2.908 (g/cm2I2/s 3.6 

1005 1841 Alpha ( i n n e r )  ,368 crn2/s 1.6.4 
1005 1841 X i  ( i n n e r )  2.349 c m 2 / s  4 .8  
1005 1841 T o t a l  -_ Ox. ( i n n e r )  --..- 2.649 (g/cm2)2/s  4 . 3  

%laximum u n c e r t a i n t y  a t  90% corif idence  level .  
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somewhat Lower t h a n  t h o s e  p r e d i c t e d  by t h e  Ar rhen ius  curves  c o n s i d e r i n g  

each d a t a  set as a whole.  A d d i t i o n a l l y ,  t h e  f a c t  t h a t  t h i s  tempera ture  

is w i t h i n  a very  c r i t i c a l  range  r ega rd ing  t h e  c r y s t a l  s t r u c t u r e  of t h e  

growing ox ide  may b e  r e s p o n s i b l e  f o r  t h e s e  small d i f f e r e n c e s  i n  ra tes .  

This  p o i n t  w i l l  be  d i s c u s s e d  l a t e r  w t t h  r e g a r d  t o  t r a n s i e n t - t e m p e r a t u r e  

o x i d a r i o n  behavior .  It shou ld  a l s o  be  p o i n t e d  o u t  t h a t  one a d d i t i o n a l  

experiment  i n  MaxiZWOK, run under c o n d i t i o n s  where t h e  fu rnace  tempera- 

t u r e  w a s  h i g h e r  t h a n  t h e  steam tempera ture ,  produced a s i n g l e  d a t a  p o i n t  

a t  1050°C t h a t  agreed  w i t h i n  expe r imen ta l  u n c e r t a i n t y  w i t h  t h e  s t a n d a r d  

d a t a  set .  

Thus w e  a rgue  t h a t  t h e  v a r i a t i o n s  i n  steam f low r a t e  (a t  l ea s t  f o r  

f low rates above t h o s e  necessa ry  t o  p reven t  hydrogen b l a n k e t i n g )  and 

steam i n s e r t i o n  tempera ture  produce l i t t l e  e f f e c t  on t h e  i s o t h e r m a l  rate 

of o x i d a t i o n  of  Zircaloy-4.  Of course ,  steam f low rate  and tempera ture  

are recognized  as impor tan t  f a c t o r s  i n  de te rmining  t h e  tempera ture  

response  ( i . e . p  t h e  e x t e n t  of tempera ture  rise due t o  specimen s e l f -  

h e a t i n g )  of a specimen i n  a g iven  environment .  

Mixed G a s  Experiments 

A number of scoping  tests were performed i n  which specimens of  

t h e  s t a n d a r d  Zircaloy-4 PWR tubes  were ox id ized  i n  steam t o  which s m a l l  

amounts of  p o t e n t i a l l y  reactive gases  had bcen  added. Experiments were 

conducted a t  nominal ly  1101 and 1304°C (2014-2379°F) w i t h  e i t h e r  

I O  mole % N 2 ,  10 mole 2 02, o r  5 mole 2 H2 added t o  t h e  f lowing  steam. 

These exper iments  were conducted i n  t h e  MiniZWOK appara tus  t o  which a 

g a s  i n j e c t i o n  dev ice  had been added. 

w i t h  a c a l i b r a t e d  flow-meter. I n  o r d e r  t o  i n s u r e  adequa te  mixing of 

t h e  impur i ty  gases  w i t h  t h e  steam, they  w e r e  i n j e c t e d  a t  a p o i n t  j u s t  

above t h e  steam b o i l e r .  

The gas  f low rates were monitored 

The o x i d a t i o n  and da ta -ga the r ing  procedures  used i n  t h e s e  tests 

w e r e  i d e n t i c a l  t o  t h o s e  r e p o r t e d  p r e v i o u s l y  f o r  t h e  b a s i c  se t  of  i so-  

thermal  d a t a .  Oxide and a l p h a  l a y e r  t h i c k n e s s e s  w e r e  determined at 

each moni tor  thermocouple p o s i t i o n ,  The r e a c t i o n  t i m e  a t  t h e  a s s igned  

r e a c t i o n  t empera tu re  w a s  c a l c u l a t e d  by a n  i n t e g r a t i o n  scheme which 



u t i l - i z e d  t h e  CODAS o u t p u t  f o r  t h e  e n t i r e  temperature  excur s ion .  These 

d a t a ,  p l u s  a c a l c u l a t i o n  of the t o t a l  oxygen consumed by each specimen, 

are p r e s e n t e d  i n  'l'abl-es 2 3  through 28. 

'The t a b u l a t e d  d a t a  are p r e s e n t e d  i n  g r a p h i c a l  form i n  F i g s .  40 

through 4 5 .  These are p l o t s  of i r l -~e  s q u a r e  o f  t h e  ox ide  and a l p h a  l a y e r  

t h i c k n e s s e s  as f u n c t i o n s  o f  t i m e  f o r  t h e  v a r i o u s  expe r imen ta l  c o n d i t i o n s  

I n  each f i g u r e ,  t h e  s t r a igh t :  l i n e s  r e p r e s e n t  t h e  behav io r  p r e d i c t e d  f o r  

t h e  ra tes  of l a y e r  t h i cken ing  by t h e  a n a l y t i c a l  e x p r e s s i o n s  d e r i v e d  from 

t h e  b a s i c  data set  f o r  o x i d a t i o n  i n  pu re  steam. 

It w i l l  be  noted t h a t  in some i n s t a n c e s  t h e  i n d i v i d u a l  d a t a  p o i n t s  

from t h e  scoping t e s t s  d i f f e r  from t h e  b a s e l i n e  c o r r e l a t i o n s .  However, 

because o f  the comparat ively small. num?:)er of tests used t o  d e f i n e  t h e  

ra te  cu rves  i n  t h e  scop ing  experiments ,  w e  f e e l  t h a t  these u i r f e s e n c -  

are n o t  s i g n i f i c a n t  w i t 1 1  t h e  p o s s i b l e  excep t ion  o f  t h e  r e s u l t s  f o r  

oxygen a d d i t i o n s  a t  1 1 0 1 ° C  (2014°F). 

For example, Fig.  40 compares t h e  b a s e l i n e  d a t a  w i t h  t h o s e  o b t a i n e d  

a f t e r  o x i d a t i o n  a t  1101°C: (2014°F) i i r  S tEai l l  c o n t a i n l z g  1.0 mole % N,. I t .  

i s  obvious i n  t h i s  case t h a t  t h e  d i f f e r e n c e s  i.n t h e  k h e t i c  behav io r  f o r  

ox ide  and a l p h a  l a y e r  grc,wth are j.lmignif i-cant . Indeed , t h e  r a t e  con- 

s t ian ts  f o r  @ and a calc;.l;lt~3d from t t c  scoping t e s t  d a t a  are v i - r t u a l l y  

i d e n t i c a l  t o  t h e  f fstandardrr  val-ues.  On t h e  o t h e r  hand, f o r  tests a.c 

1101°C (2014°F) i n  steam containi.ng 10 rno1.e % 0 2 ,  F i g ,  41 i n d i c a t e s  a 

s m a l l ,  b u t  c o n s i s t e n t  e f f e c t :  the o x i d e  l a y e r  a p p e a r s  t o  grow a l i t t l e  

f a s t e r  under t h e s e  c o n d i t i o n s  , and because of  t h e  r e s u l t i n g  enhancemixit 

of t h e  ra te  of movement of t h e  oxide-alpha boundary, t h e  ratie of growth 

of  the a l p h a  l a y e r  i s  reduced. However, w h i l e  t h e  ra te  c o n s t a n t  f o r  

ox ide  1-ayer growth i s  about 19% l a r g e r ,  t h e  s c a t i s t i c a l  s i - g n i f i c a n c e  

of t h i s  d i f f e r e n c e  i s  marg ina l .  I n  F ig .  42, the a d d i t i o n  of 5 mole 4 1-12 

t o  khe steam i s  shown t o  exh ib i - t  a n e g l i g i b l e  e f f e c t  on the o x i d a t i o n  

k i n e t i c s  at: 1 1 0 1 ° C  (2014°F) .  

The comparisons f o r  t h e  tests a t  1304°C (2379"F) ,  shown i n  F i g s ,  4 3 ,  

44 and ;+5 s i i l l i l a r ly  i n d i c a t e  no d rama t i c  ki .ne%ic e f fec ts  of impur i ty  

gas  a d d i t i o n s  ( a t  t h e  levels  s t u d i e d )  t o  the steam. Even f o r  t h e  case 

of t h e  10 m o l e  % oxy&t:c ?., 'ditl.on, the compar ison  w i t h  t h e  standard d a t a  

i s  ve ry  good. Thus, t h e  .-illy s cop ing  tes t  i n v o l v i n g  impur.i.t:y gas 
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Table  23. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing a t  
l lO l °C  (2014'F) (10 m o l  % Ni t rogen  Added t o  Steam) 

Expt .  N o .  Time 
(SI 

Layer Thickness  

Oxide Alpha 
(urn) (urn> 

S-170-TC-2 
S-170-TC-3 
S-171-TC- 2 
S- 1 7 1-TC- 3 
S-172-TC-2 
S-172-TC- 3 
S- 1 7  3-TC-2 
S-17 3-TC- 3 
S-175-TC- 2 
S-175-TC-3 

1 6 8 . 1  
1 6 1 . 7  
1 4 7 . 1  
162.2 
556.6 
543.1 
519.6 
523.3 

26.5 
28.5 

27.7 
28.4 
28.9 
27.5 
49.2 
48.6 
48.1 
47.2 
12.6 
13.5 

25.5 
25.9 
25.2 
23.4 
43 .3  
42.8 
43.2  
48.0 
1 2 . 7  
12.1. 

5.31 
5.42 
5.45 
5 - 2 1  
9.39 
9.28 
9 .20  
8.97 
2.39 
2.55 

Table  24. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing 
a t  1 1 0 1 ° C  (2014°F) (10 m o l  X Oxygen Added t o  Steam) 

Layer  Thickness  
T o t a l  Oxygen 

( m e /  cm2 Alpha  Time Oxide 
(urn> (urn> (S) 

Expt.  N o .  

- ~- 

5-188-TC-2 160.5 29.8 
S- 1.88-TC- 3 157.5 2 9 . 5  
S-189-TC-2 185.7 32.7 
S-189-TC-3 177.5 32.2 
S- 19 1-TC- 2 545.8 53.0 
S-191-TC-3 510.0 51.2 

23.7 5.56 
24.0 5.52 
25 .3  6.08 
24 ,7  5.97 
36 .1  9.75 
34. I 9.40 
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T a b l e  25. S%eam O x i d a t i o n  of Sandvik  Z i r c a l o y - 4  PWR Tubing 
a t  11.01"C (2014OF) (5 mol % Hydrogen Added t o  Steam) 

Expt .  No. 
Laygs-'iJickness 

Oxide Alpha 
( v d  

S-180-TC- 2 169 .8  28.2 
S-1.80-TC-3 1 7 1 . 1  2 8 . 1  
S-181-TC-2 182 .4  29 I 1 
S-181-TC-3 181.6 29.4 
S-182-TC-2 579.9 5 2 . 0  
S-182-TC-3 523.6 51.0 
S- 18 3-TC- 2 585 .3  51.0 
S- 1- 8 3-TC- 3 546.0  4 8 , l  

T o t a l  Oxygen 
(mg / cn? ) 

(urn) 

25.5 5.39 
2 6 . 1  5.39 
27.2 5 .58  
2 7 . 0  5 .62 
43 .2  9.52 
39 .8  9.54 
4 2 - 4  9.66  
39 .3  9.10 

__.-.- 

T a b l e  26. Steam O x i d a t i o n  of Sandvik  Z i r c a l o y - 4  PWR Tubing 
a t  1304°C (2379OF) (10 m o l  % N i t r o g e n  Added I:O Steam) 

E x p t .  No. 

S-174-TC- 2 
S-174-TC- 3 
S-176-TC-2 
S-176-TC-3 
S-17 7-TC-2 
S- 1 7  7-TC- 3 
S- 1.7 8-TC- 2 
S-178-TC-3 
S-179-TC-2 
S-179-TC-3 

31.5 
2 7 . 1  
30.5 
31.5 
30.4 
25.5 

158 .4  
157 .0  
1 7 0 . 1  
167.6 

28.4 
26.7 
28 .1  
27.7 
28.2 
25.6 
60.7 
6 0 . 1  
60.7 
61.5 

32.5 5 , 9 2  
31.9 5.60 
3 3 - 2  5.89 
33.8 5.8.5 
33.4 5 . 9 1  
30.0 5 .36  
74 .2  12 .87  
71.2 1 2 . 6 8  
74.4 1 2 . 9 3  
73.4 13 .00  
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Tab le  27. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing 
a t  1304°C (2379°F) (10 m o l  % Oxygen Added t o  Steam) 

Expt .  No. T ime 
( S )  

Layer  Thickness  T o t a l  Oxygen 
Oxide Alpha (mg/cm2> 
( v d  (vm) 

S-192-TC-2 27.6 26.3 29.7 5.48 
S- 192-TC- 3 26.5 26.6 31.2 5.55 
S-193-TC-2 25.8 26.6 28.3 5.46 
S-19 3-TC- 3 24.7 27.2 28.4 5.54 
S- 19 4-TC- 2 147.5 57.7 65.7 12.10 
S-19 4-TC- 3 128.0 56.2 62.0 11.67 
S-195-TC-2 143 .1  57.0 63.2 11.90 
S-195-TC- 3 147.3 58.8 66.2 12.28 

Tab le  28. Steam Oxida t ion  of Sandvik Zircaloy-4 PWR Tubing 
a t  1304°C (2379OF) (5  m o l  % Hydrogen Added t o  Steam) 

Elxpt. No. Time 
(SI 

T o t a l  Oxygen 
(mg/cm2) 

Layer Thickness  

Oxide Alpha 
(urn1 (urn) 

S-184-TC-2 33.8 29.5 35.1 6.19 
S-184-TC-3 34.4 29.1 35.7 6.15 
S-185-TC-2 32.9 28.5 34.7 6.02 
S-185-TC-3 28.4 26.7 32.5 5 .63  
S-186-TC-2 173.8 60.2 72.1 12.80 
S-186-TC-3 157.4 58.2 68.9 12.32 
S-187-TC-2 152.4 57.9 68 .1  12.23 
S-187-TC-3 160.2 59.7 70.5 12.61 
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a d d i t i o n s  t o  t h e  steam i n  which ( p o s s i b l y )  a k i n e t i c  e f f e c t  w a s  observed 

was t h e  set f o r  o x i d a t i o n  at 1101°C (2014°F) i n  steam con ta in ing  

10  mole %' 0 2 .  

While t h e  number of  experiments  i n  t h e s e  scoping  tests w a s  rela- 

t i v e l y  s m a l l ,  i t  is n e v e r t h e l e s s  p o s s i b l e ,  as mentioned above, t o  

compute p a r a b o l i c  r a t e  c o n s t a n t s  from t h e  ox ide  and a lpha  l a y e r  t h i ck -  

nes s  measurements f o r  each set. These rate c o n s t a n t  v a l u e s  are compared 

wi th  t h o s e  of  t h e  b a s e l i n e  d a t a  set i n  Tables  29 and 30. With t h e  one 

excep t ion ,  t h e  m a x i m u m  d i f f e r e n c e  observed i n  t h e  rate c o n s t a n t s  was 

less than  lo%,  i n d i c a t i n g  a g a i n  t h a t  f o r  t h e  p a r t i c u l a r  concen t r a t ion  

l e v e l s  s t u d i e d ,  t h e  i n f l u e n c e  of t h e  gaseous i m p u r i t i e s  on t h e  k i n e t i c s  

of o x i d a t i o n  w a s  very small. 

Al loy  Composition V a r i a t i o n  

I n  o r d e r  t o  assess t h e  p o s s i b l e  i n f l u e n c e  of s m a l l  d i f f e r e n c e s  i n  

t h e  a l l o y  composi t ion of reac tor -grade  Zircaloy-4 tub ing  on t h e  oxida- 

t i o n  k i n e t i c s ,  measurements w e r e  made aT: two tempera tures  on specimens 

o b t a i n e d  from a n  a l t e r n a t e  t u b i n g  supply t h a t  w e  have des igna ted  

Batch B*. Using t h e  i d e n t i c a l  equipment and procedures  documented 

p r e v i o u s l y ,  steam o x i d a t i o n  experiments  were conducted a t  1153 and 

1504°C (2107-2739°F) f o r  comparison w i t h  t h e  s t a n d a r d  Sandvik tub ing  

d a t a  f o r  t h e s e  same tempera tures .  

The d a t a  ob ta ined  f o r  o x i d a t i o n  of t h e  Batch B tub ing  are given 

i n  Tables  31 and 32. A l so  l i s t e d  i n  t h e s e  t a b l e s  are  t h e  c a l c u l a t e d  

va lues  f o r  t h e  t o t a l ,  oxygen consumed by t h e  specimens.  P a r a b o l i c  

p l o t s  f o r  t h e  th i cken ing  of t h e  oxide  and a l p h a  l a y e r  are p resen ted  i n  

F igs .  46 and 47, which i n c l u d e  t h e  comparisons t o  t h e  b a s e l i n e  Sandvik 

t u b i n g  d a t a  t aken  from t h e  a n a l y t i c a l  r e p r e s e n t a t i o n s .  These compari- 

sons  show i n s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  r a t e s  of a lpha  l a y e r  growth 

a t  t h e s e  tempera tures  and small b u t  a p p a r e n t l y  c o n s i s t e n t  d i f f e r e n c e s  

i n  the  rates of ox ide  l a y e r  growth. Tabula ted  va lues  of t h e  rate 

"Reactor grade  PWR Zircaloy-4 t ub ing ,  Batch B .  Composition 
(wt % ) :  1.3  Sn, 0 .22  Fe,  0.10 C r ,  0.125 0, 0.010 C ,  0.0015 N ,  and 
0.0015 H. 



9
4

 

cn 0
 

r
i 

X
 m
 

\
 

N
 5 h
 

m
 

r-i 
-1- r-i 

-t: M
 
e
 

Ln 

+I 

.
.

 
N

h
l

 

r
l

L
n

 
.

.
 



Table 30. Comparison of Parabolic Rate Constants for Oxidation in Steam at 1304°C (2379’F) 
(Impurity Gas Additions) 

Parabolic Parabolic 
b Difference Rate Constanta Difference Rate Constant Data Set 

(oxide) (2) (a b h a )  (X) 
6 2  6 2  

C ~ / S  x 107 cm2/s x 1 0 7  - a 
2’ 10 

2’  

1 .194  1 a 619 
Ul 

Basic (pure steam) 

10 m o l  % N2 added 1.136 i 4.1% -4.9 1 . 6 5 2  2 3.9% +2.0 

1.170 t 6.3% -2.0 1.467 +_ 5.2% - 9 . 3  10 mol % 02  added 

1.087 t 5.5% -9.0 1.531 2 6.0% -5.4 5 mol % H2 added 

a Error limits indicate uncertainty at 90% confidence level. 

bPercent difference compared to baseline value. 
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Table  31.. Steam O x i d a t i o n  of Batch  B Z i r ca loy -4  PWR Tubing 
a t  1153°C (2107'F) 

Expt .  No. 

AB-197-TC-2 
AB-1.9 7-TC- 3 
AB- 1 9  8-TC- 2 
AB- 19 8-TC-3 
AB-202-TC-2 
AB-202-TC-3 
AB-20 3-TC- 2 
AB-20 3-TC-3 
AB-206-TC-2 
AB-206-TC-3 
AB-207-TC- 2 
AB-207-TC- 3 
AB- 208-TC- 2 
AB- 208-TC- 3 
AB-209-TC-2 
AB- 2 09 - TC- 3 

Layer  Thickness  T o t a l  Oxygen T i m e  
(SI Oxide Alpha (mg/cm2> 

( v d  -- (l-4 

239.4 
231.7 
103.5 
1 0 3 . 1  
182 .4  
1 7 4 . 3  
294.4 
284.0 
246.6 
241.0 
181.6 
1 6 5 . 4  
386.0 
374.3 
101.8 

92 .7  

37.4 
37 .1  
2 4 , 2  
2 4 , 2  
32 .8  
32.0 
41.0 
4 0 , 1  
37.6 
38.0 
33.4 
31.4 
46.4 
45.5 
25.7 
24.4 

39.5 
39.0 
30.7 
30.3 
35.1 
3 4 . 1  
4 3 , 9  
42.9 
37.2 
37.7 
36.7 
35.0 
46.0 
44.7 
29 .3  
28 .5  

7 .51  
7.44 
5 . 0 1  
5.00 
6.59 
6.43 
8.26 
8.08 
7 .48  
7 .55  
6 .73  
6.35 
9 .25  
9.06 
5.19 
4.95 

Table  32. Steam Oxida t ion  o f  Batch  B Z i r c a l o y - 4  PWR Tubing 
a t  1504°C (2739°F) 

Expt .  No. T i m e  
(SI 

L a y e r  Thickness 

Oxide Alpha 
(um)  ( v d  

T o t a l  Oxygen 
(mg/ cm2) 

AB-210-TC-2 25.7 
AB-210-TC-3 27.0 
AB-211-TC-2 28.. 7 
AB-211-TC- 3 26 .3  
AB-212-TC-2 16 .2  
AB- 2 12-TC-3 16.2 
AB- 2 13-TC- 2 17 .2  
AB-213-TC-3 1 6 . 8  
AB-214-TC-2 40.1 
AB-2 14-TC- 3 37.5 
AB- 215-TC-2 35.7 
AB-215-TC-3 34.2 
AB-216-TC-2 7.7 
AB-216-TC-3 8.1 
A B - ~ ~ ~ - T C -  2 7 . 3  
AB-21 7-TC- 3 6.9 
AB-218-TC-3 47.9 
AH-219-TC-2 51.4 - AB- 2 19-TC- 3 49.8 - -.- 

44.6 68.1 1 0 . 3 3  
44.9 70.8 10 e 50 
46.8 7 4 . 3  10 .95  
44.7 68.2 10 .37  
36.9 56.0 8.49 
36.9 5 4 -  7 8 .45  
38.0 53.6 8 . 6 1  
36.4 56.9 8 .47  
5 9 . 8  84.3 13.50 
54.0 81.6 12 .48  
51 .8  80.1 1 2  a 06 
51.8 77 .1  1 1 . 9 3  
27.3 38.8 6 . 1 4  
27.4 38.5 6 17 
25.0 38.0 5 . 7 5  
24.5 36 .3  5.60 
6 2 . 0  89.7 14 .17  
61.6 94.8 14.34 

- 61.4 .- 95.6 1 4 , 3 1  -.pc__ 
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c o n s t a n t s  c a l c u l a t e d  from t h e s e  d a t a  are  g iven  i n  Table  3 3 .  The 

pe rcen tage  d i f f e r e n c e  i n  t h e  ra te  c o n s t a n t s  f o r  ox ide  l a y e r  growth f o r  

t h e  two b a t c h e s  of  t ub ing  is s m a l l  i n  bo th  cases, b u t  i s  measurably 

less a t  t h e  h i g h e r  tempera ture ,  

Summary o f  I so the rma l  Scoping T e s t  R e s . @  

(1) V a r i a t i o n s  i n  t h e  steam flow r a t e  from about  1 m / s  t o  about  

18 m / s  e x h i b i t e d  only  minor e f f e c t s  on t h e  o x i d a t i o n  of Zircaloy-4 PWR 

tub ing .  A few pre l imina ry  tes ts lC were r~un wi th  steam v e l o c i t i e s  as 

l o w  as 0.2 m / s  w i t h  similar r e s u l t s .  These r e s u 1 . t ~  are  c o n s i s t e n t  w i t h  

t h o s e  of  Biederman, e t  a1.I7 who r e p o r t e d  no e f f e c t s  even under cot ldi t ios  

of  no fo rced  steam flow (only  convec t ive  c u r r e n t s ) .  

a l s o  r e p o r t e d  no measurable  e f f e c t  of steam f low rate f o r  experiments  

at 1000°C (1832°F) where t h e  f low r a t e  w a s  v a r i e d  from about  0 . 2  t o  

1 .6  m/s. 

Kawasaki, e t  a1.31 

(2> V a r i a t i o n s  i n  t h e  steam i n j e c r i o n  temperat i i re  from approximately 

150°C (202°F) t o  above 1.00O"C (1832°F) produced no s i g n i f i c a n t  p e r t u r -  

b a t i o n  o f  t h e  o x i d a t i o n  k i n e t i c s .  

measurable  e f f e c t s  f o r  steam supe rhea t  tempera tures  from 66 t o  316°C 

(150-600"F). 

( 3 )  The composi t ion of our  a l t e r n a t e  supp1.y of PWR t u b i n g  was 

Biederman, e t  a1..17 r e p o r t e d  no 

s l i g h t l y  d i f f e r e n t  from t h a t  of t h e  s t a n d a r d  Sandvik tub ing ,  and t h i s  

composi t iona l  v a r i a t i o n  produced only  a s m a l l  b u t  c o n s i s t e n t  v a r i a t i o n  

i n  t h e  rate oE growth of t h e  oxide  Sayer ;  a l p h a  l a y e r  growth w a s  

unchanged. 

i n  o x i d a t i o n  behav io r  f o r  t h r e e  b a t c h e s  o f  t u b i n g ,  perhaps because on ly  

ve ry  small. composi t iona l  v a r i a t i o n s  e x i s t e d ,  

Riederman, e t  a l . ,  l 7  r e p o r t e d  no s i g n i f i c a n t  d i f f e r e n c e s  

( 4 )  Addi t ions  o f  10  mole X N 2 ,  10 mole % O2 o r  5 m o l e  2 112 t o  t h e  

steam were shown t o  have only  minor ,  i f  any,  e f f e c - r s  on the  o x i d a t i o n  

r a t e  o f  Zirca loy  tubing .  

COMPUTER CODES AND TRANSIEWl'-TEMPERATUKE OXIDATION 

Two computer codes have been developed t h a t  pe rmi t ,  on t h e  b a s i s  

of a n  i d e a l  model, t h e  c a l c u l a t i o n  o f  impor tan t  k i n e t i c  and oxygen 



Table 33 ,  Comparison of P a r a b o l i c  Rate Cons tan t s  € o r  Sandvik and Batch ' B '  Tubing a t  1153 and 1504°C 

b P a r a b o l i c  P a r a b o l i c  
R a t e  Cons tan ta  D i f f e r e n c e  Rate Cons tan ta  D i f f e r e n c e  

(%I ( a lpha )  (X) 

cm2/s x 1 0 8  

Data S e t  (oxide)  

-A cm2/s x 108 
6 2  
a 6 2  
c 

2 '  2 '  

Sandvik, 1153°C 3.551 3.183 
Batch ' B ' ,  1153°C 2.875 t 4.3% -19.0 3.112 t 16.6% -2.2 

Sandvik, 1504°C 4 3 . 3 4  91.27 
Batch ' B ' ?  1504°C 39.16 * 5 .2% -9.6 89.17 2 3.4% -2.3 

a 

bPercent  d i f f e r e n c e  compared t o  b a s e l i n e  value. 

Er ro r  l i m i t s  r e p r e s e n t  u n c e r t a i n t y  a t  90% conf idence  level.  



100 

d i s t r i b u t i o n  parameters  du r ing  any g iven  tempera ture  exci i rs ion € o r  

Z i r ca loy  i n  steam. 

SIMTMN is  a F o r t r a n  I V  computer program w r i t t e n  f o r  t h e  LBM 3601’91 

sys tem which s o l v e s  SIMultaneouslp t h e  TMNsport equa t ions  f o r  bo th  h e a t  

and m a s s  f low f o r  t h e  one d imens iona l  mul t iphase  moving boundary, 

t r a n s i e n t  tempera ture  t r a n s p o r t  problem i n  a f i n i t e  geometry system 

d e f i n e d  by c y l i n d r i c a l  c o o r d i n a t e s .  The code u t i l i z e s  a n  i d e a l  d i f f u -  

s i o n  model based  on a f i n i t e  d i f f e r e n c e  a n a l y s i s  t h a t  requi res  uniform 

l a y e r  growth o f  a l l  phases  and assumes t h e  e x i s t e n c e  of thermodynamic 

e q u i l i b r i u m  a t  a1.I i n t e r f a c e s  a t  a l l  t i m e s .  

BILD5 i s  a much s imple r  code t h a t  is a modif ied v e r s i o n  of a program 

used i n  some p r i o r  ana lyses  of t h e  o x i d a t i o n  of Z i r ca loy .  3 3 9 3 4  It pre-  

d i c t s  ox ide  t h i c k n e s s ,  a lpha  t h i c k n e s s ,  and t o t a l  oxygen consumption by 

an  i n t e g r a t i o n  of  t h e  v a r i o u s  ra te  c o n s t a n t s  f o r  a g iven  t irne-temperature 

cyc le .  A f i n i t e  d i f f e r e n c e  method is used t o  c a l c u l a t e  t h e  oxygen con- 

t e n t  and d i s t r i b u t i o n  w i t h i n  t h e  b e t a  r eg ion .  

I so the rma l  Model V e r i f i c a t i o n  

The m a s s  t r a n s p o r t  e q u a t i o n s  i n  ou r  major computer code, SIMTRAN, 

are sol.ved u s i n g  a model based on F i c k ‘ s  l a w s  of d i f f u s i o n  and t h e  

premise t h a t  thermodynamic e q u i l i b r i u m  is  main ta ined  a t  a l l  i n t e r f a c e s .  

The b a s i c  i n p u t  t o  t h i s  p o r t i o n  o f  t h e  code c o n s i s t s  of t h e  oxygen 

d i f f u s i o n  c o e f f i c i e n t s  and equi l . ibr ium oxygen c o n c e n t r a t i o n s  i n  each 

of  t h e  phases .  Wi.th t h e  excep t ion  o f  numer ica l  va lues  f o r  t h e s e  impor tan t  

i n p u t  d a t a ,  a d e t a i l e d  d e s c r i p t i o n  oE t h e  code h a s  been pub l i shed  as a 

top ica l .  r e p o r t 2  and w i l l  n o t  b e  cons ide red  he re .  

In  o r d e r  t o  o b t a i n  an  a c c e p t a b l e  v e r i f i c a t i o n  of STMTRAN f o r  i so -  

thermal  o x i d a t i o n ,  i t  i s  then  necessa ry  t o  supply  c o n s i s t e n t  sets of 

oxygen d i f f u s i v i t y  arid oxygen s o l u b i l i t y  d a t a  as f u n c t i o n s  of tempera- 

t u r e  t h a t  combine t o  y i e l d  good agreement w i t h  t h e  expe r imen ta l  obser-- 

v a t i o n s  f o r  l a y e r  t h i c k n e s s  growth. L i t e r a t u r e  d a t a  f o r  t h e s e  q u a n t i t i e s  

f o r  a l l  phases  of t h e  Zircaloy-oxygen system a t  e l e v a t e d  tempera tures  

are  scarce and are of g e n e r a l l y  unknown accuracy .  Thus, care must b e  

e x e r c i s e d  t o  i n s u r e  t h a t  t h e  p r e d i c t i o n s  of t h e  code, which r e l y  on 
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t h i s  i n p u t ,  a g r e e  w i t h  t h e  expe r imen ta l  r e s u l t s  f o r  i s o t h e r m a l  o x i d a t i o n  

b e f o r e  comparisons are a t t empted  f o r  t r a n s i e n r .  t empera tu re  r e a c t i o n .  

The e q u i l i b r i u m  s o l u b i l i t y  v a l u e s  f o r  oxygen u t i l i z e d  i n  the  p r e s e n t  

v e r s i o n  of SIMTRAN are t h o s e  l i s t e d  i n  an ea r l i e r  c h a p t e r  of t h i s  r e p o r t ,  

and were s e l e c t e d  from t h e  d a t a  of Ruh and Garrett ,21 Gebhardt,  e t  a l .  ,22 

Domagala and M c P h e r ~ o n ~ ~  f o r  t h e  sys tem Zr-0, and r e c e n t  r e s u l t s  from 

ANL by Chung, Garde and Kassner" f o r  t h e  sys tem Zircaloy-0.  The 

e f f e c t i v e  oxygen d i f f u s i o n  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  from t h e  d a t a  

gene ra t ed  i n  t h i s  program. The chemical d i f f u s i o n  c o e f f i c i e n t  f o r  

oxygen i n  t h e  b e t a  phase of Zi rca loy-4  w a s  determined4 by d i r e c t  mea-  

surements as a f u n c t i o n  of t empera tu re  t o  be  

D = 0.0263 exp(-28,200/RT["K]) cm2/s . (9 1 B 

The d i f f u s i o n  c o e f f i c i e n t s  of oxygen i n  Z i r c a l o y  ox ide  and i n  a lpha  

Z i r c a l o y  were de termined  by a t r ea tmen t  of t h e  k i n e t i c  phase-growth d a t a  

o b t a i n e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  A t o p i c a l  r e p o r t  d e s c r i b i n g  

t h e s e  c a l c u l a t i o n s  and r e s u l t s  h a s  been i s s u e d .  This  t r e a t m e n t  involved  

a c o n s i d e r a t i o n  of t h e  sys tem as a c l a s s i c a l  mu l t iphase ,  moving boundary, 

d i f f u s i o n  problem i n  which t h e  d i f f u s i o n  c o e f f i c i e n t s  were expressed  

i n  terms o f  t h e  r e a c t i o n  rate c o n s t a n t s  and s o l u b i l i t y  v a l u e s .  The 

a p p r o p r i a t e  chemical d i f f u s i o n  c o e f f i c i e n t s  f o r  oxygen i n  t h e  t e t r a g o n a l  

ox ide  phase and i n  t h e  oxygen- s t ab i l i zed  a lpha  phase are,  r e s p e c t i v e l y ,  

D ox = 0.1387 exp(-34,680/RT["K]) cm2/s 

D = 3.923 e~p(-51 ,00O/RT[~K])  cm2/s . (11) a 

Using t h e  above va lues  f o r  t h e  oxygen s o l u b i l i t i e s  and d i f f u s i v i t i e s ,  

a comparison between t h e  SLMTRAN-predicted and t h e  expe r imen ta l ly  

observed v a l u e s  f o r  ox ide  l a y e r  t h i c k n e s s ,  a l p h a  l a y e r  t h i c k n e s s ,  and 

oxygen consumed as a f u n c t i o n  of t i m e  w a s  made o v e r  t h e  tempera ture  

range  1000-1500°C (1832-2732°F). Temperatures lower t h a n  1000°C (1832°F) 

w e r e  no t  i nc luded  i n  t h i s  comparison because t h e  non-parabol ic  k i n e t i c  

behav io r  observed f o r  t h e  ox ide  l a y e r  a t  t h e s e  t empera tu res  does n o t  

conform t o  t h e  SIMTRAN model, which r e q u i r e s  d i f f u s i o n  c o n t r o l l e d ,  

p a r a b o l i c  k i n e t i c s .  
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For i s o t h e r m a l  o x i d a t i o n  a t  1000 t o  1500°C (1832-2732°F) over  t h e  

range  of  t i m e s  r e p o r t e d  i n  our  e x p e r i m e a t s ,  SIMTRAN p r e d i c t i o n s  of t h e  

impor tan t  k i n e t i c  parameters  compared t o  t h e  p a r a b o l i c  representatzions 

o f  t h e  exper imenta l  d a t a  were cons ide red  t o  b e  e x c e l l e n t  (which i s  n o t  

s u r p r i s i n g ,  s i n c e  t h e  SIMTPAN i n p u t  w a s  d e r i v e d  i n  p a r t  from t h e  expe r i -  

ments themselves) .  For  example, SIMTKAN ove rp red ic t ed  t h e  ox ide  l a y e r  

t h i c k n e s s  by less than  3% ove r  t h e  whole tempera ture  range;  t h e  agree-  

menl: f o r  a l p h a  growth and t o t a l  oxygen consumption w a s  even b e t t e r .  

Thus ,  w i t h  t h e  noted  excep t ion  f o r  tempera tures  less  than  1000°C (1832°F) , 
w e  r ega rd  t h e s e  r e s u l t s  as a code o r  model v e r i f i c a t i o n  f o r  r e a c t i o n  

imder i so the rma l  c o n d i t i o n s .  

An i so the rma l  o x i d a t i o n  v e r i f i c a t : i o n  i s  redundant  i n  t h e  case of 

t h e  BILD5 code  s i n c e  i t  makes d i r e c t  use o f  t h e  p a r a b o l i c  ra te  c o n s t a n t s  

t o  compute t h e  rates of i n c r e a s e  of t h e  k i n e t i c  parameters .  Of cour se ,  

t h i s  code i n  i t s  p r e s e n t  form a l s o  cannot  b e  used t o  cons ide r  Qxidat joi i  

where non-parabol ic  behavior  e x i s t s .  No d i r e c t  experii i iental  v e r - i f i c a t i o n  

of t h e  acciuracy of  t h e  RIT,D5 c a l c u l a t i o n  of t he  oxygen d i s t r i b u t i o n  i n  

the b e t a  phase  i s  a v a i l a b l e  except  t o  n o t e  t h a t  i t  c.ompares f avorab ly  

w.i.th t h e  SIMTRAN ca l cu la t ion .  

Mixed- Tempe r a t  lire Exper inien t s 

I n  a d d i t i o n  t o  t h e  i s o t h e r m a l  exper iments  a t  900 and LOO5"C 

(1652-lS4l0F) ,  we conducted several experiments  i n  Maxi-%WOK i n  which 

t h e  steam and fu rnace  tempera tures  were main ta ined  a t  d i f f e r e n t  v a l u e s .  

'The purpose of such  experiments  was two-fold.  F i r s t ,  t h e  fu rnace  and 

steam tempera tures  are t h e  p r i n c i p a l  v a r i a b l e s  governing t h e  ra te  of 

h e a t  t r a n s f e r  mechanisms. 'Thus t h e  specimen h e a t i n g  and tempera ture  

overshoot  behavior  could be  examined ove r  a range  of c o n d i t i o n s .  Such 

in fo rma t ion  is u s e f u l  f o r  comparison with t h e  resill-ts of SIMTRAN, which 

can p r e d i c t  such tempera ture  excur s ions  on t h e  b a s i s  of an i d e a l  model. 

Secondly,  t h e s e  d a t a  pe rmi t t ed  an  a d d i t i o n a l  e v a l u a t i o n  of t h e  e f f e c t  

o f  i n l e t  steam tempera ture ,  p e r  se, on t h e  k i n e t i c s  of t h e  steam- 

Z i rca loy  r e a c t i o n .  

Three mixed-tempeyatui-e experiments  were conducted w i t h  t h e  steam 

tempera tures  va ry ing  from 894 t o  994°C (1641.-1821"F) and fu rnace  
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temperatures varying from 1040 to 1110°C (190G-2030"F). Except for 

the degree of overshoot, the specimen temperature response in all three 

runs was similar and is illustrated in Fig. 48 .  This drawing was made 

from the recorder trace €or the experiment in which the steam tempera- 

ture was controlled at 994°C (1821°F) while the furnace was maintained 

at l l l O ° C  (2030°F). 'In this environment the Zircaloy-4 PWR tube speci- 

men experienced a 43°C (77°F)  temperature overshoot before i t s  tempera- 

ture decreased to an equilibrium value of 1057°C (1935°F). Thus, even 

at this comparatively low temperature, it is evident that appreciable 

specimen self-heating can occur. It would be anticipated that f o r  

similar heat transfer characteristics, the extent of self-heating would 

increase substantially with increasing temperature. 

If the time of t h i s  pseudo-isothermal experiment is normalized to 

for an isothermal experiment at 1O5O0C, w e  f ind  that an effective. value 
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t h e  measured v a l u e s  of ox ide  and a l p h a  l a y e r  t h i c k n e s s e s  ( 4 0 . 3  k 1.9  and 

37.5 _+ 3.1 u m ,  r e s p e c t i v e l y )  a g r e e  w i t h i n  t h e  u n c e r t a i n t y  L i m i t s  w i t h  

t h e  s t a n d a r d  exper imenta l  d a t a  se t  ob ta ined  i n  MiniZWOK f o r  t h i s  ternper- 

a t u r e  (39.0 t- 1.1 and 31.0 ? 4 . 4  pm, r e s p e c t i v e l y ) .  Th i s  sugges t s  t h a t  

ou r  methods of t ime-temperature  normal iza t i -on  are  s a t i s f a c t o r y  and 

o f f e r s  a n  a d d i t i o n a l  p o i n t  where a good agreement e x i s t s  for  d a t a  

ob ta ined  i n  ou r  two o x i d a t i o n  appa ra tuses .  

T h i s  experiment  w a s  a l s o  used t o  t es t  t h e  temperature- t ime p r e d i c t i v e  

c a p a b i l i t y  of  S T M T W  on t h e  b a s i s  o f  t h e  p h y s i c a l  p r o p e r t y ,  heat-of- 

r e a c t i o n  and h e a t - t r a n s f e r  d a t a  i n p u t  t o  t h e  code. The specimen is  

assumed t o  b e  i n s e r t e d  i n t o  an  environment where i t  receives h e a t  by 

r a d i a t i o n  from t h e  fu rnace  w a l l  and by convec t ion  from t h e  f lowing 

steam. 

p r e d i c t e d  tempera ture  c y c l e s  could b e  ob ta ined  s imply by va ry ing  t h e  

convec t ive  (steam) h e a t - t r a n s f e r  c o e f f i c i e n t  w i t h i n  a r easonab le  range .  

For  example, a convec t ive  h e a t  t r a n s f e r  c o e f f l - c i e n t  of .00407 cal/s-cm2-'C 

(30 Rtu/hr-ft2- 'F) used as i n p u t  t o  SIMTRAM produced t h e  r e s u l t  i l l u s -  

t r a t e d  i n  F ig .  4 9 ,  which is a comparison w i t h  the ac tua l .  experiment .  

It w a s  found t h a t  very  good agreement between t h e  observed and 

ORNL-DVVG 76-985f7 
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F i g .  4 9 .  A Comparison of t h e  Observed and SIWRAN-Predicted ' r i m e -  
Temperature Excursion f o r  Expt. MAX-20. 



The agreement is seen  t o  be  q u i t e  good, p a r t i c u l a r l y  i n  t h e  l i g h t  of t h e  

assumptions which go i n t o  t h i s  c a l c u l a t i o n .  Such agreement l ends  a 

degree  of conf idence  t o  t h e  SIMTRAN p r e d i c t i o n s  of t ime-temperature 

behav io r  d u r i n g  exposure  of  Z i r c a l o y  t u b e s  a t  h i g h e r  tempera tures  under 

known h e a t - t r a n s f e r  c o n d i t i o n s .  

T r a n s i e n t  Temperature Oxida t ion  Experiments 

A v a r i e t y  o f  t r a n s i e n t  t empera tu re  o x i d a t i o n  exper iments  w a s  

performed i n  o r d e r  t o  tes t  t h e  p r e d i c t i o n s  of ou r  computer codes.  The 

temperature-time p r o f i l e s  used are shown i n  Fig.  50. The very  s imple  

t r a n s i e n t s  i n  F ig .  50 (a )  were des igned  t o  i n v e s t i g a t e  t h e  e f f e c t s  of 

v a r i a t i o n s  i n  h e a t i n g  and coo l ing  rates on code p r e d i c t i o n s .  The 

p r o f i l e s  i n  F i g .  5O(b) should  r e v e a l  any e f f e c t s  on o x i d a t i o n  ra te  

r e l a t e d  t o  changes i n  s c a l e  m i c r o s t r u c t u r e  o r  o t h e r  f a c t o r s  i n f l u e n c e d  

by an i n c r e a s e  o r  dec rease  i n  t empera tu re  n e a r  t h e  beg inn ing  o r  t h e  

end of t h e  t r a n s i e n t .  Curve No. 1 i n  F i g .  50(c)  s i m u l a t e s  a t r a n s i e n t  

c a l c u l a t e d  f o r  a p a r t i c u l a r  h y p o t h e t i c a l  LOCA; curve  No. 2 i s  similar 

excep t  t h a t  t h e  maximum tempera tu re  of t h e  blow-down peak w a s  i n c r e a s e d  

from 908°C (1652OF) t o  1400°C (2552OF). 

Oxide and a l p h a  phase t h i c k n e s s  measurements were made f o r  each of 

t h e  t r a n s i e n t - t e m p e r a t u r e  o x i d a t i o n  tests. For s e v e r a l  r e p r e s e n t a t i v e  

t r a n s i e n t s ,  as shown i n  Table 3 4 ,  t h e  p r e d i c t i o n s  of t h e  SIMTRAN and 

BLLD5 codes w e r e  compared w i t h  t h e  expe r imen ta l  measurements. The code 

p r e d i c t i o n s  were made on t h e  b a s i s  of approximate d e s c r i p t i o n s  of t h e  

e x a c t  t ime- tempera ture  c y c l e s ,  and t h e  code r e s u l t s  are,  t h e r e f o r e ,  

thought t o  b e  s l i g h t l y  c o n s e r v a t i v e .  For  t h e  cases examined t o  d a t e ,  

excep t  as no ted  below f o r  t h e  'ttwo-peakll t r a n s i e n t s ,  bo th  codes p r e d i c t  

ox ide  t h i c k n e s s  a f t e r  t r a n s i e n t  o x i d a t i o n  t o  w i t h i n  about 10%. However, 

t h e  tendency f o r  t h e  fo rma t ion  of "alpha i n c u r s i o n s " ,  as opposed t o  

uniform a l p h a  l a y e r  growth, d u r i n g  t h e  cool ing  p o r t i o n  of  a t r a n s i e n t -  

t empera tu re  o x i d a t i o n  tes t  r e p r e s e n t s  a growth s i t u a t i o n  t h a t  i s  n o t  

properl-y modeled by t h e  i d e a l  growth schemes employed by the codes. I n  

SIFlTRAN, f o r  example, t h e  a lpha -be ta  boundary movement i s  a c c e l e r a t e d  

du r ing  c o o l i n g  due t o  t h e  changes i n  t h e  e q u i l i b r i u m  s o l u b i l i t i e s  and 
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Transient Temperature Experiments. 

Fig .  50. Schematic Representations of the  Time-Temperature Profiles 
of Transient Temperature Oxidation Tests. 



Table  3 4 .  A Comparison of Exper imenta l  and P r e d i c t e d  Values f o r  
K i n e t i c  Parameters f o r  T r a n s i e n t  Steam Oxida t ion  of Zi rca loy-4  

SLMTMN T r a n s i e n t  Measured - BILD5 - 
Type Oxide Alpha Oxide Alpha Oxygen Oxide Alpha Oxygen 

(Fig.  4 7 )  (urn) (urn) (um) (vm) (mg/cm2) (urn) (urn) (mg/cm2) 

Exp t I 

N o  c 

s- 15 5 a- 1 39.3 46.5 40.0 39.4 7 .74  41.0 64 .5  7.77 

S-158 a- 3 35.8 40.7 36.7 36.8 7.15 37.5 55.1 7 . 1 5  

S-  16 3 b-1 65.2 8 2 . 3  71.0 85.4 14.62 7 4 . 4  132.1  14.66  

S-164 b- 2 65 .8  86.9 73.6 88.6 15.16 73.7 141.8 14.97 

5-160 e- 1 45 .8  49.8 48.4 4 5 . 8  9.24 49.5 77.2 9.26 

S-196 c- 2 40.2 52 .4  49.7 47.7 9 . 5 3  51.1 78.8 9 . 6 1  
.--- 

t h e  oxygen c o n c e n t r a t i o n  g r a d i e n t s  a t  t h i s  i n t e r f a c e ,  b u t  no i n c u r s i o n s  

o r  p r e c i p i t a t i o n  i n  advance of t h e  i n t e r f a c e  are al lowed,  even i n  t h e  

r e g i o n  of s u p e r s a t u r a t i o n .  Thus,  s i n c e  s u p e r s a t u r a t i o n  can  be r e l i e v e d  

i n  t h i s  model on ly  by d i f f u s i o n  t o  a growth f r o n t ,  SIM'TRAN t ends  t o  over- 

p r e d i c t  t h e  compact a l p h a  l a y e r  t h i c k n e s s .  B I L D 5 ,  on t h e  o t h e r  hand, 

appears  t o  predict .  t h e  t h i c k n e s s  of t h e  compact p o r t i o n  of t h e  a l p h a  

l a y e r  t o  w i t h i n  about  10%. N e i t h e r  program c h a r a c t e r i z e s  i n c u r s i o n  

format ion;  however, t h e  d i f f e r e n c e  i n  t h e  a l p h a  l a y e r  p r e d i c t i o n s  f o r  

t h e  two codes is r e l a t e d  t o  t h e  e x t e n t  of  t h e  i n c u r s i o n s .  While no 

expe r imen ta l  v a l u e s  are a v a i l a b l e  €or  comparison, t h e  codes y i e l d  v a l u e s  

of  t o t a l  oxygen consumed dur ing  t r a n s i e n t  o x i d a t i o n  t h a t  are i n  good 

agreement. 

The m e t a l l o g r a p h i c  s t r u c t u r e s  e x h i b i t e d  by t h e  t r a n s i e n t  tempera- 

t u r e  o x i d i z e d  specimens are i l l u s t r a t e d  i n  F igs .  51-33. F i g u r e  5 1  is  

t h e  c r o s s  s e c t i o n  of t h e  specimen from Expt. 5-155 (see Table  3 4 ) ,  which 

w a s  a s imple  " t r a p e z o i d a l "  t r a n s i e n t  w i t h  a peak t empera tu re  of 1200°C 

(2192 'F)  t h a t  l a s t e d  120 s. While on ly  a few i n c u r s i o n s  developed i n  

t h i s  specimen, much more i n c u r s i o n  growth and a l p h a  p r e c i p i t a t i o n  were 

observed  i n  t h e  sample from Expt. 5-163 (see Fig. 5 2 )  where t h e  peak 

t empera tu re  w a s  1400'C (2552OF) ,  and i n  which, consequent ly ,  a h i g h e r  

oxygen c o n c e n t r a t i o n  developed n e a r  t h e  a lpha -be ta  i n t e r f a c e .  Most 

probably ,  a combination of  excess oxygen and compara t ive ly  h igh  
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Fig .  51. Cross-sect ion o f  Sandvik Zi.rcaloy-4 PbR Tube Oxidized 
i n  S team According t o  Expt.  S-155. Max. Cemp. = 1200°C (2192°F) .  
Etch- anodi  z e d ; b r i g h t -  f i el. d ; 100 x . 

Fig. 52. Cross-Sect ion of Sandvik Zircaloy-4 PWR Tube Oxidized 
in Steam According to Expt .  S-163. Max. t emp.  = 1400°C (2552OF). 
Etch-anodized; b r i g h t - f i e l d ;  1 0 0 ~ .  



1.09 

Fig.  5 3 .  Cross-Sec t ion  of  Sandvik Zircaloy-4 PWR Tube Oxidized i n  
Steam According t o  Expt. S-160. Max. temp. = 1200°C (2192°F).  Etch- 
anodized;  b r i g h t - f i e l d ;  1 0 0 ~ .  

t empera tu res  (h igh  oxygen m o b i l i t y )  f a v o r s  t h e  fo rma t ion  and growth of 

i n c u r s i o n s  on coo l ing .  However, i n c u r s i o n s  a p p a r e n t l y  can a l s o  form 

i n  advanced s t a g e s  of  an i s o t h e r m a l  r e a c t i o n  as t h e  be t a  phase n e a r s  

s a t u r a t i o n .  For example,  f o r  i s o t h e r m a l  r e a c t i o n  of ou r  Sandvik PWR 

tubes  on one s i d e  a t  1200°C (2192'F), s i g n i f i c a n t  numbers of i n c u r s i o n s  

w e r e  observed  i n  t h e  m i c r o s t r u c t u r e s  a f t e r  o x i d a t i o n  t i m e s  approaching 

1200 s. Th i s  g e n e r a l  phenomenon was p r e v i o u s l y  d i s c u s s e d  by Hobson. 35 

F igu re  5 3  is t h e  c r o s s  s e c t i o n  of t h e  specimen from Expt. S-160, t h e  

]COCA-like t r a n s i e n t  shown i n  Fig.  50(c)-1.  A few i n c u r s i o n s  are observed 

i n  t h e  m i c r o s t r u c t u r e .  

I n  terms of t h e  t o t a l  oxygen consumed by a r e a c t i n g  specimen, t h e  

a l p h a  i n c u r s i o n  modeling problem is  l i k e l y  t o  b e  compara t ive ly  minor. 

From t h e  s t a n d p o i n t  of t h e  mechanical response  of an o x i d i z e d  specimen, 

however, t h e  e x i s t e n c e  of i n c u r s i o n s  i s  cons ide rab ly  more impor t an t .  35 

Anomalous T r a n s i e n t  Temperature Ox ida t ion  

The expe r imen ta l  results o b t a i n e d  f o r  t h e  two t r a n s i e n t  tempera ture  

o x i d a t i o n  tests i l l u s t r a t e d  i n  P i g .  50(c)  and reporced  i n  Table  34 o f f e r  
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a n  example of  a p p a r e n t l y  o x i d a t i o n  behav io r  f o r  t h i s  

material. It w a s  observed t h a t  t h e  measured oxide  l a y e r  t h i c k n e s s e s  

f o r  t h e  two t r a n s i e n t s  were i n c o n s i s t e n t  w i th  t h e i r  known t ime-temperature  

h i s t o r i e s :  less ox ide  e x i s t e d  a f t e r  t r a n s i e n t  ( 2 )  t han  f o r  t r a n s i e n t  

(1). T h i s  r e s u l t ,  which appea r s  t o  b e  i d e n t i c a l  t o  t h e  "preoxida t ion"  

e f f e c t  r e p o r t e d  by Bi.ederman, B a l l i n g e r  and Dobson, 17d-f w a s  cor1.f irmed 

by subsequent  experinients  and, a d d i t i o n a l l y ,  was found t o  e x i s t  f o r  

o x i d a t i o n  of  pu re  zirconi.um. Also i n  accord  w i t h  t h e  Hiederman obser-  

v a t i o n s  w a s  t h e  r e s u l t  t h a t  t h e  c a l c u l a t e d  v a l u e s ,  us ing  t h e  BILD5 

program, f o r  t h e  oxide  l a y e r  thick.nesses  based  on t h e  i s o t h e r m a l  oxida- 

t i o n  d a t a  were c o n s i s t e n t l y  h i g h e r  t h a n  t h o s e  observed.  The r e s u l t s  of 

t h e s e  experiments  are l i s t e d  i n  Table  35. 

S ince  t h e  anomalous behav io r  occur red  on ly  f o r  specimens s u b j e c t e d  

t o  t r a n s i e n t s  of t h e  type  shown i n  F i g .  5 0 ( c ) ,  i t  seemed reasonab le  t o  

assume t h a t  some f e a t u r e  of t h e  i n i t i a l  peak c r e a t e d  t h e  c o n d i t i o n s  

necessa ry  t o  produce t h e  observed o x i d a t i o n  c h a r a c t e r i s t i c s .  One 

obvious d i f f e r e n c e  from t r a n s i e n t s  i n  which "normalrr behav io r  i .s ob ta ined  

is t h e  f a s t  c o o l  and r e h e a t  p o r t i o n  of t h i s  t ype  of t r a n s i e n t .  Thus, i n  
o r d e r  t o  d e f i n e  f u r t h e r  t h e  p a r t i c u l a r  c h a r a c t e r i s t i c  of  t h e  t i m e -  

t empera ture  c y c l e  which l e a d s  t o  t h i s  e f fec t ,  a number of steam o x i d a t i o n  

Table  35. Experimental  and P r e d i c t e d  Layer  Thickness  Val.ues f o r  
T r a n s i e n t s  I l l u s t r a t e d  i n  F ig .  47(c)  

- Layer  Thickness  .- 

T r a n s i e n t  Expt.  No. Material Measured C a 1 c u 1.a t e d 
Typea 

Oxide Alpha Oxide Alpha 
( I d  (vm) (vm) ( 

S-160-TC-2 Zirc-4 (1) 45.8 49.8 50.5 47.9 

S-162-TC- 2 Zirc-4 (1) 47.5  51.0 51.6 49.7 

S- 196-TC-2 Zirc-4 (2) 40.2 52.4 51.2 49.6 

S-199-TC-2 Pure Zr (1) 32,6 61.4 

S-200-TC-2 Pure Z r  (2) 26.0 66.4 

a Type (1) : F i r s t  t empera ture  maximum = 900°C (1652°F);  Type ( 2 ) ;  
F i r s t  t empera ture  maximum 1.400"C ( 2 5 5 2 ° F ) .  
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exper iments  w e r e  performed on Zircaloy-4 specimens i n  t h e  MiniZWOK 

a p p a r a t u s  i n  which s e v e r a l  key parameters  of a double-peak t r a n s i e n t  

were v a r i e d .  

The g e n e r a l  form of t h e  t r a n s i e n t s  used f o r  t h i s  series of tests i s  
i l l u s t r a t e d  i n  Fig.  5 4 ,  which may b e  d e s c r i b e d  as fo l lows .  The specimen 

is  h e a t e d  q u i c k l y  ( i n  approximate ly  10 s )  t o  t h e  f i r s t  peak t empera tu re  

TI, and coo led ,  a g a i n  i n  n., 10 s ,  t o  a s p e c i f i e d  lower t empera tu re ,  T2 .  

The specimen i s  t h e n  r e h e a t e d  t o  T3 ( u n l e s s  T2 = T g ) ,  h e l d  under i so -  

thermal  c o n d i t i o n s  fo r  a t i m e ,  t 3 ,  and f i n a l l y  cooled.  The nominal 

t e s t  c o n d i t i o n s  f o r  t h i s  series are l i s t e d  i n  Table  36. Inc luded  i n  

t h i s  t a b l e  are v a l u e s  of t h e  observed  and c a l c u l a t e d  ox ide  t h i c k n e s s e s  from 

which i t  is  p o s s i b l e  t o  d e t e c t  t h e  occur rence  of  anomalous behavior .  It 

should  be  p o i n t e d  ou t  t h a t  t h e  c a l c u l a t i o n s ,  which u t i l i z e d  t h e  BILD5 code, 

were made on t h e  b a s i s  of t h e  CODAS o u t p u t  f o r  each run and n o t  on t h e  b a s i s  

ORNL-DWG 76-45545 

Ti ME 
Fig .  54. Schematic R e p r e s e n t a t i o n  of Double-Peak T r a n s i e n t s  Used 

t o  Study Anomalous T r a n s i e n t  Temperature Ox ida t ion  E f f e c t .  
f o r  l i s t  of nominal t i m e s  and t empera tu res .  

See Table  36 



Table 36. Nominal Test Conditions f o r  Anomalous Transient Temperature Oxidation Tests 

Maximum Temp. Minimum Temp. Plateau Plateau 
Of After Temperature Tirne Oxide Layer  Th ic knes s es Di f f err enc e a 

(XI Expt. No. First Peak First Peak 
:r 3 t 3  Calculated Observed 

w-4 < vm) ("(3 (SI 
T1 T2 
("C, ("0 

S-224 1050 650 1050 210 25.2 12.2 10 7 
P 

h' S-225 I400 650 1050 2 10 27.2 12.6 116 

S-226 1400 650 1200 110 38.8 36.3 7 
S-227 1050 650 1400 55 52.9 50.2 5 

s-228 1400 650 1400 55 56.7 54.0 5 

s-229 1400 1200 1200 190 51.7 49.7 4 

S-230 1400 1200 1200 2 10 50.0 48.4 3 

S-231 1400b 1200 1200 160 54.9 53.1 3 

S-232 1400' 1200 1200 100 61.4 60.6 1 

S-238 1400 1050 1050 200 28.4 29.4 -3 

S-239 1400 650 1090 165 28.2 10.5 169 

a 
Percent difference between observed and calculated layer thicknesses. 

b Slowly cooled .from TI. 
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of t h e  nominal t ime- tempera ture  d e s c r i p t i o n s  g iven  f o r  each experiment 

i n  Tab le  36. 

Of  t h e  o x i d a t i o n  tests r e p o r t e d  i n  Table  36,  t h r e e  e x h i b i t e d  

s i g n i f i c a n t  d i f f e r e n c e s  between t h e  observed  and c a l c u l a t e d  ox ide  

t h i c k n e s s  v a l u e s  and were cons ide red  anomalous. Common t o  a l l  t h r e e  

of t h e s e  exper iments  were t h e  f a c t s  t h a t  (1) each w a s  a "two-peak'' 

t r a n s i e n t ,  (one i n  which t h e  specimen w a s  cooled  s i g n i f i c a n t l y  between 

h e a t i n g  c y c l e s ) ,  and (2) t h e  t empera tu re  of the  second peak w a s  less 

than  1200°C (2192°F). Impor tan t  c l u e s  r e l a t i n g  t h e s e  f a c t s  t o  a v i a b l e  

mechanism may b e  o b t a i n e d  by comparing s e v e r a l  of t h e  expe r imen ta l  

o b s e r v a t i o n s .  For example, Expt. S-224 d i f f e r s  from a s t a n d a r d  i so -  

thermal  experiment a t  1050°C (1922°F) on ly  i n  t h a t  t h e  specimen w a s  

cooled  t o  65OOC (1202°F) and t h e n  r e h e a t e d  t o  1050°C (1922'F). This 

d i f f e r e n c e  obv ious ly  w a s  impor t an t .  Expt. S-227 involved  t h e  same 

i n i t i a l  peak as S-224, b u t  subsequent  o x i d a t i o n  took  p l a c e  a t  1400°C 

(2552°F) r a t h e r  t han  1050°C (1922°F). Anomalous behav io r  f o r  t h i s  

experiment w a s  n o t  observed. 

A similar sequence is  found i n  which t h e  i n i t i a l  peak tempera ture ,  

T1, w a s  1400°C (2552°F). Expt.  S-225 d i f f e r s  from S-238 only i n  t h a t  

t h e  former specimen w a s  cooled  and r e h e a t e d  t o  t h e  p l a t e a u  t empera tu re ,  

1050°C (1922"F), w h i l e  t h e  l a t t e r  w a s  s i m p l y  cooled  t o  t h e  p l a t e a u  

tempera ture  from T I .  The coo l ing - rehea t ing  sequence a f t e r  t h e  f i r s t  

t empera ture  maximum is  t h u s  a c r i t i ca l  parameter .  Expts.  S-239, S-226 

and 5-228 d i f f e r  from S-225 on ly  i n  t h e  t empera tu re  of  t h e  second peak 

( o r  p l a t e a u ) ,  T3 .  For T 3  = 1090'C (1994"F), anomalous behav io r  w a s  

observed;  f o r  T 3  = 1200°C (2192'F) o r  1400°C (2552'F) t h e  o x i d a t i o n  

was cons ide red  normal. 

The r e s u l t s  of t h e s e  exper iments  c o n s t i t u t e  a convinc ing  set of 

ev idence  t h a t  p o i n t s  t o  t h e  involvement of t h e  monoc l in i c - t e t r agona l  

phase t r a n s f o r m a t i o n  i n  t h e  ox ide  i n  t h e  mechanism r e s p o n s i b l e  f o r  t h e  

anomalous t r a n s i e n t ;  t empera tu re  o x i d a t i o n  e f f e c t .  The key c h a r a c t e r i s -  

t i c  appears t o  be  t h e  e x t e n s i v e  t empera tu re  h y s t e r e s i s  a s s o c i a t e d  w i t h  

t h e  t r a n s f o r m a t i o n .  36'  37  

This  behav io r  i s  i l l u s t r a t e d  by t h e  h igh- tempera ture  x-ray d i f  f r a c -  

t i o n  r e s u l t s  o f  Gra in  and Garvie ,  36 shown i n  Pig.  55, who also demonstrated 
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H y s t e r e s i s  i n  t h e  Monoclinic-Tetragonal Phase Transforma- 
A f t e r  Grain and Garv ie .35 ,36  

t h a t  t h e  d e t a i l s  of t h e  t r ans fo rma t ion  depended upon t h e  c r y s t a l l i t e  s i z e .  

Upon h e a t i n g ,  t h e  t r ans fo rma t ion  i s  seen  t o  t a k e  p l a c e  over  R narrow 

temperature  range nea r  1 2 O O O C  (2204OF). 

format ion  i s  i n i t i a t e d  n e a r  1000°C (1832OF) b u t  i s  n o t  completed u n t i l  

t h e  tempera ture  has  f a l l e n  several hundred degrees .  

i n v e s t i g a t o r s  have observed s i m i l a r  t r ans fo rma t ion  behavior .  37-39 

d a t a  were ob ta ined  f o r  Zr02 specimens of a s p e c i f i e d  p u r i t y  axid t reat-  

ment which are c e r t a i n l y  d i f f e r e n t  from those  of t h e  o x i d e  formed on 

Zircaloy-4 under o x i d i z i n g  condi t i o n s .  Howevevp i t  is  reasonab le  t o  

assume thac  t h e  g e n e r a l  f e a t u r e s  of  t h e  t r ans fo rma t ion  shown i n  F ig .  55 

w i l l  apply t o  t h e  Z i r ca loy  oxide system. 

On coo l ing ,  t h e  r e v e r s e  t r a n s -  

A number of 

These 



It h a s  been sugges t ed  by Pemsler and o t h e r s 4 '  t h a t  t e t r a g o n a l  

z i r c o n i a  may b e  s t a b i l i z e d  a t  lower t empera tu res  by stress, s m a l l  g r a i n  

s i z e ,  o r  h igh  d e f e c t  c o n c e n t r a t i o n s ,  and t h e r e  is  evidence  t h a t  t h e  

growing ox ide  scale on Zircaloy-4 may have a t e t r a g o n a l  s t r u c t u r e  a t  

t empera tu res  lower t h a n  those  i n d i c a t e d  i n  Fig.  55. Thus ou r  o x i d a t i o n  

rate d a t a  a t  1050°C (1922'F) and, t o  a s l i g h t l y  lesser e x t e n t ,  a t  1000°C 

(1832°F) are comple te ly  c o n s i s t e n t  w i t h  t h e  r e s u l t s  a t  h i g h e r  tempera- 

t u r e s  where t h e  ox ide  i s  c e r t a i n l y  t e t r a g o n a l ,  and one i s  l e d  t o  t h e  

i d e a  t h a t  t h e  ox ide  formed d u r i n g  ou r  t y p i c a l  " isothermal '1  excur s ions  

at t h e s e  t empera tu res  i s  predominantly t e t r a g o n a l .  Th i s  conc lus ion  is 

a l s o  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  o x i d a t i o n  rates observed du r ing  t h e  

f i r s t  minute o r  two a t  900 and 950°C (1652-1742°F) a g r e e  w e l l  w i t h  t h o s e  

p r e d i c t e d  by e x t r a p o l a t i o n s  o f  t h e  h igh  t empera tu re  d a t a .  

Following Pemsler's  argument^,^' i t  appea r s  l i k e l y  t h a t  i n  t h e  

l n i t i a l  s t a g e s  of ou r  i s o t h e r m a l  exper tments  a t  t empera tu res  where t h e  

monocl in ic  ox ide  is  normally s t a b l e ,  a t h i n  l a y e r  of t h e  t e t r a g o n a l  

ox ide  is  formed due t o  f a v o r a b l e  c o n d i t i o n s  of stress, g r a i n  s i z e ,  o r  

d e f e c t  s t r u c t u r e .  During f u r t h e r  o x i d a t i o n  a t  1000 t o  1200°C (1832--2192"F), 

t h e  p re sence  of t h i s  i n i t i a l  t e t r a g o n a l  ox ide  l a y e r  i s  s u f f i c i e n t  t o  

s t a b i l i z e  t h e  a d d i t i o n a l  ox ide  gene ra t ed  i n  t h e  t e t r a g o n a l  s t r u c t u r e  as 

w e l l .  The dec reased  o x i d a t i o n  rates t h a t  w e  observed below 1000°C 

(1832°F) may b e  r a t i o n a l i z e d  i n  t h e s e  same terms i f  i t  is  assumed t h a t  

t h e  d i f f u s i o n  f lux  a c r o s s  a monocl in ic  ox ide  l a y e r  is  smaller than  t h a t  

f o r  a cor responding  t e t r a g o n a l  scale.40 
d e s p i t e  t h e  format ion  of a n  i n i t i a l  l a y e r  of t e t r a g o n a l  Z i r c a l o y  ox ide ,  

con t inued  o x i d a t i o n  e v e n t u a l l y  r e su l t s  i n  t h e  t r a n s f o r m a t i o n  of p a r t  of 

t h e  ox ide  t o  t h e  monocl in ic  s t r u c t u r e ,  presumably due t o  stress r e l i e f ,  

g r a i n  growth, etc. I f  t h i s  t r a n s f o r m a t i o n  r e s u l t e d  i n  t h e  fo rma t ion  of 

l a y e r s  of t e t r a g o n a l  and monocl in ic  ox ide  whose t h i c k n e s s  r a t i o  v a r i e d  

w i t h  t i m e ,  one would expec t  t o  see t h e  non-parabol ic  ox ide  growth 

k i n e t i c s  t h a t  w e  have a c t u a l l y  observed a t  900 and 95OoC (1652-174Z°F). 

Thus, below 1000°C (1832"F), 

Return ing  t o  t h e  q u e s t i o n  of anomalous t r a n s i e n t  t empera tu re  

o x i d a t i o n ,  an explanati .on f o r  t h e  phenomenon can be p u t  forward on t h e  

basis of a set of assumptions d e r i v e d  from t h e  arguments j u s t  given  and 

of  t h e  expe r imen ta l  r e s u l t s  summarized i n  Tab les  35 and 36.  
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1. The i n i t i a l  ox ide  formed dur ing  a t y p i c a l  i so the rma l  experiment  

has  a t e t r a g o n a l  s t r u c t u r e ,  

2. I f  t h e  i s o t h e r m a l  o x i d a t i o n  tempera ture  i s  g r e a t e r  t han  n, 1000°C 

(1832"F) ,  t h e  subsequently formed oxide  w i l l  also b e  s t a b i l i z e d  i n  t h e  

t e t r a g o n a l  s t r u c t u r e .  

3 .  I f  t h e  i n i t i a l l y  formed t e t r a g o n a l  ox ide  is  h e l d  a t  a s u f f i c i e n t l y  

].ow t empera ture  [ Q  900°C (1652°F) o r  l ower ] ,  i t  t ransforms t o  t h e  mono- 

c l i n i c  s t r u c t u r e ,  and any subsequent ly  formed oxide  w i l l  a l s o  b e  pre- 

dominantly monocl in ic  un le s s  t h e  tempera ture  i s  r a i s e d  t o  % 120OoC 

(2192°F). 

4 .  The d i f f u s i o n  f l u x  a c r o s s  a growing monocl inic  Z i r ca loy  ox ide  

scale  i s  smaller than  t h a t  f o r  t h e  cor responding  t e t r a g o n a l  ox ide .  

I n  t h e s e  terms t h e  Eollowing sequence of e v e n t s  may b e  v i s u a l i z e d  

i n  a t y p i c a l  two-peak LOCA such as t h a t  hypothes ized  i n  F ig .  4 7 ( c ) .  

1. The ox ide  formed dur ing  h e a t i n g  t o  t h e  f i r s t  peak t empera tu re ,  

T I ,  (see Fig .  5 4 )  i s  predominately t e t r a g o n a l .  

2 .  On coo l ing  t o  T2, t h e  oxide  t ransforms t o  t h e  monocl in ic  

s t r u c t u r e  . 
3. During t h e  h e a t i n g  phase of t h e  second peak, because of t h e  

ex i scence  of t h e  monocl in ic  ox ide ,  o x i d a t i o n  proceeds more s lowly  than  

would b e  p r e d i c t e d  on t h e  b a s i s  of t h e  h igh  tempera ture  i so the rma l  d a t a ,  

and t h i s  c o n d i t i o n  w i l l  p e r s i s t  u n t i l  a tempera ture  nea r  1200°C (2192°F) 

i s  reached ,  a t  which t i m e  t h e  monocl inic  oxide  is  conver ted  t o  t e t r a g o n a l .  

Three c r i t i c a l  f e a t u r e s  can  b e  i d e n t i f i e d  i n  t h i s  model f o r  anomalous 

t r a n s i e n t  tempera ture  ox ida t ion :  t h e  minimum t empera ture  reached  a f t e r  

t h e  f i r s t  peak,  t h e  rate of h e a t i n g  from t h i s  minimum t o  t h e  second peak 

tempera ture ,  and t h e  second peak tempera ture  i t s e l f .  I f ,  a f t e r  t h e  f i r s t  

peak tempera ture  is  a t t a i n e d ,  t h e  tempera ture  i s  main ta ined  a t  a suf- 

f i c i e n t l y  h igh  level t o  p rec lude  t r ans fo rma t ion  t o  t h e  monocl in ic  ox ide ,  

t h e  o x i d a t i o n  k i n e t i c s  for t h e  t r a n s i e n t  w i l l  be normal i n  t h e  s e n s e  

t h a t  t h e  e x t e n t  of o x i d a t i o n  w i l l  b e  p r e d i c t a b l e  on t h e  b a s i s  of h igh  

tempera ture  i s o t h e r m a l  o x i d a t i o n  d a t a .  Even i n  c a s e s  where t h e  ox ide  

is  conver ted  t o  t h e  monocl inic  s t r u c t u r e ,  i f  t h e  h e a t i n g  ra te  to t h e  

second peak i s  s u f f i c i e n t l y  f a s t  and if the second peak tempera ture  is  

s u f f i c i e n t l y  h igh  , no p e r t u r b a t i o n  of t h e  f i n a l  ox ide  t h i c k n e s s  w i l l  b e  
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observed provided  t h e  t i m e  a t  t h e  second peak t empera tu re  is long  enough 

t o  produce s i g n i f i c a n t  ox ide  growth. Anomalous t r a n s i e n t  t empera tu re  

o x i d a t i o n  e f f e c t s  are favored  by c o n d i t i o n s  where t h e  ox ide  transforma- 

t i on  occur s  a f t e r  t h e  f i r s t  peak, t h e  h e a t i n g  rate f o r  t h e  second peak 

is low, and /o r  t h e  second peak t empera tu re  is below % 1200°C (2192'F). 

The e x i s t e n c e  of t h e  anomalous t r a n s i e n t  t empera tu re  e f f e c t  

obvious ly  raises q u e s t i o n s  concern ing  t h e  t echn iques  c u r r e n t l y  be ing  

used t o  p r e d i c t  t r a n s i e n t  t empera tu re  o x i d a t i o n  behav io r .  Computer 

codes based  on t y p i c a l  i s o t h e r m a l  o x i d a t i o n  r e s u l t s  w i l l  tend t o  over- 

p r e d i c t  ox ide  l a y e r  t h i c k n e s s e s  and,  hence,  t o t a l  oxygen consumption 

(a l though n o t  n e c e s s a r i l y  t h e  q u a n t i t y  of oxygen d i s s o l v e d  i n  t h e  beta 

r eg ion )  f o r  a h y p o t h e t i c a l  two peak LOCA such as t h o s e  shown i n  F ig .  5 0 ( c ) .  

The c r i t i c a l  f a c t o r s  i n  such a case are t h e  minimum tempera ture  reached 

a f t e r  t h e  f i r s t  peak, t h e  maximum tempera tu re  of t h e  second peak, and 

t h e  rate a t  which t h i s  second t empera tu re  is  reached.  The p r o s p e c t s  

f o r  more p r e c i s e  p r e d i c t i o n s  of o x i d a t i o n  behav io r  du r ing  s i n g l e  peak 

LOCA's are b e t t e r ,  a l t hough  t h e  r a t e  a t  which t h e  maximum tempera ture  i s  

a t t a i n e d  could  a l s o  be impor t an t .  C l e a r l y ,  however, t h e  problem of 

t r a n s i e n t  t empera tu re  o x i d a t i o n  p r e d i c t i o n s  dese rves  f u r t h e r  s tudy .  

CONCLUSIONS AND RECOMMENDATIONS 

A v a r i e t y  of conc lus ions  may b e  drawn and recommendations made on 

t h e  b a s i s  of  r e s u l t s  o b t a i n e d  i n  t h e  ZMWOK Program. 

1. The Program h a s  y i e l d e d  a set of i s o t h e r m a l  r e a c t i o n  rate d a t a  

f o r  t h e  o x i d a t i o n  of  Zi rca loy-4  i n  steam between 900 and 1500°C 

(1652--2732°F). The c o n d i t i o n s  under which t h e s e  d a t a  were o b t a i n e d  have 

been c a r e f u l l y  c h a r a c t e r i z e d ,  and t h e  expe r imen ta l  p rocedures  used i n  

t h e  s t u d y  were f u l l y  documented. I n  a d d i t i o n  t h e  d a t a  were s u b j e c t e d  

t o  an e x t e n s i v e  s ta t i s t ica l  a n a l y s i s  i n  o r d e r  t o  e s t a b l i s h  a p p r o p r i a t e  

conf idence  l i m i t s  f o r  t h e  r e s u l t s ,  and an a n a l y s i s  of t h e  maximum 

a b s o l u t e  e r r o r s  i n h e r e n t  i n  t h e  procedures  w a s  performed. Wi th in  t h e  

limits t h u s  e s t a b l i s h e d  and f o r  t h e  compara t ive ly  i d e a l  s e t  of o x i d a t i o n  

c o n d i t i o n s  used,  w e  c o n s i d e r  t h i s  d a t a  set t o  be  h i g h l y  r e l i a b l e .  
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2.  The ZMWOK d a t a  s e t  p rov ides  a b a s i s  f o r  q u a n t i f y i n g  t h e  degree  

of conserva t i sm of  the. B a k e r J u s t  c o r r e l a t i o n  f o r  the  oxida t i -on  ra te  

of Z i r c a l o y .  Under  he c o n d i t i o n s  used f o r  o m  exper iments ,  t h e  Baker- 

J u s t  r e l a t i o n s h i p  p r e d i c t s  o x i d a t i o n  rate c o n s t a n t s  32, 78, and 147% 

h i g h e r  than  o u r s  a t  tempera tures  of 1000, 1200, and 1500°C (1832, 2192,  

and 2732"F),  r e s p e c t i v e l y .  

3.  A s t u d y  of  t h e  inf luen .ce  of defor inat ion du r ing  o x i d a t i o n  on t h e  

oxi -da t ion  ra te  of Z i r ca loy  i s  beyond t h e  scope  of t h e  ZMWOK program. 

The e f f e c t s  of deformat ion  cou ld ,  however, aS.ter t h e  o x i d a t i o n  behavior  

of Z i r ca loy .  Under h y p o t h e t i c a l  loss -of -acc ident  c o n d i t i o n s  i n  a PWR, 

ba l loon ing  and p o s s i b l y  some bending of t h e  f u e l  rods  i s  a n t i c i p a t e d .  

Any oxide  on t h e  s u r f a c e  of t h e  rod  a t  such a t i m e  would tend  t o  undergo 

c rack ing  with a re su l . t i ng  i n c r e a s e  i n  o x i d a t i o n  ra te .  Whether the  t o t a '  

oxygen consumption p e r  em2 du r ing  the LOCA i s  s i g n i f i c a n t l y  inc reased  

would depend t o  a la rge  e x t e n t  on t h e  tempera ture  and t i m e  i n t o  t h e  

LOCA a t  which deformat ion  occurred .  I f  tube  r u p t u r e  and, hence ,  

b a l l o o n i n g ,  are complete a t  tempera tures  n e a r  900°C (1.652"F), 

t hen  t h e  i .nf luence of deformation on t h e  h igh  tempera ture  
o x i d a t i o n  p rocess  m:ight be  r e s t r i c t e d  t o  i .ncreases  i n  t h e  ra te  a t  which 

t h e  b e t a  r e g i o n s  o f  t h e  t. c?. f i l l  up A t h  oxygen, an  i n c r e a s e  r e l a t e d  

t o  t h e  t h i n n i n g  of t h e  tube  w a l l  du r ing  bal. looning. We recommend, how- 

ever, t h a t  t h e  e f f e c t  o f  deforinat:ion on o x i d a t i o n  be  taken  i n t o  con- 

s i d e r a t i . o n  i n  b e s t  estimate computer codes such as FFL4P-T. Data from 

o t h e r  RSR-sponsored p r o j e c t s  e .g .  t h e  Mul t i rod  B u r s t  Test  Program, 

should  provide  u s e f u l  i n fo rma t ion  i n  t h i s  regard .  

4 ,  Oxide l a y e r  growth a t  900 and 950°C (1652--1742"F) i s  n o t  

d e s c r i b a b l e  i n  t e r m s  of p a r a b o l i c  k i n e t i c s .  

(1832°F)  of h i g h  tempera ture  ra te  cons t an t  d a t a  f a r  ox ide  

growth o r  t o t a l  oxygen consumption will y i e l d  o v e r p r e d i c t i o n s  o f  t h e s e  

q u a n t i t i e s .  However, t h e  e r ror  r e s u l t i n g  from such an e x t r a p o l a t i o n  i s  

l i k e l y  t o  be neg l ig i -b l e  i f  t h e  time of o x i d a t i o n  a t  t h e  1-ower tempera- 

t u r e s  d ~ e s  n o t  exceed % 100 s (bu t  see Pa r .  7 b e l o w ) ,  

E x t r a p o l a t i o n  below % 1000°C 

X i  l a y e r  

5.  Ne i the r  s t e a m  f l o w  ra te  (above 1evel.s l e a d i n g  t o  s t e a m  starva- 

t i o n )  ; steam temperai  ; t h e  presence  i n  t h e  s t e m  of r easonab le  

concen t r a t ions  of  oxygen n i t r o g e n ,  o r  hydrogen; n o r  small v a r i a t i o n s  
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in a l l o y  composition s i g n i f i c a n t l y  i n f l u e n c e  t h e  i s o t h e r m a l  r a t e  of 

o x i d a t i o n  of  Zircaloy-4.  Obviously,  however, b o t h  steam tempera ture  

and flow rate are impor tan t  parameters  i n  h e a t  t r a n s f e r  c a l c u l a t i o n s ,  

and any f a i l u r e  t o  remove t h e  h e a t  of t h e  Zircaloy-steam r e a c t i o n  from 

t h e  f u e l  c l add ing  can r e s u l t  i n  an i n c r e a s e  i n  t h e  tempera ture  of the 

c l add ing .  We have shown t h a t  t h e  e x t e n t  of t h i s  tempera ture  i n c r e a s e  

can  be  c a l c u l a t e d  w i t h  t h e  SIMTRAN computer code g iven  an i n p u t  of 

a p p r o p r i a t e  h e a t  t r a n s f e r  c o e f f i c i e n t s .  

6 .  Except as d e s c r i b e d  i n  P a r .  7 below, t h e  SIMTRAN and BILIILi 

computer codes can b e  used t o g e t h e r  t o  p rov ide  adequate  p r e d i c t i o n s  of 

t h e  t h i c k n e s s  of ox ide  and oxygen- s t ab i l i zed  a l p h a  l a y e r s  and probably  

of t o t a l  oxygen consumption du r ing  t r a n s i e n t  t empera tu re  o x i d a t i o n .  

N e i t h e r  code, however, models t h e  format ion  of a l p h a  i n c u r s i o n s  o r  

p rec ip i ta tes  i n  t h e  b e t a  r e g i o n s  of  a sample  d u r i n g  t h e  c o o l i n g  phase 

oE most t r a n s i e n t s .  It is  l i k e l y  t h a t  t h e  p re sence  of such p r e c i p i t a t e s  

w i l l  i n f l u e n c e  t h e  mechanical p r o p e r t i e s  of t h e  p r i o r - b e t a  r e g i o n s ,  and 

w e  recommend t h a t  a f u r t h e r  c o r r e l a t i o n  be  developed between a l p h a  

i n c u r s i o n  format ion  du r ing  t r a n s i e n t  t empera tu re  o x i d a t i o n  and t h e  

mechanical p r o p e r t i e s  a f  t h e  Z i r c a l o y  f u e l  t u b e s .  

7 .  The two computer codes a l s o  o v e r p r e d i c t  ox ide  t h i c k n e s s  and, 

t h e r e f o r e ,  t o t a l  oxygen consumption i n  c e r t a i n  h y p o t h e t i c a l  two-peak 

LQCAs. Th i s  phenomenon i s  d e s c r i b e d  i n  t h e  body of t h e  t e x t  ( s e e  p. 109) 

as "anomalous t r a n s i e n t  t empera tu re  ox ida t ion" .  

p robably  r e l a t e d  t o  t h e  manner i n  which t h e  monoclinic-to-tetragonal 

phase  t r a n s f o r m a t i o n  occur s  i n  t h e  ox ide  and t o  t h e  e x t e n t  t h a t  t h e  

t e t r a g o n a l  ox ide  is s t a b i l i z e d  a t  l o w  t empera tu res  by stress, d e p a r t u r e s  

from s t o i c h i o m e t r y ,  and o t h e r  f a c t o r s .  Accura te  p r e d i c t i o n s  of o v e r a l l  

o x i d a t i o n  rates under t h e s e  c o n d i t i o n s  c l e a r l y  r e q u i r e  t h a t  a d d i t i o n a l  

r e s e a r c h  be  done. It shou ld  b e  emphasized, however, t h a t  w h i l e  o v e r a l l  

oxygen consumption during anomalous t r a n s i e n t  tempera ture  o x i d a t i o n  i s  

less t h a n  expec ted ,  t h e r e  i s  eve ry  r eason  t o  b e l i e v e  t h a t  t h e  ra te  of 

oxygen s o l u t i o n  i n  t h e  b e t a  phase c o n t i n u e s  t o  he t h a t  p r e d i c t e d  on t h e  

b a s i s  of  c a l c u l a t l o n s  u s i n g  t h e  h i g h  t empera tu re  d a t a ,  t h a t  i s ,  a reduc- 

t i o n  i n  t h e  ra te  of oxide fo rma t ion  does not  reduce  the  ra te  of e m b r i t t l e -  

ment of t h e  b e t a  phase due t o  oxygen s o l u t i o n .  

Its occur rence  is  
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A P P E N D I X  A 

ERROR ANALYSIS 

INTRODUCTION 

The exper imenta l  method used i n  t h i s  s t u d y  r e q u i r e s  t h e  d e t e r -  

mina t ion  of t h r e e  parameters, v i z . ,  t empera tu re ,  t i m e ,  and phase 

t h i c k n e s s e s ,  i n  o r d e r  t h a t  a ra te  of o x i d a t i o n  may b e  e s t i m a t e d .  In  
t h i s  s e c t i o n  w e  ana lyze  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e s e  mea-  

surements i n  an e f f o r t  t o  e s t a b l i s h  r a t i o n a l  e r r o r  l i m i t s  f o r  t h e  d a t a  

p r e s  en t e d . 
Two b a s i c  approaches are used. I n  t h e  f irst  t h e  d a t a  are s u b j e c t e d  

t o  a s t a t i s t i c a l  a n a l y s i s  t o  e s t a b l i s h  t h e  degree  of s e l f - c o n s i s t e n c y  

of t h e  r e s u l t s .  Such a treatment r e f l e c t s  t h e  r e p r o d u c i b i l i t y  of t h e  

d a t a  and sets conf idence  l i m i t s  on t h e  o v e r a l l  r e s u l t s ;  however, i t  

p rov ides  no in fo rma t ion  concern ing  any p o s s i b l e  s y s t e m a t i c  e r r o r s  

i n h e r e n t  i n  t h e  t echn iques  used. 

I n  t h e  second approach an a t t e m p t  is made t o  e s t a b l i s h  l i m i t s  f o r  

t h e s e  s y s t e m a t i c  e r r o r s  through an a n a l y s i s  of t h e  de te rminant  e r r o r s  

a s s o c i a t e d  w i t h  t h e  measuring t echn iques  used and through a n  estimate 

of t h e  inde te rminan t  e r r o r s  involved  i n s o f a r  as they  are r e f l e c t e d  i n  

t h e  r a w  d a t a .  An o v e r a l l  e s t i m a t e  of t h e  a b s o l u t e  e r r o r  l i m i t s  is  then  

ob ta ined  by summing t h e  de t e rminan t  and inde te rminan t  e r r o r s .  It should  

b e  emphasized t h a t  t h e  r e s u l t s  of t h i s  procedure  r e p r e s e n t s  t h e  matcimwn 

possible e r r o r  f o r  t h e  d a t a ;  t h e  d i f f e r e n c e  between t h e  measured and 

t r u e  v a l u e s  of a g iven  parameter  is  expec ted  i n  a very  l a r g e  m a j o r i t y  

of i n s t a n c e s  t o  be  s i g n i f i c a n t l y  less t h a n  t h i s  maximum e r r o r .  

S T A T I S T I C A L  TREATMENT OF ISOTHERMAL OXIDATION RATE DATA 

A s t a t i s t i ca l  a n a l y s i s  of t h e  i s o t h e r m a l  o x i d a t i o n  ra te  d a t a  

gene ra t ed  i n  t h i s  program w a s  performed. The a n a l y s i s  provided  estimates 

of t h e  parameters  of t h e  Ar rhen ius  p r e d i c t i o n  e q u a t i o n  and, i n  a d d i t i o n ,  

p rovided  90% j o i n t  and i n d i v i d u a l  conf idence  i n t e r v a l s  f o r  t h e  ra te  
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c o n s t a n t s  and t h e  parameters .  The d e t a i l s  o f  t h e s e  c a l c u l a t i o n s  w e r e  

o u t l i n e d  i n  a previous  r e p o r t 1  cover ing  t h e  d i f f u s i o n  rc!sul ts  and w i l l  

no t  be  r epea ted  he re .  

Data 

The i s o t h e r m a l  steam o x i d a t i o n  ra te  d a t a  were assumed t o  be  

r e p r e s e n t e d  by t h e  p a r a b o l i c  r a t e  of r e a c t i o n  k i n e t i c  model i n  t i m e  ( t ) :  

6' dK 1 K 
d t  K 2 
- =  

where K i s  a k i n e t i c  parameter  ( i . e . ,  ox ide  l a y e r  Irhickness, $; a l p h a  

I .ayer t h i c k n e s s ,  a; X i  (ox ide  + a lpha )  l a y e r  t h i c k n e s s ,  5 ;  and t o t a l  

oxygen consumed, T )  and 6:/2 i s  d e f i n e d  as t h e  i so the rma l  p a r a b o l i c  

rate c o n s t a n t .  The i so the rma l  p a r a b o l i c  r a t e  cons t an t  can be  e s t ima ted  

from t h e  i n t e g r a t e d  form o f  E q .  (Al) :  

least  squa res .  

b a s i s  t h a t  K 

e s t ima ted  v a l u e s  are t a b u l a t e d  i n  Table  A l .  The p a r a b o l i c  ra te  con- 

s t a n t s  i n  Table  A 1  were rounded t o  t h r e e  s i g n i f i c a n t  f i g u r e s  f o r  t h e  

s t a t i s t i ca l  t r ea tmen t s  o u t l i n e d  below. Thus, t h e  p r e d i c t i o n  equa t ions  

from t h i s  a n a l y s i s  are not: p r e c i s e l y  t h o s e  p re sen ted  ear l ie r  where 

rounding w a s  n o t  done. The d i f f e r e n c e s  i n  t h e  s t a t i s t i c a l  parameters ,  

however, are n e g l i g i b l e .  

K2 = K 

The e s t ima ted  v a l u e s  of A 2 / 2  were c a l c u l a t e d  on t h e  K 

+ 6 2 t  by t h e  method of O K  

= 0,  which assumes " idea l "  p a r a b o l i c  behav io r ,  and t h e s e  0 

The t r e a t m e n t s  f o r  t h e  ra te  c o n s t a n t s  f o r  t h e  oxide  l a y e r  arid 

subsequent ly  f o r  t h e  5 l a y e r  and T were r e s t r i c t e d  t o  t h e  tempera ture  

range  105W1504"C (1922----2739'F) f o r  r easons  d i s c u s s e d  i n  t h e  body of 

t h i s  r e p o r t .  The a l p h a  layer r a t e  c o n s t a n t s  were exarni-ned f o r  t h e  

tempera ture  range  o f  905-1504'C (1661-2739'F). 

P r e d i c t i o n  Equat ions €o r  Rate Cons tan ts  

The t h e o r e t i c a l  p r e d i c t i o n  equa t ion  f o r  ia ra te  c o n s t a n t ,  6;/2 i s :  



1 2  7 

Table  A l .  P a r a b o l i c  Rate Cons tan t  Data, 6 2 / 2  K 

Oxide Alpha Oxide + Alpha T o t a l  
Layer  Layer  Layer  Oxygen 

(cm’/s x 108) (cm’/s x 108) (cm2/s x 107) [(g/cm2)2/s l  x 107 

Temp e r a  t u r e  
( “C) 

905 

956 

100 1 

1050 

1101 

115 3 

120 3 

1253 

1304 

1352 

1404 

1454 

1504 

1 .40  

2.17 

3.63 

5.39 

7.66 

11.4 

16.5 

23.5 

33.7 

45.2 

101 

,203 

.314 

849 

1 .95  

3.25 

5.87 

10.1 
15.9 
27.1 

41.2 

59.0 

85.9 

.442 

.823 

1.38 

2.25 

3.53 

5.43 

8.59 

12.7 

18.2 

25.6 

.472 

.807 

1.39 

2.18 

3.30 

5.08 

7.69 

11.3 

16 .4  

22.8 

where A and Q are c o n s t a n t s  t o  be  de te rmined  from expe r imen ta l  d a t a ,  

R i 1 . 9 8 7  ca l / (mole  k e l v i n ) ]  i s  t h e  gas  c o n s t a n t  and T is tempera ture  

( k e l v i n ) .  

= Rn A - (Q/R) 1 /T ,  and, assuming t h i s  l i n e a r  model is  t h e  c o r r e c t  

r e p r e s e n t a t i o n  o f  t h e  d a t a ,  t h e  fo l lowing  computat ions can b e  made: 

Equat ion  (A2) is  l i n e a r i z e d  by t a k i n g  loga r i thms ,  Rn 6:/2 

1. C a l c u l a t e  by t h e  method of least  s q u a r e s  a p r e d i c t i o n  equa t ion :  

A n 

Rn 6;/2 = RnAA - (Q/R) 1/T . 
2. C a l c u l a t e  t h e  i n d i v i d u a l  and j o i n t  90% conf idence  i n t e r v a l s  

h 

on t h e  expec ted  v a l u e s  of  t h e  estimates RnAA and (Q/R). 

3. C a l c u l a t e  t h e  90% conf idence  i n t e r v a l  € o r  t h e  expec ted  pre-  

d i c t e d  v a l u e s  of !Ln”6;/2. 

4 .  C a l c u l a t e  t h e  90% conf idence  i n t e r v a l  f o r  t h e  expected values 
A A 

of A and Q.  
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1 8  The symbol ove r  a l e t t e r  means t h e  estimate of" .  For example, 

RnAA i s  " the  estimate of' '  t h e  cons t an t  Rn A .  

T,et ii = & ( S 2 / 2 ) ,  b e  t h e  p r e d i c t e d  val.ue of t h e  loga r i thm of a K I .  
rate c o n s t a n t  a t  tempera ture  T where i = 1, 2 ,  . . . , n (nunilies of d a t a  

p o i n t s )  and l e t  Yi b e  t h e  observed exper imenta l  v a l u e  of the loga r i thm 

of  a rate cons t an t  a t  tempera ture  T , .  The c o r r e c t  model f o r  t h e  observed 

v a l u e s  i s  assumed t o  b e  Y = E{Yil i- ci ,  where t h e  e r r o r  random v a r i a b l e s ,  

ti's, are independent  and i d e n t i c a l l y  d i s t r i b u t e d  w i t h  zero  mean and 

cons t an t  v a r i a n c e  (02),  and EIY. ) r e p r e s e n t s  the expec ted  v a l u e  of the 

p r e d i c t e d  va lue .  In a d d i t i o n ,  t h e  e r r o r s  are assumed t o  b e  normally 

d i s t r i b u t e d  €or  t h e  purposes  of c a l c u l a t i n g  conf idence  i n t e r v a l s .  

i 

1. 
A 

i 

A 

1 

The estimates o f  t h e  c o n s t a n t s  i n  t h e  p r e d i c t i o n  equa t ion  are found 

by minimizing the  s u m  of t h e  squa res  f o r  e r r o r :  

The s o l u t i o n s  t o  t h i s  min imiza t ion  f o r  each ra te  cons t an t  are t a b u l a t e d  

i n  Table  A2. 

Table  A 2 .  P r e d i c t i o n  Equat ions  f o r  t h e  Logari.;hm of t h e  Kate Constan.ts 

-.-.-.. 
Appl i cab le  Range Model. P r e d i c t i o n  Equat ion  -- 

Oxide R i  6 2 / 2  = -4.48868 - 18060(1/T) 10 5 0-15 0 4 

Alpha Rn 6;/2 = -0.27230 - 24230(1/T) 9 0 5-15 0 4 

6 ? / 2  = ---1.07462. - 20990(1/T) 1050-1504 Oxide + Alpha 

T o t a l  Qxygen R A  6 2 / 2  = -1.70986 - 20100(l./T) 1050-1504 

, . +  

5 
T 

The observed and p r e d i c t e d  v a l u e s  of t h e  rate c o n s t a n t s  and t h e  90% 
conf idence  i n t e r v a l s  €or t h e  p r e d i c t e d  v a l u e s  are tabulated i n  Table A3.  

Columns 5 and 7 of t h e  t a b l e  expres s  t h e  conf idence  i n t e r v a l  as a per- 

cen tage  of  t h e  p r e d i c t e d  v a l u e s  a t  t h e  extremes and approximate mean o f  

t h e  observed r e c i p r o c a l  tempera tures .  These same da ta  are d i sp layed  

g r a p h i c a l l y  i n  F igs .  A1-A4. The conf idence  i n t e r v a l  l i n e s  (dashed  l i n e s )  
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Table A 3 .  Observed and P r e d i c t e d  Va lues  and 90%'Cqnfidence 
I n t e r v a l s  f o r  the P r e d i c t e d  Va lues  of Rn 

2 
^_I 

Temperature Observed Predicted Lower 90% C1 I l n c e r t a i n t y  Upper 90% C 1  Unce r t a in ty  
For  Mean (%I ( X I  (XI ("CI Value Value __ 

1050 
1 L O 1  
1153 
120 3 
1253 
1304 
1352 
1404 
1454 
1504 

905 
956 

1001 
1050 
1101 
115 3 
1203 
1253 
1304 
1352 
1404 
1454 
1504 

1050 
1101 
1153 
1203 
1253 
1304 
1352 
1404 
1454 
1504 

1050 
1101 
1153  
1203 
1253 
1304 
1352 
1404 
1454 
1504 

-1 8.0842 
-17.6459 
-17.1314 
-16.7361 
-16.3846 
-15.9870 
-15.6173 
-15.2636 
-14.9031. 
-14.6095 

-20.7133 
-20.0152 
-19.5790 
-18.5843 
-17.1528 
-17.2420 
-16.6508 
-16.1081 
-15.6543 
-15.1211 
-14.7022 
-14.3431 
-13,9 6 74 

-16.9345 
-16.3128 
-15.7960 
-15.3071 
-14.8567 
-14.4261 
-13.96 74 
-13.5764 
-13.2166 
-12.8755 

-16.8688 

-15.3387 

-16.3325 
-15.7887 

-14.9241 
-14.4927 
-14.0781 
-13.69 32 
-13.3208 
-12.9913 

-18.1381 
-17.6315 
-17.1523 
-16.7234 
-16 .3225 
-15.9398 
-15.6016 
-15.2571 
-14.9453 
-14.65 11 

-20.8375 
-19.9842 
-19.2880 
-18.5838 
-17.9042 
-17.2613 
-16.6858 
-16.1481 
-15.6347 
-15.1810 
-14.7187 
-14. '3005 
-1 3.905 8 

-16.9371 
-16.3484 
-15.7915 
-15 2930 
-14.82 7 1  
-14.3824 
-13.9894 
-13.5890 
-13.2267 
-12.8848 

-16.8993 
-16.3356 
-15.8023 
-15.3249 
-14.8789 
-14.4530 
-14.0766 
-13.6932 
-13.3463 
-13.01a9 

Oxide 

-18.1862 -4.0 
-1 7.6 705 
-17.1837 
-16.1498 
-16.3468 -2.4 
-15.9649 
-15.6296 
-1 5.2894 
-14.9825 
-14.6934 -4.1 

-20.9520 -10.8 
-20.0801 
-19.3699 
-18.6535 
-17.9649 
-1 7.3174 
-16.7419 -5.4 
-16.2075 
-15.6999 
-15.2530 

-14.3888 
-14.0022 - 9 . 3  

-14.7989 

Oxide i Alpha 

-16.9666 -2.9 
-16.3722 
-15.8107 
-15.3092 
-14 I 8420 -1.5 
-14.39 78 
-14.0065 
-13.6088 
-1 3.2 49 5 
-12.9107 -2.6 

T o t a l  Oxygen 
-16.9322 -3.2 
-16.3622 
-15.8238 
-15.3430 
-14.8955 -1.6 
-14.4702 
-14.0957 
-13.7153 
-13.3717 
-13.0478 -2.9 

-18.089 9 
-17.5925 
-17.1208 
-16.6969 
-16.2982 
-15.9148 
-1 5.57 37 
-15.2247 
-14.9081 
-14.6088 

-20.7229 
-19.8883 
-19,2061 
-18,5141 
-17.8434 
-17.2051 

-16.0 8 8 7 
-15.5895 
-15.1089 
-14.6386 
-14.2122 
-13.8094 

-16.6298 

-16 ~ 9076 
-16.3245 
-15.7722 
-15.2768 
-14.8123 
-1 4.36 7 1 
-13.9 72 3 
-13.569 1 
-13.2039 
-12.8589 

-16.86 64 
-16.3089 
-15 7808 
-15.3068 
-14.86 23 
-14.4359 
-14.05 76 
-13.6711 
-13.3209 
-12.9900 

i5.0 

+2.5 

+4.3 

+12.1 

4-5.8 

+lo. 1 

+3.0 

+1.5 

+2.6 

13.3 

+l. 7 

+2.9 
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lO,OOO/T M I  
Fig .  A I ,  P r e d i c t i o n  Equat ion and 90% Confidence I n t e r v a l s  (Dashed 

Lines)  f o r  t h e  P a r a b o l i c  R a t e  Cons tan t s  f o r  Oxide Layer  Growth from 
LO50  t o  1504°C (1922-2739°F). Oxida t ion  of Satidvik Zircatoy-4 PWR 
t u b i n g  i n  steam. 
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Fig. A 2 .  P r e d i c t i o n  Equat ion  and 90% Confidence I n t e r v a l s  (Dashed 
L ines )  f o r  t h e  P a r a b o l i c  Rate Cons tan t s  f o r  Alpha Layer Growth from 905 
to 1504°C (1661-2739°F). Ox ida t ion  of Sandvik Zircaloy-4 PWR t ub ing  
i n t o  steam. 



6,2/2 = 0.34143 E~p(--41700/RP[~K]) 

6 

I 

16,00O/T IKJ 
Fig. A 3 .  P r e d i c t i o n  Equation and 90% Confidence I n t e r v a l s  (Dashed 

Lines) for t h e  P a r a b o l i c  R a t e  Cons tan ts  f o r  the X i  (Oxide + Alpha) 
Layer Growth from 1050 t o  1504°C (1922--2739°F). Oxida t ion  of Sandvik 
Zircaloy-4 PWR Tubing i n  Steam. 
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6*/2 = 0.18089 Exp(-3993O/RT[OK]) 
IC 

I 

5 

I o-7 

5 

9 

Fig. A4. Prediction Equation and 90% Confidence Intervals Dashed 
Lines) for the Parabolic Rate Constant for Total Oxygen Consumption from 
1050 to 1504°C (1922--2739°F). 
tubing in steam. 

Oxidation of Sandvik Zircaloy-4 PWR 
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i n  t h e  f i g u r e s  are s o  narrow f o r  t h e  5 and 'r measurements t h a t  i t  i s  

d i f I i c u l t  t o  d i s t i n g u i s h  them from t h e  p r e d l e t i o n  l i n e s .  

The e s t ima ted  v a l u e s ,  2; A and (G/R) are unbiased estimates of t h e  

t r u e  v a l u e s  of P,n A and ( Q / K ) .  The 90% conf idence  i n t e r v a l s  f o r  t h e  

i n d i v i d u a l  expec ted  v a l u e s  of  t h e  e s t i m a t o r s  are l i s t e d  i n  Table  A 4 .  

T a b l e  A4.  I n d i v i d u a l  90% Confident-e I n t g r v a l s  f o r  t h e  Expected 
Values  of EA A and (Q/R) 

Lower 90% E s  t i.ma t ed Upper 90% 
Confidence I n t e r v a l  Value Confidence I n t e r v a l  E s  t i m a  t o r  

Alpha -t. Oxide 
R f i  A 

T o t a l  Oxygen 
Rfi A 
(Q/N 

-4 74691 
176  70 

-0. 70658 
23600 

-1.23275 
29750 

-1. $36 .;8 
19830 

-4.48868 
18060 

-0.27230 
24230 

-1.0 7462 
20990 

-1 709 86 
20100 

0,16198 
2 4850 

-0.91649 
21230 

-1 .53334 
20370 

The ind iv idua l .  conf idence  i n t e r v a l s  on Rn A and (Q/R) are a p p r o p r i a t e  

f o r  s p e c i f y i n g  ranges  f o r  an  i n d i v i d u a l  e s t i m a t o r  i r r e s p e c t i v e  o f  t h e  

va lue  of t h e  o t h e r  e s t i m a t o r ,  To i n t e r p r e t  the  p o s s i b l e  v a l u e s  of the 

e s t i m a t o r s  o f  Rn A and (Q/R) s imu l t aneous ly ,  which tak.es i n t o  account  

t h e  covar iance  and t h e  re la t ive s i z e s  of t h e  v a r i a n c e s  of t h e  two 

e s t i m a t o r s  j o i n t  90% conf idence  r e g i o n s  are. g iven  i n  F i g s .  AF-A8. 

Each p a i r  o f  p o i n t s  (an A ,  (Q/R))  i n s i d e  t h e  conf idence  r e g i o n  ( t h e  

e l l i p s e )  de te rmines  a p r e d i c t  ion l i n e  conta:ined i n s i d e  tile conf idence  

i nterval about: t h e  cor responding  p r e d i c t i o n  l i n e  i n  Fig .  A1--,44 Those 

p o i n t s  on t h e  conf idence  r e g i o n  boundary in F i g s .  h F A 8  determine  pre-. 

d i c t i o n  l i n e s  which are t angen t  t o  the  conf idence  i n t e r v a l  boundar ies  

on the  cor responding  pr: <lict:  i o n  l i n e s .  
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LN A 

Fig. A 5 .  Joint Confidence Region for t he  Coefficients of t h e  Oxide 
Model: R f i  @/2 I= -4.48868 - 18060 (l/T). 

(0 
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Fig. A6. J o i n t  Confidence Region for the Coefficients of the 
Mpha Model: !L6 6’/2 = -4.27230 - 24230 ( l / T ) .  

u, 



1 3 7  

LN A 
Fig. A7. J o i n t  Confidence Region f o r  t he  C o e f f i c i e n t s  of  t h e  

Ri? S2/2  = -1.07462 - 20990 ( l / T ) .  (Alpha + Oxide) Model: 
E 
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.u 
L N  A 

F i g .  A 8 .  J o i n t  Confidence Kegion for t h e  C o e f f i c i e n t s  of t h e  
Total Oxygen Model: !Lfi 6 2 / 2  = -1.70986 - 20100 ( l . /T) .  

T 



Because t h e  e v a l u a t i o n  of conf idence  i n t e r v a l s  and conf idence  

r e g i o n s  depend on t h e  assumption t h a t  t h e  e r r o r s  a r e  normally d i s t r i b u t e d ,  

t h e  r e s i d u a l s  (observed v a l u e s  - p r e d i c t e d  v a l u e s ) ,  w e r e  examined t o  s e e  

iE t h e r e  w a s  any i n d i c a t i o n  t h a t  t h i s  a s sumpt ionmigh t  b e  fa lse .  

The r e s i d u a l s  were s t a n d a r d i z e d  by d i v i d i n g  by t h e  e s t ima ted  

s t a n d a r d  d e v i a t i o n  (S) o f  t h e  e r r o r  random v a r i a b l e s  and t h e n  p l o t t e d  

v e r s u s  t h e  p r e d i c t e d  va lue .  None of Che r e s i d u a l s  is t h r e e  s t a n d a r d  

d e v i a t i o n s  from z e r o ,  and, except f o r  one r e s i d u a l  p o i n t  f o r  t h e  a l p h a  

l a y e r  d a t a ,  a l l  remain ing  p o i n t s  are w i t h i n  t w o  s t a n d a r d  d e v i a t i o n s  

from zero.  The re fo re ,  t h e r e  are no appa ren t  o u t l i e r s .  To t e s t  f o r  

no rma l i ty ,  Bowman and Shenton’s  t e s t2  on t h e  skewness and k u r t o s i s  

s t a t i s t i c s  w a s  used a t  t h e  10% s i g n i f i c a n c e  l e v e l  w i t h  no s i g n i f i c a n t  

r e s u l t s  f o r  any of t h e  d a t a  sets. There d i d  appear  t o  b e  some t r e n d s  

i n  t h e  r e s i d u a l  p l o t s  b u t  because  of t h e  s m a l l  number of p o i n t s ,  only 

gross  d e v i a t i o n s  from t h e  assumption could  have been d e t e c t e d .  The 

examinat ion  of t h e  r e s i d u a l s  d i d  n o t  i n d i c a t e  t h a t  any assumptions were 

f a l s e .  

To estimate t h e  c o n s t a n t s  A and Q i n  E q .  (AZ) ,  t h e  e s t i m a t o r s  

P,fi A and (Q/R) from t h e  l i n e a r  p r e d i c t i o n  e q u a t i o n s  are used. The 

e s t i m a t o r s  of t h e  two c o n s t a n t s  are: 

h 

= expIRfi A ) ,  and (A31 

The e s t i m a t o r  6 is an unbiased estimate of  Q b u t  A is  a s l i g h t l y  b i a sed  

e s t i m a t o r  of A w i t h  t h e  expec ted  v a l u e  of 

o2 is t h e  v a r i a n c e  of Afi  A. 

can b e  shown t o  b e  less t h a n  1% of t h e  t r u e  v a l u e  f o r  a l l  f o u r  d a t a  

s e t s .  Since  t h e  b i a s  i s  s o  small, t h e  c o r r e c t i o n  f o r  b i a s  w i l l  n o t  

be used. Table  A5 l ists  t h e  v a l u e s  of  

conf idence  i n t e r v a l s .  

be ing  exp[ (a2 /2>AI ,  where 
0 

I f  t h e  estimate of o2 is used,  t h e  b i a s  
0 0 

and 6 and t h e i r  cor responding  
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Table  A5. Est imated V a l u e s  and 90% Confidence I n t e r v a l s  
f o r  A and Q 

~..... . ..-.- __^.__ .- 

T,ower 90% Est imated  Upper 90% 
Confidence I n t e r v a l  Value Confidence I n t e r v a l  E s  t i m a t  o r 

--- -.-_ ..__- -.- 

Oxjde 
A 0.00868 0.01124 0.01455 
Q 35100 35890 36670 

Alpha 
A 
6 

0.49333 0.76163 I. 17584 
46900 48140 49390 

Alpha + Oxide 
0.39992 A 0.29149 0.34143 

6 41220 41700 421.90 

T o t a l  Oxygen 
4 0.15162 0.18089 0.21581 
Q 39400 39930 404 70 

-. -. __.__..- 

Confidence I n t e r v a l s  a t  t h e  95% .Level 

Throughout t h i s  r e p o r t  w e  have chosen t o  di.scuss s t a t i s t i c a l  

u n c e r t a i n t i e s  on t h e  d a t a  i n  terms of  90% conf ldence  levels .  A s  

p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n  t o  t h i s  appendix,  t h e  b a s i c  purpose 

of a s ta t i s t ica l  a n a l y s i s  of a d a t a  set i s  t o  p rov ide  an  o b j e c t i v e  

measure of t h e  s e l f - c o n s i s t e n c y  and r e p r o d u c i b i l i t y  o f  t h e  d a t a .  

t h i s  p o i n t  of view, t h e  p a r t i k u l a r  conf idence  Level s e l e c t e d  f o r  use i s  

t o  a l a r g e  degree  a matter o f  i n d i v i d u a l  judgment,  t h e  90% conf idence  

level be ing  one f r e q u e n t l y  chosen by many exper imenters .  On t h e  o t h e r  

hand, t h e  95% leve l  i s  a l s o  popu la r ,  and i n  t h i s  s e c t i o n  we summarize 

ou r  s t a t i s t i c a l  r e s u l t s  based on c a l c u l a t i o n s  a t  t h a t  conf idence  level .  

From 

I n d i v i d u a l  Confidence L i m i t s  

Values f o r  t h e  upper and lower i n d i v i d u a l  90% conf idence  l i m i t s  

and 6 are l i s t e d  i n  Table  A5 f o r  ox ide ,  a l p h a ,  ox ide  + a l p h a ,  and on 

to ta l .  oxygen. To change t h e  upper and lower 90% levels t o  t h e  95% 

levels ,  w e  can m u l t i p l y  t h e  u n c e r t a i n t y ,  i n  e.ach upper value by t h e  r a t i o  

(upper  95%/upper 90%) and each lower v a l u e  by t h e  r a t i o  (lower 95%/lower 

90%).  S ince  t h e  arguments g iven  below f o r  d e r i v i n g  t h e s e  two r a t i o s  are 
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symmetr ica l  and t h e  numer ica l  v a l u e s  of  t h e  r a t i o s  are i d e n t i c a l ,  on ly  

t h e  r a t i o  (upper  95%/lower 90%) i s  de r ived .  Note a l s o  t h a t  the r a t i o s  

g iven  below may b e  used only  when t h e  u n c e r t a i n t i e s  a t  t h e  90% conf idence  

leve l  are expres sed  as a pe rcen tage  u n c e r t a i n t y  i n  t h e  e s t i m a t o r ;  t hey  

are n o t  d i r e c t l y  a p p l i c a b l e  i n  conve r t ing  t h e  a b s o l u t e  numer ica l  va lues  

of t h e  90% conf idence  l i m i t s  t o  cor responding  v a l u e s  a t  t h e  95% l e v e l .  

(Upper 95%/Upper 90%) f o r  Es t ima to r  - For a (l-a)% Confidence 

i n t e r v a l ,  an  upper  (l-a)% v a l u e  f o r  t h e  e s t i m a t o r  A, expres sed  as a f r ac -  

t i o n  of A, is d e f i n e d  by 

exp[Rn ii + t (u) S ~ I  - e x p ( t n  a12 upper (l-a)% = exp(Rn A) 

where 

1-a, expres sed  as p e r c e n t ,  r e p r e s e n t s  t h e  d e s i r e d  conf idence  level ,  

Rn i s  t h e  e s t i m a t o r  of Rn A ( s e e  Tables  A4 and A 6 ) .  (Note t h a t  

t h e  v a l u e  of  Rn is  independent  of t h e  v a l u e  of  (Y, chosen . ) ,  
n 

S I  is  t h e  s t a n d a r d  d e v i a t i o n  of  Rn A f o r  t h e  g iven  d a t a  set ( s e e  

Table  A 6 ) ,  and 

t (v) is t h e  a / 2  percen tage  p o i n t  of  t h e  t - d i s t r i b u t i o n  w i t h  (v )  
a12 

degrees  of freedom. 

Theref  o r e ,  

Eva lua t ion  of  t h e  r a t i o  i n  Eq. (A6) r e q u i r e s  knowledge o f  t h e  a p p r o p r i a t e  

v a l u e s  of  t h e  t (v ) ' s  and of t h e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  e s t i m a t o r s .  

These q u a n t i t i e s  are l i s t e d  i n  Table  A6;  n o t e  t h a t  t (v) i s  dependent 

on t h e  degrees  of  freedom and, hence,  t h e  number of  o b s e r v a t i o n s  f o r  a 

g iven  d a t a  set .  S u b s t i t u t i n g  t h e s e  q u a n t i t i e s  i n  E q .  ( A 6 ) ,  one o b t a i n s  

t h e  d e s i r e d  r a t i o s ,  which are t a b u l a t e d  i n  Table  A7.  

t h e  change from a 90% t o  a 95% conf idence  i n t e r v a l  i n c r e a s e s  t h e  

a l a  

d 2  

A s  may b e  seen ,  

u n c e r t a i n t i e s  on by amounts va ry ing  from about  26 t o  31%; e . g . ,  i f  

t h e  u n c e r t a i n t y  on t h e  v a l u e  i n  t h e  e x p r e s s i o n  f o r  t h e  ox ide  p a r a b o l i c  

ra te  w e r e  510% a t  t h e  90% conf idence  leve l ,  i t  i s  512.8% a t  t h e  95% level .  

Numerical v a l u e s  f o r  t h e  upper and lower l i m i t s  f o r  t h e  95% ind iv id -  

u a l  conf idence  i n t e r v a l s  f o r  fi  are g iven  i n  Table  A 8 .  
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Table  A6. V3lues o f  and t h e  S tandard  Dev ia t ions  f o r  the  Es t ima to r s  
RN and (Q/R) and t h e  Degrees of Freedom and Appropr ia te  t (v) 

Values f o r  t h e  Various Data Sources  a / 2  

Es t ima to r  Degrees 

Dev ia t ion  Freedom 

Es ti-mated 
Source E s t  i m a t  o r  S tandard  of t .05 ( V I  t , 0 2 5 ( V )  Value 

Oxide 
h 

i n  A 

X i  
(ox ide  4- a lpha )  Iln 

T o t a l  Oxygen 
Ilc ii 
(Q/R) 

----4. 48868 
1.8060 

-0.27239 
24230 

---1..07462 
20990 

-1.70986 
201.00 

8 1.860 2.306 
0.13883 

212 

11 1.796 2.201 
,24180 
348 

8 1.860 2.306 
0.08501 

130 

8 1.860 2.306 
0.09490 

1.4 5 

Table  A7. R a t i o s  t o  b e  Used i n  Conver t ing  U n c e r t a i n t i e s  a t  t h e  90% 
Confidence Leve l  t o  U n c e r t a i n t i e s  a t  t h e  95% Confidence Level. 

Conversion App l i cab le  t o  I n d i v i d u a l  Confidence L i m i t s  Only 

Source R a t i o  
(Upper 95%/Upper 90%) 
CI 

Oxide 1 .281  

Alpha 1.314 

X i  1.264 

T o t a l  Oxygen 1.267 
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Table A8.  Estimated Values and 95% Individual-Confidence 
Intervals for the Estimators f i  and Q 

Lower 95% Est imat ea Upper 95% 
Confidence Interval Value Confidence Interval Estimator 

-- ___- 
Oxide 

A 0 ,00816 0.01124 0.01547 ,. 
Q 349 10 35890 36860 

Alpha 

A 0 .4473  0.7616 1.297 

6 46620 48140 49670 

.. 

Alpha + Oxide 
A 
h 

0 -  2807 0 .3414 0 .4154 

4 41110 41700 

Total Oxygen 

42300 

A 

A 

ii 
0.1453 0.1810 0.2252 

39 2 70  39 9 30 40600 

(Upper 95%/Upper 9 0 % )  for 6 - For a (l-a)% confidence interval, 

an upper (1-a)% limit for the estimator 6, expressed as a fraction of Q ,  

is defined by 
R(6/R) + RtaI2(V)S2 - R (@R> 

R(Q/R) 
Upper(l-a)% = 

o r  

where 

$R is the estimator of Q/R, 

R is the gas constant, and 

S2 is the standard deviation of &R. 

Theref ore 

Upper 95% - t.o*025(v) 1.240 €or v = 8 
1.226 for v = 11 

- 
Upper 90% t 0.0 5 (u) 
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The numer ica l  v a l u e s  a t  t h e  r i g h t  of E q .  (AS) were ob ta ined  by i n s e r t i n g  

a p p r o p r i a t e  v a l u e s  of t (v)  from Table  A6. See  T a b l e  A 8  f o r  numer ica l  

va lues  of t h e  95% conf idence  limits on 6. 
011 2 

J o i n t  Confidence I n t e r v d 2 -  

The j o i n t  conf idence  i n t e r v a l  on 2 / 2 9  i n  c o n t r a s t  t o  t h e  i n d i v i d u a l  

conf idence  l i m i t s  f o r  

p l o t ,  be ing  minimum a t  t h e  mean of t h e  r e c i p r o c a l  tempera ture  observa- 

t i o n s .  For t h i s  r eason  no s i n g l e  convers ion  f a c t o r  can be  used t o  

conve r t  u n c e r t a i n t i e s  at: t h e  90% leve l  t o  cor responding  v a l u e s  a t  t h e  

95% leve l .  We have,  t h e r e f o r e ,  r e c a l c u l a t e d  t h e s e  conf idence  i n t e r v a l s  

u s ing  t h e  F - d i s t r i b u t i o n  s t a t i s t i c s  a p p r o p r i a t e  f o r  t h e  95% level .  The 

r e s u l t s  are g iven  i n  Table  A 9 ,  which may b e  compared t o  Table  A3 where 

t h e  cor responding  90% l.eve1. v a l u e s  are summarized. 

t a t i o n s  of t h e s e  d a t a  i n  t h e  form of j o i n t  conf idence  e l l i p s e s  are 

p resen ted  i.n F i g s .  A9----A12. The j o i n t  conf idence  reg ions  a t  t h e  90% 

level  are also d i sp layed .  

and 0, varies ove r  t h e  wid th  of an  Arrhenius  

Graphical. represen-  

MAXIMIJM ABSOLUTE ERROR LIMITS FOR EXPERIMENTAL PROCEDURES 

Temperature Measurement E r r o r s  

Temperature measurement e r r o r s  i n  t h i s  program were e x t e n s i v e l y  

ana lyzed  i n  a p rev ious  r e p o r t .  P o t e n t i a l  e r r o r  souirces cons ide red  

inc luded  thermal  shun t ing ,  electrical. s h u n t i n g ,  p a r a s i t i c  emf ' s ,  d a t a  

a c q u i s i t i o n  system e r r o r s ,  thermocouple c a l i b r a t i o n  e r r o r s ,  t empera ture  

g r a d i e n t s  i n  t h e  sample,  d e c a l i b r a t i o n  of thermocouples,  and t a b  a t t a c h -  

ment e f f e c t s .  It w a s  concl.uded t h a t  the  maximum probable  tempera ture  

measurement e r r o r  i n  t h e  MiniZSJOK appa ra tus  ranged from +4"C (7.2"F) a t  

900°C (1652°F) t o  +6*C (l.0.8'F) a t  1.50OoC (2732'F). The validi.t:y o f  

t h e s e  l i m i t s  w a s  confirmed by t h e  subsequent  ?h situ de te rmina t ion  of 

t h e  alpha-to-beta  phase t r ans fo rma t ion  tempera ture  f o r  pure  zi rconium (see 

p.  30 ) ; t h e  addi t iona l .  i n  s i t u  m e l t i n g  p o i n t  d e t e r m h a t i o n  (p.  31 1 d i d  n o t  
bea r  d i r e c t l y  on t h e  q u e s t i o n  of t h e  e x t e n t  of thermal  shun t ing  e r r o r s ,  

b u t  t h i s  r e s u l t  d i d  show t h a t  the c o n t r i b u t i o n s  of t h e  o t h e r  p o t e n t i a l  

e r r o r  s o u r c e s  t o  t h e  u n c e r t a i n t i e s  of t empera ture  measurements l i e  we11 

w i t h i n  t h e  limits g iven  above 
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Table A9. Predicted Values f o r  t h e  Estimators Rn g 2 / 2  and 95% 
Confidence Intervals f o r  t h e  Expgcted Predicted Values. 

Percentage Uncertainties on A2/2 are A l s o  Shown 
.~ I- .--- I 

U n c e r t a i n t y  
Upper 9 T  CL on  a ? / 2  

L o w e r  95% CIA Uncertairlty J,n i 2 / 2  
-1__-1__-- - - 

Observed P r e d i c t e d  For  Rn g 2 / 2  On 6 2 / 2  F~~ zn 6 2 1 2  
(%I (%) ( " 6 )  

I_ --I 

Value 
.- 

Value __-- 

10.50 
1101  
1153 
1203  
1253 
1304 
1352 
1404 
1454 
1504 

905 
956 

1 0 0 1  
1050 
1101  
1153 
1203 
1253 
1304 
1352 
1404 
1454 
1504 

3050 
1101  
1153 
120 3 
1253 
1304 
1352 
1404 
1454 
1504 

1050 
1 1 0 1  
1153  
1203 
1253 
1304 
1352 
1404 
1454 
1504 

-18.0842 
-17.6459 
-17.1314 
-16.7361 
-16.3846 
-15.9871 
-15.6173 
-15 - 2636 
-14.9031 
-14.6095 

--20.7133 
--20.0152 
-19.5 790 
-18.5843 
-17.7528 
-17.2420 
-16.6508 
-16.1081 
-1 5.6543 
-15.1211 
-14.7022 
-14.3431 
-1 3.96 74 

-16.9 345 
-16.3128 
-15.7960 
-15.30 7 1  
-14.856 7 
-14.4261 
-13.9674 
-13.5764 
-13.2166 
-12.8755 

-16.8688 
-16.3325 
-15.7887 
-15.3387 
-14.9241 
-14.4927 
-14.0781 
-13.6932 
-13.3208 
-12.9913 

-18.1381 
-17.6315 
--17.1523 
-16.7234 
-16.3225 
-15.9398 
-15.6016 
-15.2571 
-14" 9453 
-14 I 65  1 1 

-20.8375 
-19.9842 
-19.28813 
-L8.5838 
-17.9042 
-17.2613 
-16.6858 
-16.1481 
-15.6347 
-15.1810 
-1 4.71 87  
-1 4 .3005 
-13.9058 

-16.9371 
-16.3484 
-15.7915 
-15.29 30 
-14.8271 
-14.3824 
-13.9894 
-13.5890 
-13.2267 
-12.8868 

-16.899 3 
-16.3356 
-15.8023 
-15.3249 
-14.8789 
-14.4530 
-14.0766 
-13.6932 
-13.3463 
-1 3.0189 

Oxide __- 
-18.1978 -5.8 
-17.6798 
-1 7.19 1 3  
-16.7562 
-16.3527 -3.0 
-15.9 710 
-1 5 . 6  36 3 
-1 5.29 72 
-14.99 1.5 
-14.70 36 -5.1 

Alpha 

--2 0 .9  7 79 -13.1 
-20.1017 

-18.669 2 
-17.9 786 
-17.3301 
--16.7545 - 6 . 6  
-16.2209 
-15.7147 
-15.2693 
-14.81 70 
-14.4087 
-14.0240 -11.1 

-19.3884 

Oxide + Alpha 

-16.9737 -3.6 
-16 a 3780 
-15.8153 
-15.31 31  
-14.8456 -1.8 
-14.4015 
--14.0106 
-13.6135 
-13.2549 
-12.9 169 -3.2 

Total Oxygen 

-16.9401 -4.0 
-16.3686 
-15.8289 
-15.3474 
-14.8995 -2.0 
-1 4.4 7 4 3 
-14.100 3 
-13.7206 
-13.3779 
-13.0548 -3.5 

-18.0784 
-1 7.5 832 
-17.1133 
-16.6905 
-16.2924 
-15.9087 
-15.5670 
-1 5.2  16  9 
-14.8992 
-14.5987 

-20.6970 
-1 9.8666 
-19.1876 
-18.49 84 
-17.8297 
-17.1YP5 
-16.6172 
-16.0 75 3 
-15.5548 
-15.0927 
-14.6 20 5 
-14.1923 
-13.7877 

-16.9005 
-16.3188 
-15.7616 
-15.2729 
-14.8087 
-14.3634 
-13.9682 
-13.5644 
-13.1984 
-12.8526 

-16.8585 
-16.3025 
-1 5 7756 
-15.3025 
-14.8583 
-14.4318 
-14.0 5 30 
-13.6658 
-13.3148 
-12.9830 

+ 6 . 1  

+3 .1  

+5.4 

+15.1  

+ 7 . 1  

+12.5 

+3.7 

+1.9 

+3.3 

-4.2 

+2 .1  

+3 .7  
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F i g .  A 9 .  Joint Confidence Region f o r  t he  Coefficients of the  Oxide 
Model: 9.; 62/2 = -4.48868 - 18060.28 (l/T). 

0 



1.4 7 

F ig .  A l 0 .  Joint Confidence Region for the  Coefficients of t h e  Alpha  
Model: Rk 6 2 / 2  = 4 . 2 7 2 3 0  - 24228.91 (l/T). a 
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Fig .  A l l .  J o i n t  Confjdence Region f o r  the Coefficients of the 
(Alpha + Oxide) Model: Rn A2./2 = -1.07462 - 20988.50 (l/T). x1 
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Fig.  A 1 2 .  J o i n t  Confidence Region f o r  the Coefficients o f  the T o t a l  
Oxygen Model: E 6  6 2 / 2  = -1.70986 - 20097.96 ( l / T ) .  

7: 
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Time Measurement E r ro r s  

Absolu te  measurements of t i m e  i n  v i r t u a l l y  all .  experiments  were 

made us ing  t h e  Computer Operated Data A c q u i s i t i o n  System (CODAS). CODAS 

u t i l i z e s  a q u a r t z  c r y s t a l  c lock  whose accuracy  i s  warran ted  t o  +13 p s .  

There i s ,  however, an  u n c e r t a i n t y  as l a r g e  as 2 m s  i n  the t i m e  of 

t r i g g e r i n g  of t h e  CODAS c lock  a t  t h e  beginning  of  a n  experiment ,  and 

2 111s may thus  be  regarded  as t h e  maximum e r r o r  i n  ou r  a b s o l u t e  ti.me 

measurements. The e f f e c t  o f  t h i s  e r r o r  on t h e  o x i d a t i o n  r e s u l t s  is 

obvious ly  n e g l i g i b l e .  

A second source  of e r r o r  i n  t h e  o x i d a t i o n  times r e p o r t e d  stem:; 

from t h e  n e c e s s i t y  f o r  normal iz ing  the t ime-temperature  r e c o r d  f o r  eac-h 

experiment  t o  a n  e q u i v a l e n t  t i m e  of i so the rma l  o x i d a t i o n  a t  some average  

tempera ture .  The technique  used ,  which is  d e s c r i b e d  i n  d e t a i l  i n  t h e  

body of t h e  r e p o r t  (p .  4 3 )  , u t i l i z e s  t h e  expres s ion  

It exp [--Q/RT ( t )  3 d t  
T n .l-.._l_D_- -_- 

I ,  ( e f f )  exp [--Q/W t (ef € >  

is the eqi l iva len t  o x i d a t i o n  time €or  s t r i c t l y  i so the rma l  
( e f f )  

where t 

i s  t h e  tempera ture  ( O K )  t o  which t h e  d a t a  are t o  be  c o n d i t i o n s  T 

normalized,  T ( t )  i s  t h e  a c t u a l  tempera ture  o f  t h e  experiment  expressed  

as a f u n c t i o n  of t i m e ,  Q i.s Llie a c t i v a t i o n  energy fo r  t h e  p rocess ,  and 

R i s  t h e  gas c o n s t a n t .  App l i ca t ion  of E q .  (A9)  tinus a l lows  one t o  

c o r r e c t  f o r  oxi .dat ion du r ing  heat-up and cool-down and f o r  s m a l l  varia- 

t i o n s  i n  s e t - p o i n t  p o s i t i o n  of t h e  teniperature  c o n t r o l l e r  i n  experiments  

perEormed a t  some nominal. t empera ture .  

( e f f >  

I m p l i c i t  i n  E q .  (A9) i s  t h e  assumption t h a t  t h e  r e a c t i o n  bei-ng 

cons idered ,  e .g .  t h e  growth of t h e  oxide  l a y e r ,  can be  desc r ibed  i.n 

t e r m s  of a s i n g l e  p rocess  ( i . e . ,  s i n g l e  act i -vat ion energy)  over  t h e  

en t i i re  tempera ture  range  o€  interest .  I n s p e c t i o n  of t h e  Arrhenius  

p l o t s  f o r  t h e  ox ide  and a l p h a  l a y e r  k i n e t i c  d a t a  (F igs .  27  and 28)  

shows t h a t  t h i s  assumption i s  s u r e l y  v a l i d  from a1000 t o  1 5 O O O C  

(1832-2732°F) Below t h i s  tempera ture  range a change i n  o x i d a t i o n  

mechanism does occur  a t  r e l a t i v e l y  long  o x i d a t i o n  t i m e s ;  however, t h e  
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amount of o x i d a t i o n  t a k i n g  p l a c e  a t  t empera tu res  below 1000°C (1832'F) 

at h e a t i n g  rates o f  %lOO"C/s ( 1 8 0 ° F / s )  will be  s m a l l .  Fur thermore ,  as 

shown below, changes i n  t produced by r e l a t i v e l y  l a r g e  changes i n  ef f 
t h e  v a l u e  of Q used i n  Eq. (A9) occas ioned  on ly  minor changes i n  t h e  

6'/2 v a l u e s  c a l c u l a t e d  from K2 vs t 

a c t i v a t i o n  energy below lO0O'C (1832OF) i s  r a d i c a l l y  d i f f e r e n t  from 

t h a t  a t  h i g h e r  t empera tu res ,  t h e  t i m e  c o r r e c t i o n  g iven  by Eq. (A91 
should  be  approximate ly  v a l i d .  

p l o t s ;  t h u s ,  u n l e s s  t h e  t r u e  
( e f f )  

A s  expe r imen ta l  data were ga the red  du r ing  t h e  cour se  of t h i s  s t u d y ,  

i t  was, of cour se ,  n e c e s s a r y  t o  u s e  Eq. (A9) to c o n s t r u c r  o x i d a t i o n  

rate curves and, u l t i m a t e l y ,  t h e  Ar rhen ius  p l o t s  from which values of 

t h e  a c t i v a t i o n  energy could be ob ta ined .  S ince  a c c u r a t e  v a l u e s  of Q 

were no t  a v a i l a b l e  a t  t h a t  t i m e ,  we chose 40,000 ca l /mole  as a 

reasonab le  approximation. S t r i c t l y  speak ing ,  once expe r imen ta l  va lues  

of  Q were de termined ,  t h e s e  new v a l u e s  of Q could  have been used i n  

Flq. ( A 9 1  and a n  i t e ra t ive  procedure  a p p l i e d  t o  t h e  e n t i r e  d a t a  set t o  

o b t a i n  t h e  b e s t  possib1.e e v a l u a t i o n  of Q. However, when t h e  expe r i -  

menta l  a c t i v a t i o n  e n e r g i e s  (35,890 and 48,140 ca l /mole  f o r  ox ide  and 

a l p h a  l a y e r s ,  r e s p e c t i v e l y )  were used, tests on s e v e r a l  r e p r e s e n t a t i v e  

d a t a  sets r e v e a l e d  t h a t  t h e  r e s u l t i n g  s m a l l  changes i n  o x i d a t i o n  time 

never  produced changes g r e a t e r  t han  ~ 1 %  i n  t h e  s l o p e s  of t h e  o x i d a t i o n  

ra te  cu rves .  Thus t h e  t i m e  c o r r e c t i o n s  made are r a t h e r  i n s e n s i t i v e  

t o  t h e  precise v a l u e  of Q used i n  Eq. ( A 9 ) ,  and w e  concluded t h a t  t i m e  

c o r r e c t i o n s  are r e s p o n s i b l e  f o r  no more t h a n  a 1% e r r o r  i n  t h e  p a r a b o l i c  

ra te  c o n s t a n t s .  

Thickness Measurement E r r o r s  

E r r o r s  i n  t h e  measurements of ox ide  and a l p h a  l a y e r  t h i c k n e s s  can 

arise from several sources .  For we l l -de f ined ,  uniform scales t h e  

r e p r o d u c i b i l i t y  of r e a d i n g s  w i t h  t h e  f i l a r  eyep iece  used i n  t h e s e  

d e t e r m i n a t i o n s  w a s  %+0.25 pm, producing t h i c k n e s s  uncertainties r ang ing  

from k2.0 t o  +0.25% i n  t h i c k n e s s  d e t e r m i n a t i o n s  f o r  t h e  t h i n n e s t  and 

t h i c k e s t  s c a l e s  measured. I n  some i n s t a n c e s  t h e  i n t e r f a c e  between 
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d i f f e r e n t  phases ,  p a r t i c u l a r l y  t h e  a l p h a / p r i o r - b e t a  boundary a t  l o w  

teii iperatures w a s  ill def ined  and measurement u n c e r t a i n t i e s  under t h e s e  

c o n d i t i o n s  were somewhat g r e a t e r .  

Accura te  phase t h i c k n e s s  measurements r e q u i r e  t h a t  specimens b e  

mounted so  t h a t  t hey  can b e  s e c t i o n e d  pe rpend icu la r  t o  t h e  tube  w a l l ,  

The maximum mounting e r r o r  w a s  %5', r e s u l t i n g  i n  a t h i c k n e s s  u n c e r t a i n t y  

of +0.4%. 

A s  d e s c r i b e d  i n  t h e  body of t h e  r e p o r t ,  oxide and a l p h a  l a y e r  

t h i c k n e s s e s  r e p r e s e n t  t h e  average  of seven measurements made a t  5" 
i n t e r v a l s  ove r  a 30" arc  c e n t e r e d  on t h e  bead of a measuring thermo- 

couple .  This  procedure w a s  adopted because  of t h e  c i r c u m f e r e n t i a l  

t empera ture  g r a d i e n t  i n  t h e  specimens and hecause  of t h e  e x i s t e n c e  of 

small v a r i a t i o n s  i n  l a y e r  t h i c k n e s s e s  ove r  s h o r t  d i s t a n c e s  caused by 

o t h e r  f a c t o r s .  W e  c o n s i d e r  t h a t  t h i s  procedure  minimizes u n c e r t a i n t i e s  

i n  l a y e r  t h i c k n e s s .  

An estimate of t h e s e  u n c e r t a i n t i e s  w a s  made by coinpiiting t h e  mean 

420, where (I is  a s t a n d a r d  d e v i a t i o n ,  f o r  t h e  seven  l a y e r  t h i cknesses  

measured i n  each experiment .  

of t h e  mean t h i c k n e s s .  A t y p i c a l  d a t a  se t  a t  1203°C (2197OF) is  shown 

i n  Table  A10.  

The 2 0 ' s  were then  expressed  as a pe rcen tage  

From 10 t o  20 i n d i v i d u a l  mean t h i c k n e s s  de t e rmina t ions  were used 

t o  d e f i n e  t h e  ra te  cu rve  a t  each tempera ture ,  and t h e  v a l u e s  of +20 /E, 
where r e p r e s e n t s  t h e  mean t h i c k n e s s  of e i t h e r  t h e  ox ide  o r  t h e  a lpha  

l a y e r ,  were summed and averaged and a v a l u e  f o r  two s t a n d a r d  d e v i a t i o n s ,  

2a', f o r  t h e  mean computed. 

each tempera ture  is  t o  b e  i n t e r p r e t e d  as t h e  rnaxCmwn u n c e r t a i n t y  

(expressed  as a pe rcen tage  of 2) i n  t h i c k n e s s  measurements a t  t h e  con- 

f i d e n c e  level  (approximately 95%) r e p r e s e n t e d  by t w o  s t a n d a r d  d e v i a t i o n s .  

Tab le s  A l l  and A 1 2  I . i s t  v a l u e s  .Eor t h i s  rnm-hm u n c e r t a i n t y  a t  several 

tempera tures  under t h e  heading  "Thickness V a r i a b i l i t y " .  

no ted  t h a t  2aK/K + 20' c o n t a i n s  t h e  u n c e r t a i n t i e s  r e l a t e d  t o  t h e  

r e p r o d u c i b i l i t y  of i n d i v i d u a l  measurements b u t  does no t  take i n t o  

account  t h e  p o s s i b i l i - t y  t h a t  t h e  measured s e c t i o n  w a s  n o t  c u t  p r e c i s e l y  

pe rpend icu la r  t o  t h e  specimen w a l l .  

K 

The r e s u l t i n g  q u a n t i t y ,  t2cr /E 4 2a', f o r  K 

T t  should  be  
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Table A 1 0 .  Estimates of  Mean Oxide and Alpha Layer Thicknesses and 
Their Standard Deviations for Experiments at L203OC (2197’F) 

s-82 49.46 +I. 64 23.3 53.54 51.04 22.0 

S-83 43.13 2.32 5.4 44.74 1.06 2.4 

S- 84 38.86 1.63 4.2 40.97 0.96 2.3 

S-85 53.52 1.33 2.5 54.62 1 . 3 5  2.5 

S-86 so. 22 1.96 3.9 51.66 1.04 2.0 

S-88 26.64 1.41 5.3 28.23 0.55 2.0 

S-89 43.21 1.37 3 . 2  44.01 1.06 2.4 

S-90 28.79 1.23 4.3 30.87 0.81 2.6 

5-87 58.10 1.35 2.3 64.79 0.91 1.4 

s-9 1 37.23 1.03 2.8 39.74 2.61 6.6 

k2c~ /& t 20’ = 53.72 t 2.18% (d) 
$ $ 

t2ci /; I 20’ = k 2.62 ? 2.88% 
a a 

= mean oxide layer thickness. 

(b)o = standard deviation of layer thickness measurements in a K single experiment; K = Ip or a .  

= mean alpha layer thickness. 

(d)oc = standard deviation of  the mean 20’/K; K = @ or a .  
X K 
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Table A 1 2 .  Probable Maximum Determinant Errors in Alpha Layer Growth Measurements. 

Error at 

905°C 1001°C ll0l"C 1203°C 1304°C 1404°C 1504°C 
(1661°F) ( 1 8 8 4 ° F )  ( 2 0 1 4 ° F )  (2197OF) (2397°F)  (2559'F) ( 2 7 3 9 ° F )  

Error Source 

Temperature measurement uncertainty t4.0 i 4 . 3  24.7 f 5 . 0  k5 .3  k5.7 f 6 . 0  
("a 

correction (%) 
Uncertainty in 62 /2  due to time k1.0 f l . O  k1.0 i1.0 tl.O 21.0 51.0 

cu, 

--L 

Lrr 
in 

Thickness measurement uncertainties 

Mounting error (X) t 0 . 4  +0.4 +0.4 H . 4  H . 4  +0.4 H . 4  

Thickness variability (X) k22.6 t 1 5 . 6  k13.2 k5.5 k6.4 t 4 . 9  k3.9 

Total ( X )  i-23.0 +16.0 4-13.6 i-5.9 +6.8 i-5.3 + 4 . 3  
-22.2 -15 2 -12,8 -5.1 -4 .0 -4.5 -3.5 

Calculated uncertainty in 6 2 / 2  (%) +54.0 +39.4 +34.2 f 1 8 . 4  +19.8 +16.5 +14.2 
-52.4 -37.8 -32.6 -16.8 -18.2 -14.9 -12.6 cu, 
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Th i s  method of a s s e s s i n g  t h e  u n c e r t a i n t y  i n  t h i c k n e s s  measurements 

i n  re la t ive t e r m s ,  i . e . ,  as a f r a c t i o n  of the observed mean t h i c k n e s s ,  

i m p l i e s  t h a t  t h e  u n c e r t a i n t y  i-ncreases w i t h  i n c r e a s i n g  t h i c k n e s s .  

Although a c a r e f u l  examination of  the  raw d a t a  does r e v e a l  such a t r e n d ,  

i t  is a weak one, and t h e  e r r o r  band d e f i n e d  on K2 us t p l o t s  u s ing  t h e  

uric-ertainties i n  t h i c k n e s s ,  K ,  g iven  i n  Tables  A l l  and A 1 2  e a s i l y  

encompasses a l l  of t h e  expe r imen ta l  d a t a  p o i n t s .  Thus t h e  t h i c k n e s s  

u n c e r t a i n t i e s  l i s t e d  are q u i t e  c o n s e r v a t i v e  arid tend t o  ove res t ima te  

t h e  t h i c k n e s s  e r r o r s .  

Under t h e s e  c i rcumstances  i t :  might be argued t h a t  a more rea1isti.c 

estimate of t h e  u n c e r t a i n t y  i n  thi-ckness v a r i a b i l i t y  would be g iven  by 

t h e  v a r i a n c e  ( 0 2 )  o r  t h e  actual .  values of Lhe 2u's f o r  t h e  mean of t h e  

t h i c k n e s s  de t e rmina t ions .  A s  m y  be  seen i n  Table A10, 20 f o r  t h e  oxide  

t h i c k n e s s  de t e rmina t ions  i s ,  w i t h  one excepti .on,  less than  +2 my f o r  

o x i d a t i o n  a t  1203OC (2197OF). The p r e s e n t  method was, n o n e t h e l e s s ,  

chosen (1) because  i t  does p rov ide  somewhat Conserva t ive  estimates of  

thi-ckness u n c e r t a i n t i e s ,  and ( 2 )  because i t  expres ses  t h e  t h i c k n e s s  

e r r o r  i n  re la t ive terms t h a t  are e s p e c i a l l y  convenient  i n  e v a l u a t i n g  

re la t ive e r r o r s  i n  t h e  ra te  c o n s t a n t s .  

Unce r t a in ty  i n  P a r a b o l i c  Rate Cons tan ts  

The f r a c t i o n a l  e r r o r  i n  t h e  p a r a b o l i c  ra te  c o n s t a n t  may b e  e s t ima ted  

from t h e  sum of t h e  u n c e r t a i n t i e s  i n  l a y e r  t h i c k n e s s  and t i m e  measure- 

ments. The ra te  c o n s t a n t ,  S 2 / 2 ,  i s  r e l a t e d  t o  l a y e r  t h i c k n e s s ,  K ,  and 

t i m e ,  t through t h e  p a r a b o l i c  ra te  equa t ion :  

= S 2 t  . (A1.0) 

Solv ing  f o r  c2 and t a k i n g  t h e  t o t a l  d e r i v a t i . v e ,  one o b t a i n s  

a@+,2dKi-dt 
K t ( A l l )  

I n  Eq.  all).^ d(S2> is  t h e  f r a c t i o n a l  u n c e r t a i n t y  i n  6 2 / 2  occas ioned  by 

t h e  f r a c t i o n a l  u n c e r t a i n t i e s ,  dK/K and d t / t ,  i n  K and t ,  r e s p e c t i v e l y .  
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All s i g n s  on t h e  r i g h t  hand s i d e  of  E q .  (All) are t aken  as p o s i t i v e  on 

t h e  assumption t h a t  i n  t h e  wors t  p o s s i b l e  case a l l  e r r o r s  are a d d i t i v e .  

While E q .  ( A l l )  p r o v i d e s  an estimate of t h e  e r r o r s  i n  A2/2 due t o  

u n c e r t a i n t i e s  i n  K and t ,  i t  shou ld  b e  no ted  t h a t  i m p l i c i t  i n  E q s .  ( A l O )  

and ( A l l )  is  t h e  assumption t h a t  t h e  t empera tu re ,  T ,  is  known e x a c t l y .  

Such, of c o u r s e ,  i s  never t h e  case, and an a d d i t i o n a l  u n c e r t a i n t y  i n  

A2/2 arises from u n c e r t a i n t i e s  i n  T .  

i n  which K and t can  b e  measured e x a c t l y  bu t  where T i s  measurable only 

t o  T 2 E, where ?E i s  t h e  u n c e r t a i n t y  i n  t h e  t empera tu re  measurement. 

If  a series of exper iments  is  performed i n  which specimens are o x i d i z e d  

f o r  v a r i o u s  t i m e s  a t  t h e  nominal t empera tu re  T b u t  i n  which t h e  t r u e  

t empera tu re  v a r i e s  randomly about  T i n  the range  kc, t h e n  a p l o t  of K2 

ver sus  t ,  whose s l o p e  is p r o p o r t i o n a l  t o  t h e  rate c o n s t a n t ,  w i l l  show 

a scatter of d a t a  p o i n t s  about t h e  b e s t  estimate l ine .  Thus even though 

K and t are known e x a c t l y ,  an u n c e r t a i n t y  i n  cS2/2 w i l l  exist  because  of 

t h e  u n c e r t a i n t y ,  +E, i n  t h e  measurements o f  T. 

Cons ider ,  f o r  example, a s i t u a t i o n  

The c o n t r i b u t i o n  of  t h e s e  tempera ture  u n c e r t a i n t i e s  may b e  e s t i m a t e d  

by making use  of t h e  Arrhenius  equa t ion :  

S 2 / 2  = A exp(--Q/RT) . 
Again t a k i n g  t h e  t o t a l  d e r i v a t i v e  of cS2/2, one o b t a i n s  

where t h e  las t  t e r m  on t h e  r i g h t  g i v e s  t h e  c o n t r i b u t i o n  of t h e  f r a c t i o n a l  

u n c e r t a i n t y  i n  t empera tu re ,  dT/T, t o  t h e  u n c e r t a i n t y  i n  A2/2. 
We, t h e r e f o r e ,  t a k e  as t h e  maximum possibZe detemninant er’r>or i n  

6’12 t h e  sum 

d(A2)/A2 =: 2dg/5 + dT/t  f (Q/RT)(dT/T) . W 4 )  

The r e s u l t i n g  c a l c u l a t e d  u n c e r t a i n t i e s  i n  62 /2  are summarized i n  

Tab les  A l l  and A12 .  
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U n c e r t a i n t i e s  i n  A and Q 

T r e a t i n g  t h e  q u a n t i t i e s  A and Q i n  Eq.  (A12) as v a r i a b l e s  and 

d i f f e r e n t i a t i n g  as b e f o r e ,  i t  can be shown t h a t  

The t e r m s  on t h e  l e f t  s i d e  c o n t a i n  t h e  u n c e r t a i n t i e s  dQ/Q and d9/A i n  

t h e  a c t i v a t i o n  energy,  Q ,  and t h e  pre-exponent ia l  t e r m ,  A ,  r e s p e c t i v e l y ,  

and t h e  e q u a t i o n  e x p r e s s e s  t h e s e  q u a n t i t i e s  in terms of e r r o r s  i n  A2/2 

and T.  The r i g h t  hand s i d e  may b e  eva lua ted  u s i n g  in fo rma t ion  from 

Tables  Al.1 and A 1 2 .  

(RT/Q) (d(S2)/fj2) is  .015 and dT/T = 0.003. 

addi t ive ,dQ/Q + RT/Q dA/A = 0.018 o r  1.8%. However, E q .  (A15) contai-ns 

two unknowns, dQ/Q and &/A,  and i t  i s  imposs ib l e  t o  s p e c i f y  e i t h e r  

un ique ly .  

s t a t i s t i c a l  a n a l y s i s  g iven  i n  t h e  f irst  p a r t  of t h e  Appendix. 

For example, f o r  ox ide  l a y e r  growth a t  1203'C (2197"F) ,  

Assuming a l l  e r r o r s  t o  be  

For estimates of dQ/Q and dA/A, t h e r e f o r e ,  w e  r e l y  on t h e  

Inde terminant  E r r o r s  

Any expe r imen ta l  program i s  s u b j e c t  t o  inde te rminan t  e r r o r s ,  i . e . ,  

e r r o r s  t h a t  by d e f i n i t i o n  are n o t  known t o  exis t  b u t  may be p r e s e n t  and 

may b e  e i t h e r  s y s t e m a t i c  o r  random. I n  g e n e r a l ,  t h e  o n l y  way t h e i r  

p resence  can b e  d e t e c t e d  is through t h e  comparison of  a g iven  d a t a  

se t  w i t h  a comparable s e t  determined by a n  independent  method, 

The on ly  i n t e r n a l  ev idence  f o r  t h e  lack of  inde te rminan t  errors i n  

t h e  p r e s e n t  program i s  t h e  r e l a t i v e l y  good agreement between r e s u l t s  
ob ta ined  i n  t h e  MiniZWOK and MaxiZWOK appara tuses .  

Table  A 1 3  g i v e s  a comparison of the p a r a b o l i c  ra te  c o n s t a n t s  f o r  

t o  t a l  oxygen consumption found i n  t h e  p r e s e n t  r e s u l t s  wi. th  c o r r e l a t i o n s  

ob ta ined  by o t h e r  i n v e s t i g a t o r s  There i s  e x c e l l e n t  agreement between 

ou r  r e s u l t s  and those  of  Kawasakie4 

se t  i s  al .so reasonable .  L e s s  good agreement exists w i t h  t h e  r e s u l t s  o f  

Biederman,6 Klep fe r ,  and Lemon.  The a c t i v a t i o n  e n e r g i e s  determined 

by t h e  l a t t e r  t h r e e  workers are a l l  somewhat s i iml le r  t han  t h a t  r e p o r t e d  

The agreement w i t h  t h e  Hobson da ta '  
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a Table  A13. P e r c e n t  D i f f e r e n c e  Between P a r a b o l i c  R a t e  Cons tan t s  f o r  
T o t a l  Oxygen Determined i n  t h i s  Studyb and Those C a l c u l a t e d  

From Other  C o r r e l a t i o n s  

Temperature 
- Kawasaki Hobson' Biederman Klep fe r  Lemmon Baker-Just: 

("a ( O F )  

LOO0 1832 7.5% 16.3% -48.3% - 6 2 . 7 %  -75% -31.7% 

1200 2192 4.6 12.7 -4.6 -15.6 -27.7 -78.3 

1500 2732 0.7 9.0 28 .1  20.0 9 . 1  -147.0 

a The d i f f e r e n c e s  are c a l c u l a t e d  re la t ive t o  t h e  r e s u l t s  of t h e  
p res en t s t udy . 

bThe c o r r e l a t i o n  based  on t h e  assumption of a s t o i c h i o m e t r i c  
g r a d i e n t  i n  t h e  ox ide  i s  used (see p .  85). 

C C o r r e l a t i o n  based  on a n a l y s i s  of complete d a t a  set (see p .  85) .  

by us ,  and on an Arrhenius  p l o t  t h e i r  b e s t  estimate l i n e s  c r o s s  o u r s  a t  

t empera tu res  somewhat above 1200°C (2192'F). 

There is  i n  a d d i t i o n  a r e c e n t l y  completed set of  measurements by 

Le i s t ikow,  Berg, and J e n n e r t . '  

47 kcal /mole  f o r  t h e  rate c o n s t a n t  f o r  t o t a l  oxygen consumption. 

a n a l y t i c a l  e x p r e s s i o n  f o r  fi2/2 i s  b i a s e d ,  however, by t h e  f a c t  t h a t  they 

inc luded  a rate d e t e r m i n a t i o n  a t  900°C (1652°F) i n  t h e i r  c a l c u l a t i o n .  A 

p o i n t  by p o i n t  comparison of t h e i r  r e s u l t s  a t  1000, 1100, 1200, and 

1300°C (1832, 2012, 2192, and 2372'F) showed t h a t  t h e i r  expe r imen ta l  

v a l u e s  f o r  6 2 / 2  a t  t h e s e  t empera tu res  d i f f e r e d  from o u r s  by 2 2 ,  11, 5, 

and 2%, r e s p e c t i v e l y .  Thus i n  t h e  r ange  1000 t o  1300°C (1832-2372"P) 

t h e  measurements of  Le is t ikow,  e t  a l .  appear  t o  be  i n  r easonab le  agree- 

ment w i t h  o u r s .  

They r e p o r t  an a c t i v a t i o n  energy of  

The i r  

7: 

T 

It is  d i f f i c u l t  t o  u s e  t h e s e  comparisons as a b a s i s  f o r  any quan t i -  

t a t ive  estimates of t h e  i n d e t e m i n a n t  e r r o r s  i n  o u r  expe r imen ta l  p rocedures ,  

The v a r i o u s  d a t a  sets appea r  t o  f a l l  i n t o  two c l u s t e r s ,  o u r  r e s u l t s  and 

those of Kawasaki, Hobson, and Le i s t ikow,  e t  a l .  i n  one and t h o s e  of 

Biederman, K l e p f e r ,  and, t o  a lesser e x t e n t ,  Lemon i n  t h e  o t h e r .  

Furthermore,  u n l e s s  t o t a l  oxygen consumption is  determined d i r e c t l y  
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( i . e . ,  g r a v i m e t r i c a l l y  o r  by hydrogen rei-ease), q u a n t i t a t i v e  comparisons 

of d a t a  sets are somewhat u n c e r t a i n  u n l e s s  s p e c i f i c  i n fo rma t ion  i s  

a v a i l a b l e  on t h e  computa t iona l  t echn ique  and oxygen s o l u b i l i t y  d a t a  used 

i n  t h e  c a l c u l a t i o n  of t o t a l  oxygen. For  t h e s e  r easons  we have chosen 

n o t  t o  i n c l u d e  any estimate o f  t h e  magnitude of  inde terminant  e r r o r s  i n  

ou r  t o t a l  a b s o l u t e  e r r o r  c a l c u l a t i o n s .  We f e e l ,  i n  any case, t h a t  such  

e r r o r s  are small. 

SIGNIFICANCE OF ABSOLUTE ERXOR ESTIMATES 

The theo ry  of  p ropaga t ion  of e r r o r s l O  r e q u i r e s  t h a t  f o r  a c a l c u l a t e d  

q u a n t i t y ,  x ,  

x = f ( a , b , c  ,... ) , 

where a ,  b ,  c , . . .  are expe r imen ta l ly  measured v a r i a b l e s ,  t h e  e r r o r  i n  

x be taken  as t h e  sum of t h e  e r r o r s  r e l a t e d  t o  each measured v a r i a b l e .  

Thus t h i s  procedure  d e s c r i b e s  t h e  wors t  p o s s i b l e  case: a l l  measurement 

e r r o r s  are assumed t o  be  maximum and s y s t e m a t i c  and t o  have t h e  same 

s i g n .  

of  the magnitude of the nctuuZ error i n  3: buk rather t o  s e t  a m&rnum 

upper bound f o r  tha t  erz?or. 

The pw.pose o f  the exercise i s  no.& t o  give a r e a l i s t i c  estimate 

This  a b s o l u t e  e r r o r  a n a l y s i s  i s  inc luded  i n  t h i s  r e p o r t  i n  o r d e r  

t o  p rov ide  such  a n  upper bound. It must  be  borne  i n  mind, however, 

t h a t  i t  i s  h i g h l y  u n l i k e l y  t h a t  t h e  v a r i o u s  exper imenta l  e r r o r s  d i s -  

cussed  d i d ,  i n  f a c t ,  occur  systematical1.y and were of t h e  s a m e  s i g n .  

To t h e  e x t e n t  t h a t  t h e  v a r i o u s  exper imenta l  measurement e r r o r s  are 

random, t h e  u n c e r t a i n t y  on 6’12 would be  b e s t  d e s c r i b e d  by t h e  conf i -  

dence l i m i t s  d e r i v e d  from a s t a t i s t i c a l  t r ea tmen t  of t h e  d a t a .  I n  

o t h e r  words,  e r r o r s  i n  t h i c k n e s s ,  t i m e ,  o r  tempera ture  measurements 

f o r  any g iven  s i t i g l e  o x i d a t i o n  specimen would tend  t o  be averaged out 

i n  t h e  10 t o  20 such sets of measurements used t o  d e f i n e  t h e  o x i d a t i o n  

ra te  curve  and,  hence,  6 2 / 2 ,  a t  any tempera ture .  

ave rag ing  occur s  du r ing  t h e  c o n s t r u c t i o n  of  an  d r r h e n i u s  p l o t ,  t h u s  

minimizing f u r t h e r  t h e  e f f e c t s  of  random e r r o r s .  

Furthermore,  a similar 
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A s  a l r e a d y  noted  i n  t h e  s e c t i o n  on inde te rminan t  e r r o r s ,  i t  i s  

imposs ib l e  t o  prove  a b s o l u t e l y  t h a t  unknown, s y s t e m a t i c  e r r o r s  do no t  

e x i s t  i n  o u r  d a t a .  For t h e  r easons  a l r e a d y  given,  however, w e  b e l i e v e  

t h a t  such e r r o r s ,  i f  they e x i s t  a t  a l l ,  are s m a l l ,  and w e  f e e l  t h a t  

t h e  b e s t  a v a i l a b l e  d e s c r i p t i o n  of  t h e  u n c e r t a i n t i e s  i n  t h e  d a t a  is  t h a t  

d e r i v e d  from t h e  s t a t i s t i c a l  t r e a t m e n t  of  t h e  r e s u l t s .  Thus, a l though  

t h e  a b s o l u t e  e r r o r  a n a l y s i s  y i e l d s  u n c e r t a i n t i e s  i n  t h e  p a r a b o l i c  rate 

c o n s t a n t  f o r  ox ide  growth of  ~ 2 1 6 %  at  1050°C (1922'F), %1L9% a t  1250°C 

(2282°F) and ~ t + 2 8 %  a t  15OO0C (2732'F), a b e t t e r  approximation t o  t h e  

real u n c e r t a i n t y  i s  g iven  by t h e  s t a t i s t i c a l  r e s u l t s :  ~ 2 5 %  a t  1050°C 

(1922"F), ~ * 2 . 5 %  a t  1 2 5 0 ° C  (2282'F), and ~ 5 4 %  a t  1 5 0 0 ° C  (2732°F). 
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APPENDIX B 

HYDROGEN ANALYSES FOR O X I D I Z E D  SPECIMENS 

INTRODUCTION 

Hydrogen, l i k e  oxygen, can d i s s o l v e  in l a r g e  q u a n t i t i e s  i n  zirconium 

or Z i r c a l o y  and i n  c e r t a i n  c i r cums tances  is  capab le  of e m b r i t t l i n g  

Z i r c a l o y  s e r i o u s l y .  Because hydrogen is  one of t h e  p roduc t s  of t h e  

s t eam-Zi rca loy  r e a c t i o n ,  one i s  always concerned about  t h e  p o s s i b i l i t y  

of  hydrogen pick-up du r ing  steam o x i d a t i o n .  F o r t u n a t e l y ,  t h e  p re sence  of 

an ox ide  f i l m  g r e a t l y  r e t a r d s  t h e  ra te  a t  which hydrogen is absorbed by 

Z i r c a l o y ;  n o n e t h e l e s s ,  we  cons ide red  i t  impor tan t  t o  o b t a i n  a series of 

hydrogen a n a l y s e s  f o r  specimens used i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  

These a n a l y s e s  showed t h a t  many of t h e  MiniZWOK specimens had 

absorbed  c o n s i d e r a b l e  q u a n t i t i e s  of  hydrogen du r ing  o x i d a t i o n .  I n  t h i s  

Appendix t h e  a n a l y t i c a l  r e s u l t s  are summarized, t h e  manner i n  which t h e  

hydrogen e n t e r e d  t h e  specimens is  d i s c u s s e d ,  and expe r imen ta l  ev idence  i s  

c i t e d  t o  show t h a t  t h e  p re sence  of hydrogen d i d  no t  s i g n i f i c a n t l y  i n f l u e n c e  

t h e  observed  rates of o x i d a t i o n  of t h e  samples.  

ANALYTICAL RESULTS 

A v a r i e t y  of samples were submi t t ed  f o r  hydrogen a n a l y s i s .  Inc luded  

w e r e  s e c t i o n s  of a s - r ece ived  t u b e s  as w e l l  as samples o x i d i z e d  on bo th  

s i d e s  (two-sided o x i d a t i o n )  i n  several d i f f e r e n t  a p p a r a t u s e s .  Th i s  

l a t te r  set con ta ined  s t a n d a r d  MaxiZWOK samples ,  specimens from t h e  h igh  

p r e s s u r e  steam a p p a r a t u s  (SuperZWOK), and several t u b e s  o x i d i z e d  i n  a 

p r e l i m i n a r y  v e r s i o n  of MiniZWOK where specimens were o x i d i z e d  on bo th  

t h e  i n s i d e  and o u t s i d e  surfaces. I n  a d d i t i o n  a n a l y s e s  were o b t a i n e d  f o r  

a large number of samples o x i d i z e d  under b o t h  i s o t h e r m a l  and t r a n s i e n t  

t empera tu re  c o n d i t i o n s  i n  t h e  s t a n d a r d  Min iZWOK a p p a r a t u s  where oxida- 

t i o n  occur red  p r i m a r i l y  on t h e  o u t e r  s u r f a c e s  of t h e  specimens (one-sided 

o x i d a t i o n ) .  A l s o  i n c l u d e d  i n  t h e  ca t egory  of one-sided o x i d a t i o n  expe r i -  

ments w e r e  t h r e e  specimens o x i d i z e d  i n  a s p e c i a l l y  modi f ied  v e r s i o n  of 
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MiniZWOK; t h e s e  samples,  des igna ted  as "MiniZWOK, f u l l  l eng th" ,  were 

c u t  t o  such a l e n g t h  t h a t  t h e i r  ends extended beyond t h e  t o p  and bottom 

of t h e  appa ra tus .  These tubes  were h e l d  i n  p l a c e  w i t h  O-rings, and t h e  

i n t e r i o r  of t h e  t u b e s  was f i l l e d  w i t h  s lowly  f lowing,  h igh  p u r i t y  helium. 

This  des ign  made i t  p o s s i b l e  t o  exc lude  steam r i g o r o u s l y  from t h e  i n t e r i o r  

of t h e  tubes .  

Samples t o  b e  submi t ted  f o r  hydrogen a n a l y s e s  w e r e  ob ta ined  f r o m  

ox id ized  specimens i n  t h e  fo l lowing  manner. A r i n g  s e c t i o n ,  approximate ly  

0.5 cm (3/16 i n . )  wide and c o n t a i n i n g  t h e  t a b s  t o  which t h e  thermocouples 

are a t t a c h e d ,  was c u t  from t h e  approximate c e n t e r  of t h e  specimen and w a s  

used f o r  me ta l log raph ic  e v a l u a t i o n  of ox ide  and a l p h a  l a y e r  t h i c k n e s s e s .  

A second r i n g  s e c t i o n  of  about t h e  same dimensions w a s  t hen  renisved from 

t h a t  end of t h e  remaining p o r t i o n s  of t h e  specimen t h a t  w a s  a d j a c e n t  t o  

t h e  s e c t i o n  removed f o r  me ta l log raph ic  purposes ,  and t h i s  r i n g ,  a f t e r  

be ing  c u t  i n  h a l f ,  was submi t t ed  f o r  a n a l y s i s .  Tn general.,  t h e  a n a l y t i c a l  

l a b o r a t o r i e s  c u t  s m a l  l.er a l i q u o t s  from the sample submi t ted  b e f o r e  pe r -  

forming t h e  a c t u a l  a n a l y s i s .  It should a l s o  be  noted  t h a t  i n  some 

i n s t a n c e s  where m u l t i p l e  a n a l y s e s  w e r e  o b t a i n e d  on t h e  same specimen, 

a second r i n g  s e c t i o n ,  f u r t h e r  removed from t h e  c e n t r a l  specimen, was 

used. 

P r i o r  t o  submission f o r  a n a l y s i s ,  a l l  specimens were washed i n  a 

d e t e r g e n t  s o l u t i o n ,  r i n s e d  thoroughly w i t h  a l c o h o l  and water,  and d r i e d  

t o  make c e r t a i n  t h a t  no o r g a n i c  s u r f a c e  Contaminants were l e f t  on t h e  

samples. 

af ter  bo th  t h e  o u t s i d e  and i n s i d e  s u r f a c e s  had been machined down t o  

b a r e  metal. No s i g n i f i c a n t  d i f f e r e n c e s  i n  r e p o r t e d  hydrogen concent ra -  

t i o n s  w e r e  no ted  f o r  specimens p repa red  i n  t h e s e  two d i f f e r e n t  ways. 

Because t h e  i n i t i a l  hydrogen a n a l y s e s  o b t a i n e d  f o r  t h e  s t a n d a r d  

Specimens were ana lyzed  i n  bo th  t h e  as -oxid ized  c o n d i t i o n  and 

MiniZWOK specimens showed c o n s i d e r a b l e  scatter,  samples w e r e  submi t ted  

for a n a l y s i s  a t  t h r e e  d i f f e r e n t  l a b o r a t o r i e s :  t h e  A n a l y t i c a l  Chemistry 

Div i s ion ,  ORNL; t h e  A n a l y t i c a l  Labora tory  of t h e  Wah Chang, Albany C o r p . ;  

and t h e  P l a n t  A n a l y t i c a l  Labora tory  a t  t h e  Y-12 f a c i l i t y  i n  Oak Ridge. 

Techniques used i n  t h e  a n a l y s e s  inc luded  vacuum f u s i o n ,  i n e r t - g a s  f u s i o n ,  

and ho t ,  vacuum e x t r a c t i o n .  The r e s u l t s  of t h e s e  a n a l y s e s  are summarized 

i n  Table B1.  



Table  B1. Hydrogen Analyses of Zi rca loy-4  Specimens 

Experiment a 1 
Cond i t ions  Tubing Hydrogen Content (ppm by wt) 

b Desc r ip t ion  of Specimen Expt. No. 
ORNL Vah Chang Y-12a Y-12 Source 

t(s) T ( O C )  

As-received t u b e s  

As-received tubes  

PliniZ WOKC 
MiniZWOK' 
MiniZWOKE 
MiniZWOK' 
MiniZWOKc 
MiniZWOKc 
MiniZWOK 
MiniZWOK' 

MaxiZWOK 
MaxiZWOK 

SuperZWOK 

d Min iZWOK , f u l l -  l eng  t hd 
MiniZWOK, f u l l - l e n g t h d  
MiniZWOK, f u l l - l e n g t h  

23 Sandvik 20,23,26, 15 ,17  
Sandvik 19 ,20 ,25 ,  
Sandvik 26,22,17, 
Sandvik 24 ,  
Batch "B" 1 4 , 1 4 , 1 1  

Two-sided Oxida t ion  

10-16-1142 
10-16-1408 
10-18-1051 
10-18-1404 
10-18-1438 
10-11-1042 
10-1 I- 131 8 
10-11-1533 

188 
142 
546 
1 7 1  

62 
56 
50 
65 

1200 
1200 
1180 
1200 
1200 
1210 
1190 
1204 

Batch "B" 14,16 1 4  
Batch "B" 16,32 
Batch "B" 15 18  
Batch "B" 16 ,17  
Batch "B" 1 7  
Batch "B" 10 
Batch "B" 23 
Batch "B" 26 

Max- 2 4 383 900 Sandvik 27,28,24 1 9  
Max- 2 4 640 1005 Sandvik 35,26,25 1 7  

2-13 380 905 Sandvik 36,27 40 

One-sided Oxida t ion  

SL-244 170 1038 Sandvik 25 
SL-246 180 1068 Sandvik 27  
SL-247 65 1153 Sandvik 22 

21 

18 

11 
25  
2 1  



Condi t ions  Tubing Hydrogen Content  (ppm by w t >  

t(s> T("C)  
b D e s c r i p t i o n  of Specimen Expt .  No. 

OPXL Wah Ci-lang ~ - 1 . 2 ~  Y-12 Source 

One-sided Oxida t ion  (Continued) 

MiniZWOK, s t anda rd  
MiniZWOK, s t anda rd  
Mit : iZWOK, s t anda rd  
Min iZWOK,  s t anda rd  
MiiziZWOK , s t anda rd  

MiniZWQK, s t anda rd  
MiniZWOK, s t anda rd  
MiniZWOK:, standard 
MiniZNQK, s t anda rd  
MinPZMOK, s t anda rd  

Kin iZWOK,  s t anda rd  
MiniZWOK, standard 

MiniZWOR, standard 
M i n i Z W O K ,  s t anda rd  

S-80 
s-71 
5-73 
S- 76 
s- 79 

S-118 
S-115 
S-116 
s-119 
S-122 

s-19 
s-23 

S-90 
S-82 

S-138 
S- 136 

S- 180 
S-185 

30 
105 
194 
249  
388 

11 
30 
i? 6 
56 
7 4  

420 
1623 

56 
2 36 

8 
47 

130 
33 

1153 
1153 
1153 
I 1 5 3  
1153 

14.04 
1404 
1404 
1404 
1404 

905 
905 

1203 
1203 

15Q4 
1504 

1101 
13G4 

Sandvik 
S a n  dv ik  
Sandvik 
Sandvik 
Sandvik 

Sandvik 
Sandvik 
Sandvik 
Sandvik 
Sandvik 

Sandvik 
Sandvik 

S andvik 
S ai-idvik, 

Saadvik 
Sandvik 

S andvik 
Sandvik 

9 
81 

380 
320 
740 

35 50 
46 130 

145 36 
9 2  6 1  

187 75 

109,67 500 
119,103 230 

42 ,45  4 3  
294,449,427 

37 3 37 30 
30 188 190 

255 , 130 320 
48,160,83 32 

9 3  
368 
150 
425 

1096 

20 
P 

m 73 ch 

30 
213 

7 :  



D e s c r i p t i o n  of Specimen 

Exp er i m a n  t a1 
Cond i t ions  Tub fng  Hydrogen Content ( p ~  by wt) 

b Expt. No. a OIWE I?ah Chang Y-12 H-12 Source 
t (s> T ( O C )  

T r a n s i e n t  Temperature Oxida t ion  (One-sided) 

MiniZWOK, 2-peak LOCA S-160 
MiniZWOK, 2-peak LOCA 5-196 
MiniZWOK, t r a p e z o i d a l  t r a n s i e n t  5-155 
MiniZWOK, t r a p e z o i d a l  t r a n s i e n t  S-156 
MiniZWOK, 14O0/110O0C t r a n s i e n t  S-163 
MiniZWOK , 1100/ 1400 "C t Tans i e n t  5-164 

Sandvik 940 1140 
Sandvik 978 1160 
Saiidvik 487 
Sandvik 509 
Sandvfk 497 
S a d v i k  >827 

"Y-12 high vacuum, hot e x t r a c t i o n  analysis.  

b ~ - 1 2  inert gas fusion a n a l y s i s ,  

c Pre l imina ry  MiniZWOK exper iments  Batch B tubing,  

dplodif f ed  MiniZWQK appara tus ;  see text e 
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EVALUATION OF ANALYTICAT., DATA 

I n s p e c t i o n  of Table  131 w i l l  r e v e a l  a c o n s i d e r a 3 l e  scatter i n  t h e  

d a t a  o b t a i n e d  from t h e  t h r e e  l a b o r a t o r i e s  f o r  s t a n d a r d  MiniZWQK spec i -  

mens. Two causes  f o r  t h i s  v a r i a b i l i t y  sugges t  themselves:  (1) i n a c c u r a c i e s  

i n  t h e  a n a l y t i c a l  p rocedures  and (2)  an inhomogeneous d i s t r i b u t i o n  of 

hydrogen i n  t h e  samples.  

A l l  l a b o r a t o r i e s  c i t e d  u n c e r t a i n t i e s  of W l O  t o  20% of r e p o r t e d  

v a l u e s  f o r  t h e  results o E vacuum- o r  i n e r t - g a s  f u s i o n  t echn iques  w i t h  

t h e  h i g h e r  u n c e r t a i n t i e s  be ing  a p p l i c a b l e  i n  t h e  20 ppm 112 range. The 

h o t  e x t r a c t i o n  methods are thought  t o  be  somewhat: more a c c u r a t e ,  

e s p e c i a l l y  t h e  High Vacuim Hot E x t r a c t i o n  t echn ique  employed by the Y-12 

P l a n t  Labora tory  where u n c e r t a i n t i e s  less than  1 ppm are claimed i n  t h e  

1. t o  20 ppm range.  These e r r o r  estimates appear  t o  be  iiiore o r  less 

c o n s i s t e n t  w i t h  the  r e l a t i v e l y  smaS.l  v a r i a t i o n s  i n  hydrogen con ten t  

r e p o r t e d  f o r  t h e  as - rece ived  Z i r c a l o y  tubes  and f o r  spscimens s u b j e c t e d  

t o  o x i d a t i o n  on bo th  s i d e s .  They are n o t  s u f f i c i e n t l y  l a r g e  t o  a l l o w  

t h e  v a r i a t i o n s  i n  t h e  reported hydrogen c o n t e n t s  of t h e  MiniZWOK samples 

t o  be  r e c o n c i l e d ,  however. 

Given t h e  manner i n  which hydrogen g e t s  i n t o  t h e  specimetrs ( s e e  

below), i t  i s  p o s s i b l e  t h a t  hydrogen i s  n o t  d i s t r i b u t e d  homogeneously 

throughout a sample d e s p i t e  t h e  very  h igh  d i f f u s i o n  rates expec ted  € o r  

hydrogen i n  Z i r c a l o y  a t  h igh  tempera tures .  

c e r t a i n l y  l e a d  t o  va ry ing  r e s u l t s  f o r  t h e  hydrogen c o n c e n t r a t i o n s  mea-  

su red .  

hydrogen con ten t  of one o x i d i z e d  sample w i l l  be  completely c o n s i s t e n t  

w i t h  t h a t  f o r  a n o t h e r ,  and t h i s  t ype  of v a r i a b i l i t y  could  c o n t r i b u t e  

t o  t h e  appcZ%?nt i n c o n s i s t e n c y  of some of  t h e  r e s u l t s  as w e l l .  Th i s  

q u e s t i o n  i s  cons ide red  f u r t h e r  i n  connec t ion  w i t h  t h e  mechanism of 

hydrogen s o l u t i o n  i n  t h e  samples ,  

Lack o.E im-nogeneity would 

Furthermore,  t h e r e  i s  no a priori  r eason  t o  assume t h a t  t h e  

While i t  has  no t  been p o s s i b l e  t:o e x o r c i s e  a l l  doubts  concern ing  

t h e  accuracy  of  t h e  hydrogen a n a l y s e s ,  particul.ar1.y a t  h igh  hydrogen 

c o n c e n t r a t i o n s ,  w e  have concluded t h a t  r a t h e r  h igh  hydrogen concent ra -  

t i o n s  e x i s t e d  i n  many of  the  MiniZWOK samples and t h a t  a s u 3 s t a n t i a l  
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p a r t  of t h e  v a r i a b i l i t y  i n  t h e  r e s u l t s  is  a t t r i b u t a b l e  t o  an inhomo- 

geneous d i s t r i b u t i o n  of  hydrogen i n  t h e  samples.  

DISCUSSION OF THE ANALYTICAL RESULTS 

As-Received Tubing 

A s  a l r e a d y  p o i n t e d  o u t ,  a n a l y s e s  of t h e  as - rece ived  tubes  w e r e  q u i t e  

s e l f - c o n s i s t e n t  ( s e e  Table Bl). Sandvik t u b i n g  e x h i b i t e d  hydrogen con- 

c e n t r a t i o n s  ranging  from 15 t o  26 ppm, twelve de t e rmina t ions  y i e l d i n g  a 

mean v a l u e  of 21 .3  ppm w i t h  a s t a n d a r d  d e v i a t i o n  of 2 3 . 6  ppm. The 

hydrogen c o n t e n t  of t h e  "Batch B" t u b i n g  w a s  somewhat smaller: 

1 4  ppm. 

11 t o  

Two-sided Oxida t ion  

Specimens o x i d i z e d  on bo th  s i d e s ,  whether made of  t h e  "Ratch R" o r  

t h e  s t a n d a r d  Sandvik t u b i n g  and whether  o x i d i z e d  i n  t h e  MaxiZWOK, 

SuperZWOK, o r  p r e l i m i n a r y  MiniZWOK a p p a r a t u s e s ,  y i e l d e d  hydrogen con- 

c e n t r a t i o n s  i n  t h i s  same g e n e r a l  range. Th i s  r e s u l t  is i n  agreement 

w i t h  t h e  p r e v i o u s l y  r e p o r t e d  d a t a  of Biederman, e t  a1.l and Kawasaki, 

e t  al. '  € o r  Zircaloy-4.  

v a t i o n s  of Gulbransen and  Andrew3 

z i rconium w a s  g r e a t l y  impeded by t h e  p re sence  of  a s u r f a c e  ox ide  f i lm.  

For a f u r t h e r  d i s c u s s i o n  of  t h i s  q u e s t i o n ,  see a r e c e n t  review by  COX.^ 
Thus i t  seems clear t h a t  as long  as t h e  oxygen p o t e n t i a l  o v e r  a Z i r c a l o y  

sample is h i g h  enough t o  produce s i g n i f i c a n t  ox ide  fo rma t ion ,  t h e  rate 

of hydrogen pickup w i l l  be ve ry  small, a t  least f o r  s h o r t  t i m e  o x i d a t i o n  

at h i g h  t empera tu res  . 

This  r e s u l t  is  a l s o  c o n s i s t e n t  w i t h  t h e  obser- 

who found t h a t  hydrogen a b s o r p t i o n  by 

One-sided Oxida t ion  

The s i t u a t i o n  w i t h  r ega rd  t o  specimens o x i d i z e d  on t h e  o u t s i d e  on ly  

is  q u i t e  d i f f e r e n t .  V i r t u a l l y  a l l  of t h e  s t a n d a r d  MiniZWOK specimens 

e x h i b i t e d  a tendency t o  p i c k  up hydrogen, and many e x h i b i t e d  hydrogen 

c o n c e n t r a t i o n s  i n  t h e  range  100 to 300 ppm. 
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An excep t ion  t o  t h i s  gene ra l  s t a t emen t  is  t o  b e  found i.n t h e  a n a l y t i -  

cal  r e s u l t s  f o r  t h e  t h r e e  specimens des igna ted  "MiniZWOK, full l ength"  

( s e e  Expts .  SL-224, 2 4 6 ,  and 2 4 7 ,  Table S l ) .  The hydrogen concen t r a t ions  

i n  t h e s e  specimens are very c l o s e  t o  those  f o r  t h e  as - rece ived  Sandvik 

tubes ,  and t h e  agreement between t h e  ana lyses  ob ta ined  a t  ORNL and those  

from t h e  Y-1.2 l a b o r a t o r y  is  q u i t e  s a t i s f a c t o r y .  It w i l . 1  be  r e c a l l e d  

t h a t  t h e  "MiniZWOK, f u l l  I.ength" experiments  were designed so  t h a t  steam 

w a s  1-igorous1.y excluded from t h e  i n t e r i o r  of t h e  sample  tubes ,  and t h e s e  

a n a l y t i c a l  r e s u l t s  demonstrate  t h a t  when no source  of hydrogen is  p r e s e n t  

i n  Che i n t e r i o r  of a specimen, no more hydrogen i s  absorbed by the 

Z i rca loy  sample du r ing  one-sided o x i d a t i o n  than  would be  t h e  case f o r  

two-sided ox ida t ion .  These same r e s u l t s  a l s o  strongly sugges t  t h a t  t h e  

hydrogen p r e s e n t  i n  t h e  s t a n d a r d  Mi.niZWOK specimens must have been 

absorbed through t h e  s u r f a c e  of  t h e  i n n e r  w a l l  of t h e  specimen tube.  

F u r t h e r  c l u e s  as t o  t h e  manner i n  which hydrogen e n t e r s  t h e  samples 

m y  be  ob ta ined  from Figs .  B1 and B 2 .  I n  F ig .  R l  hydrogen c o n c e n t r a t i o n  

i.s p l o t t e d  as a f u n c t i o n  of  t o t a l  oxygen consumed, T ,  by t h e  i so the rma l ly -  

ox id i zed ,  s t anda rd  MiniZWQK samples.  The ve ry  cons ide rab le  scat ter  of 

t h e  d a t a  i s  e v i d e n t ,  b u t  w i t h i n  t h i s  sc.atter t h e r e  i s  no d i s c e r n i b l e  

c o r r e l a t i o n  between hydrogen concent ra%ion and T when d a t a  a t  a l l .  tewpera- 

t u r e s  are cons idered  t o g e t h e r ,  Such a r e s u l t  is not  s u r p r i s i n g  i n  l i g h t  

of t h e  fact: that w e  have a l r e a d y  concluded t h a t  hydrogen does no t  e n t e r  

t h e  specimen i n  s i g n i - f i c a n t  q u a n t i t i e s  through t h e  h e a v i l y  oxid ized  o u t e r  

s u r f a c e  of t h e  tube .  

F igu re  B 2  shows hydrogen c o n c e n t r a t i o n  as a f u n c t i o n  of o x i d a t i o n  

t i m e  f o r  t h e  s a m e  se t  of samples.  Here, d e s p i t e  t h e  scat ter  i n  the  d a t a ,  

a t r e n d  may be d e t e c t e d ;  t h e  longe r  t h e  o x i d a t i o n  t i m e ,  t h e  g r e a t e r  i s  

t h e  chance t h a t  h igh  hydrogen concen t r a t ions  w i l l  be  observed. 

Mechanism of  Hydrogen Absorption 

The s t anda rd  specimen used i n  t h e  MiniZWOK appara tus  is  a 3 c m  

(1.2 i n . )  long  PWIi Z i r ca loy  tube  he ld  between two s p e c i a l l y  ground q u a r t z  

t ubes  i n  t h e  c e n t e r  of a s t e a m - f i l l e d  r e a c t i o n  chamber. 

t i v e  p r e s s u r e  of hel ium i s  main ta ined  i n s i d e  t h e  specimen t o  p reven t  

A s l i g h t  posi-  
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Fig. B2. Hydrogen Content of Zircaloy-4 PWR Tube Specimens 
Isothermally Oxidized in the MiniZWOK Apparatus Plotted as a Function 
of Time of Oxidation. 
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i n g r e s s  of steam t o  t h e  i n n e r  s u r f a c e  of t h e  tube .  

Tqhich o x i d i z e  when t h e  tempera ture  l is i nc reased  t o  t h e  d e s i r e d  o x i d a t i o n  

range,  a l s o  h e l p  i n  s e a l i n g  o f f  t h e  ends of the  specimen. 

Thin t an ta lum washers ,  

However, d e s p i t e  t h e s e  p r e c a u t i o n s  s m a l l  amounts of steam have been 

known t o  l e a k  i n t o  t h e  c e n t e r  of t h e  specimens i n  some exper iments .  

Observa t ions  on l o n g i t u d i n a l  s e c t i o n s  through o x i d i z e d  specimens 

have, i n  f a c t ,  r evea led  t h e  p re sence  oE a t h i n  l a y e r  of ox ide  on t h e  

i n n e r  s u r f a c e  of  t h e  tube;  t h i s  ox ide  l a y e r  is  t h i c k e s t  a t  the end of 

t h e  t u b e  and t a p e r s  down t o  n o t h i n g  as t h e  c e n t e r  of  t h e  tube is  approached. 

Thus i c  appea r s  t h a t  i n  many MiniZWOK experiments small amounts of steam 

have l eaked  around t h e  ends of t h e  specimens and r e a c t e d  a t  t h e  i n n e r  

sux face  of t h e  tube ,  c r e a t i n g  oxide  and r e l e a s i n g  hydrogen. The Z i r c a l o y  

a c t s  as an e f f i c i e n t  g e t t e r  f o r  t h e  steam so t h a t  t h e  c e n t e r  of t h e  

specimen i s  under v i r t u a l  steam s t a r v a t i o n  c o n d i t i o n s .  The Z i r c a l o y  

s u r f a c e  t h e r e  i s  e i t h e r  f r e e  of ox ide  o r  covered by on ly  a t h i n  ox ide  

l a y e r .  

shown by Kawasaki, e t  a1.2 

Under t h e s e  c o n d i t i o n s  hydrogen is  e a s i l y  absorbed as h a s  been 

Th i s  s c e n a r i o  e x p l a i n s  a number of o b s e r v a t i o n s  r e l a t i v e  t o  hydrogen 

abso rp t ion .  The amount of  hydrogen absorbed w i l l  depend i n  two ways on 

t h e  l e a k  ra te  of s t e a m  i n t o  t h e  c e n t e r  of t h e  specimen. To begin w i t h ,  

t o  o b t a i n  s i g n i f i c a n t  hydrogen a b s o r p t i o n  t h e  l e a k  rate must be  less 

t h a n  a c e r t a i n  maximum v a l u e ;  above t h i s  l e v e l  t h e  e n t i r e  i n n e r  s u r f a c e  

of t h e  specimen w i l l  be  o x i d i z e d ,  steam s t a r v a t i o n  c o n d i t i o n s  w i l l  n o t  

p r e v a i l ,  and l i t t l e  hydrogen pickup w i l l  be  observed. The compara t ive ly  

low hydrogen c o n c e n t r a t i o n s  observed f o r  t h e  specimen o x i d i z e d  f o r  

1623 min a t  905°C (1661OF) ( s e e  Expt. S-23, Table S l )  may, perhaps ,  be  

accounted f o r  on t h i s  b a s i s .  

For l e a k  ra tes  below t h i s  maxinim, t h e  e x t e n t  of  hydrogen a b s o r p t i o n  

should  depend p r i m a r i l y  on a b s o l u t e  magnitude of t h e  l e a k  rate and on t h e  

t i m e  of o x i d a t i o n .  This conc lus ion  can account f o r  t h e  c o r r e l a t i o n  w i t h  

t i m e  no ted  i n  Fig.  B 2  acid f o r  t h e  scatter i n  t h e  a n a l y t i c a l  r e s u l t s .  

V a r i a t i o n s  i n  l e a k  rate could  produce v a r i a t i o n s  i n  t h e  e x t e n t  of 

coverage by ox ide  of  t h e  i n n e r  specimen s u r f a c e ,  t h u s  a l s o  account ing  
f o r  t h e  a p p a r e n t l y  inhomogeneous d i s t r i b u t i o n  of hydrogen. i n  the specimens. 



173 

T r a n s i e n t  Temperature Ox ida t ion  

A s  may b e  no ted  i n  Table  B 1 ,  specimens s u b j e c t e d  t o  t r a n s i e n t  t e m -  

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

l i k e l y  e x p l a n a t i o n  o f  t h i s  phenomenon rests on t h e  f a c t  t h a t  t h e  coef- 

f i c i e n t  of expans ion  of a Z i r c a l o y  specimen is  much l a r g e r  t h a n  t h a t  of 

t h e  q u a r t z  t u b e s  t h a t  ho ld  i t  i n  p l a c e  i n  t h e  o x i d a t i o n  appa ra tus .  Thus 

when t h e  specimen expands o r  c o n t r a c t s  i n  t h e  v a r i o u s  s t a g e s  of a t r a n s i e n t ,  

t h e  upper q u a r t z  t u b e ,  which is  l i g h t l y  s p r i n g  loaded ,  must move up and 

down i f  t h e  seal between i t  and t h e  specimen is t o  b e  main ta ined .  

seem p l a u s i b l e  t h a t  such motion could  produce a s l i g h t  u n s e a t i n g  of t h e  

t an ta lum g a s k e t s  a t  t h e  ends of t h e  specimen, t h u s  i n c r e a s i n g  t h e  steam 

l e a k  rate s l i g h t l y  and enhancing hydrogen a b s o r p t i o n .  

The most 

It 

Another mechanism t h a t  cannot b e  d i scoun ted  i n v o l v e s  o u r  e x p l a n a t i o n  

of anomalous t r a n s i e n t  tempera ture  o x i d a t i o n  ( s e e  p. 109 of t h e  main body 

of t h i s  r e p o r t ) .  

an i n i t i a l l y  t e t r a g o n a l  ox ide  s c a l e  t o  a monocl in ic  s t r u c t u r e  d u r i n g  

p o r t i o n s  of c e r t a i n  types of t empera tu re  t r a n s i e n t s ,  e . g . ,  t h e  two-peak 

LOCA's t e s t e d  i n  Experiments S-160 and S-196 (see Table Bl). Evidence 

exis ts5 t h a t  d u r i n g  o x i d a t i o n  at r e l a t i v e l y  low t empera tu res  where t h e  

monocl in ic  ox ide  is s t a b l e ,  hydroxyl  i o n s  may d i f f u s e  through t h e  ox ide ,  

r e l e a s i n g  hydrogen a t  t h e  oxide-metal  i n t e r f a c e .  W e  can c i te  no ev idence  

i n  suppor t  of t h i s  mechanism as a means f o r  i n t r o d u c i n g  hydrogen i n t o  

o u r  specimens,  b u t  i t  remains a p o s s i b i l i t y .  

We sugges t ed  t h e  p o s s i b i l i t y  of  t h e  t r a n s f o r m a t i o n  of 

POSSIBLE EFFECTS OF DISSOLVED HYDROGEN ON OXIDATION RATES 

Having e s t a b l i s h e d  t h a t  t h e  r a t h e r  h igh  hydrogen c o n c e n t r a t i o n s  

observed  i n  many MiniZWOK specimens i n  a l l  p r o b a b i l i t y  w e r e  t h e  r e s u l t  

of  a c h a r a c t e r i s t i c  of t h e  a p p a r a t u s ,  w e  cons ide red  i t  impor tan t  t o  

a d d r e s s  t h e  q u e s t i o n  of  whether  hydrogen d i s s o l v e d  i n  t h e  metal phases  

of t h e  specimens might have i n f l u e n c e d  t h e  measured rates  of o x i d a t i o n .  

There is a c o n s i d e r a b l e  body of  i n d i r e c t  ev idence  t h a t  s u g g e s t s  t h a t  no 

such p e r t u r b a t i o n  of t h e  o x i d a t i o n  rates occur red ,  b u t  as an a d d i t i o n a l  

check w e  a l s o  c a r r i e d  o u t  a special  series of o x i d a t i o n  exper iments  i n  
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which t h e  MiniZWOK specimens were o x i d i z e d  i n  pu re  oxygen r a t h e r  t han  

steam. I n  thi.s s e c t i o n  w e  d e s c r i b e  t h e s e  v a r i o u s  o b s e r v a t i o n s  and r e s u l t s  

and conclude. f i n a l l y  t h a t  t h e  p re sence  of hydrogen i n  t h e  metal d i d  n o t ,  

w-lthin t h e  s e n s i t i v i t y  of  o u r  measurements, i n f l u e n c e  o x i d a t i o n  rates. 

I n d i r e c t  Evidence 

-_.._ S e l  E-Consistency of R a t e  Data 

I n s p e c t i o n  of Table B 1  and F i g s .  B l  and B2 shows t h a t  t h e  hydrogen 

content  of t h e  MiniZWOK specimens tended  LO i n c r e a s e  w i t h  t h e  t o t a l  t i m e  

of o x i d a t i o n  e s s e n t i a l l y  independent of  tempera ture  o r  t o t a l  oxygen con- 

sumption, Thus when a series of specimens was ox id ized  f o r  va ry ing  

l e n g t h s  of t i m e  a t  a f i x e d  tempera ture  i n  o r d e r  t o  g e n e r a t e  an o x i d a t i o n  

ra te  curve ,  t h e  specimens ox id ized  f o r  s h o r t e r  t i m e s  con ta ined ,  i n  

g e n e r a l ,  less hydrogen t h a n  t h o s e  ox id ized  f o r  l o n g e r  p e r i o d s  [ c f . ,  

MiniZlJOK specimens ox id ized  a t  1.153'C (2107"F) ,  Table 1311. Y e t  no 

s i g n i f i c a n t  d e v i a t i o n  from p a r a b o l i c  behav io r  was observed i n  t h e  

cor responding  rate cu rves  as might have been expec ted  had hydrogen 

d i s s o l v e d  i n  t h e  metal had a major e f f e c t  011 t h e  k i n e t i c s .  

A similar argument may be  made r ega rd ing  o x i d a t i o n  at: d i f f e r e n t  

t empera tu res .  Specimens ox id ized  a t  1 4 0 4 O C  (2559"F), f o r  example, 

con ta ined  less hydrogen than  those ox id ized  a t  l153'C (2107°F) ( s e e  

Table €33.) because  o x i d a t i o n  times a t  t h e  h i g h e r  t empera tu res  w e r e  s h o r t e r .  

However, i n s p e c t i o n  of t h e  Arrhenius  p l o t s  of t h e  ra te  d a t a  shows that 

t h e  h igh  tempera ture  r e s u l t s  are e n t i r e l y  c o n s i s t e n t  w i t h  those  o b t a i n e d  

at: lower t empera tu res ,  a g a i n  s u g g e s t i n g  t h a t  t h e  hydrogen d i s s o l v e d  i n  

t h e  m e t a l l i c  phases of t h e  Z i r c a l o y  had no e f f e c t  on o x i d a t i o n  rates. 

We conclude ,  t h e r e f o r e ,  t h a t  t h e  s e l f - c o n s i s t e n c y  of  t h e  oxidaciori  

ra%e d a t a  is  i tself  evidence  a g a i n s t  spuri.ous o x i d a t i o n  r e s u l t s  r e l a t i n g  

t o  t h e  a b s o r p t i o n  of hydrogen by t h e  MiniZWQK specimens. 

-. C o T a r i s o n  w i t h  Other Data 

Oxida t ion  ra te  d a t a  ob ta ined  w i t h  the MiniZWOK appara tus  ( r e l a t i v e l y  

h igh  hydrogen c o n t e n t s )  agrecs w e l l  w i t h  d a t a  o b t a i n e d  i n  t h e  MaxiZWOK 

a p p a r a t u s  (low hydrogen) a t  900 and 1000°C (1652-1832'F) and i n  t h e  h igh  
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p r e s s u r e  a p p a r a t u s  (SuperZWOK) where t h e  hydrogen con ten t  of  t h e  specimens 

w a s  a l s o  l o w  ( c f . ,  Table  B l ) .  S i m i l a r  good agreement can be  c i t e d  between 

our  d a t a  and t h o s e  of Kawasaki, e t  a l .G and Le i s t ikow,  e t  a l e  ,7 bo th  t h e  

la t ter  i n v e s t i g a t i o n s  i n v o l v i n g  specimens w i t h  l o w  hydrogen c o n t e n t s .  

Thus a comparison of  o u r  MiniZWOK r e s u l t s  w i t h  o t h e r  d a t a  sets a l s o  

s u p p o r t s  t h e  conc lus ion  t h a t  hydrogen d i s s o l v e d  i n  Z i r c a l o y  h a s  no 

a p p r e c i a b l e  e f f e c t  on i t s  o x i d a t i o n  rate. 

Experiments i n  Pure  Oxygen 

Although t h e  i n d i r e c t  ev idence  j u s t  c i t e d  s u g g e s t s  s t r o n g l y  t h a t  t h e  

hydrogen found i n  t h e  MiniZWOK specimens d i d  n o t  i n f l u e n c e  t h e i r  oxida- 

t i o n  rate, we f e l t  t h a t  t h e  p o s s i b i l i t y  of "hydrogen e f f e c t s ' '  a c t u a l l y  

o c c u r r i n g  should  n o t  be d ismissed  o u t  of hand. For example, t h e  forma- 

t i o n  of  0-H complexes, which could  alter t h e  d i f f u s i o n  rates of oxygen, 

h a s  been observed n e a r  room t empera tu re  and below i n  niobium c o n t a i n i n g  

hydrogen and oxygen. * 9 These complexes t end  t o  d i s s o c i a t e  a t  tempera- 

t u r e s  s l i g h t l y  above room tempera tu re ,  making remote t h e  l i k e l i h o o d  of 

t h e i r  e x i s t e n c e  i n  Z i r c a l o y  a t  t empera tu res  of i n t e r e s t  i n  t h i s  s tudy .  

N e v e r t h e l e s s ,  w e  have performed exper iments  i n  p u r e  oxygen i n  o r d e r  t o  

p r o v i d e  a r e f e r e n c e  state a g a i n s t  which p o s s i b l e  hydrogen e f f e c t s  i n  

Z i r c a l o y  can  be  judged. 

Ana lys i s  o f  P o s s i b l e  E f f e c t s  

A t  h i g h  t empera tu res  Zr02 is g e n e r a l l y  assumed t o  be an n-type con- 

d u c t o r  w i t h  d i f f u s i o n  proceeding  v i a  a n  an ion  vacancy mechanism. 

i f  hydrogen d i s s o l v e d  i n  t h e  metal phases  of a specimen has  no e f f e c t  

on t h e  o x i d a t i o n  rate and i f  no changes i n  s t o i c h i o m e t r y ,  d e f e c t  con- 

c e n t r a t i o n ,  or i o n i c  m o b i l i t i e s  occur  i n  t h e  ox ide ,  o x i d a t i o n  in p u r e  

oxygen shou ld  be  i d e n t i c a l  w i t h  t h a t  observed  f o r  steam o x i d a t i o n  i n  t h e  

MiniZWOK a p p a r a t u s .  On t h e  o t h e r  hand, changes i n  m o b i l i t y  o r  equi l5br ium 

oxygen s o l u b i l i t i e s  i n  ox ide ,  a l p h a ,  o r  b e t a  phases  shou ld  cause  o x i d a t i o n  

behav io r  i n  p u r e  oxygen t o  b e  d i f f e r e n t  from t h a t  i n  steam, and it is  

p o s s i b l e  t o  p r e d i c t  t r e n d s  i n  t h e  growth rates of ox ide  and oxygen- 

Thus 

s t a b i l i z e d  a l p h a  l a y e r s  on t h e  b a s i s  of any such  d i f f e r e n c e s .  
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The v e l o c i t y  of any phase boundary i n  an o x i d i z i n g  Z i r c a l o y  specimen 

is p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  between t h e  oxygen f l u x e s  i n t o  and ou t  

of  t h e  boundary. For example, t h e  v e l o c i t y ,  v of t h e  i , j  boundary is  

g iven  by 
i , j  

and 

where J is  t h e  oxygen €lux t o  t h e  i, j boundary, t h e  f i r s t  s u b s c r i p t  

i n d i c a t i n g  t h e  phase  i n  which t h e  f l u x  i s  measured; Vc i s  t h e  oxygen 

c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  i ' t h  phase a t  t h e  i , j  boundary; D .  i s  t h e  

d i f f u s i o n  c o e f f i c i e n t  i n  t h e  i ' t h  phase; and Ac = c - c ; w i t h  c i  

and c 

phases ,  r e s p e c t i v e l y ,  a t  t h e  i , j  boundary. Thus any change i n  v must 

invo lve  changes i n  d i f f u s i o n  c o e f f i c i e n t s  o r  e q u i l i b r i u m  oxygen concen- 

trations o r  both.  ( S t r i c t l y  speaking ,  t h e  denominator of Eq. (Bl) shou ld  

be w r i t t e n  as V - c  where V i s  t h e  r a t i o  of e q u i v a l e n t  

volumes of the i ' t h  t o  t h e  j ' t h  phase.  A t  t h e  oxide-alpha boundary V 

h a s  a v a l u e  of 1 . 5  and i s  e s s e n t i a l l y  u n i t y  a t  t h e  a/B i n t e r f a c e .  I n  

t h e  d i s c u s s i o n  t o  fo l low t h e  a c t u a l  v a l u e  of V does not  e n t e r  i n t o  

c o n s i d e r a t i o n ,  and f o r  t h e  sake of n o t a t i o n a l  s i m p l i c i t y  we s h a l l  u s e  

E q .  (€31) i n  t h e  form shown w i t h  t h e  unders tanding  that AC 

i , j  

i , j  
1 

i , j  i j  
be ing  t h e  e q u i l i b r i u m  oxygen c o n c e n t r a t i o n s  i n  t h e  i ' t h  and j ' t h  

j 

i , j  

i , j  ' i , j  j , i '  i , j  

i , j  

'i, j E V i , j  i , j  
- c .) 

j Y i  

E f f e c t s  i n  t h e  Alpha and Beta Phases - It would appear  t h a t  t h e  

on ly  p o s s i b l e  e f f e c t  of hydrogen on D 

t h e  d i f f u s i v i t i e s .  A s  mentioned p r e v i o u s l y ,  changes i n  t h e  d i f f u s i o n  

c o e f f i c i e n t  f o r  oxygen i n  Nb c o n t a i n i n g  d i s s o l v e d  hydrogen could  be 

brought about by t h e  format ion  o f  t h e  0-H complexes observed a t  low 

t empera tu res .  It i s  most u n l i k e l y ,  however, t h a t  such complexes could  

r e t a i n  any degree  of s t a b i l i t y  i n  ZircaPoy at t h e  h igh  tempera tures  used 

i n  t h i s  s t u d y ;  b u t  i f  t h e y  do, t h e  p re sence  of t h e  complexes shou ld ,  if 

any th ing ,  reduce oxygen m o b i l i t y .  Both oxygen and hydrogen d i f f u s e  

o r  D would be  t h a t  of  dec reas ing  
a B 



1 7 7  

i n t e r s t i t i a l l y  i n  Z i r c a l o y ,  and t h e  jump f requency ,  f o r  an 0-H 

p a i r  i s  r e l a t e d  t o  t h e  jump f r e q u e n c i e s ,  s1 

and hydrogen atoms, r e s p e c t i v e l y ,  by 

and %, of  i s o l a t e d  oxygen 
0 

Thus t h e  format ion  of 0-H p a i r s  shou ld  e i t h e r  reduce  t h e  d i f f u s i v i t y  of 

oxygen o r  leave it  unchanged. D o r  D might a l s o  b e  decreased  i f ,  as a 
a 8 

r e s u l t  of t h e  p re sence  of hydrogen, t h e  c o r r e l a t i o n  f a c t o r  f o r  oxygen 

were reduced below t h e  v a l u e  of u n i t y  expec ted  f o r  i n t e r s t i t f a l  d i f f u s i o n .  

An i n c r e a s e  i n  t h e  d i f f u s i v i t y ,  on t h e  o t h e r  hand, would r e q u i r e  t h a t  t h e  

s t r a i n  f i e l d  a s s o c i a t e d  w i t h  d i s s o l v e d  hydrogen produce an i n c r e a s e  i n  

t h e  jump f requency ,  R o y  f o r  oxygen. 

hydrogen atoms and t h e i r  h igh  rate of d i f f u s i o n ,  however, such a poss i -  

b i l i t y  is  d i smis sed ,  and w e  conclude t h a t  on ly  d e c r e a s e s  i n  D and D can 
a 8 

occur as a r e s u l t  of t h e  p re sence  of hydrogen. 

I n  l i g h t  of t h e  sma l lnes s  of t h e  

C. RoylO r e p o r t s  t h a t  when a c r y s t a l - b a r  z i rconium sample, p r e v i o u s l y  

charged w i t h  44 ppm tritium, w a s  o x i d i z e d  i n  oxygen a t  500°C (932'F) long 

enough t o  produce an ox ide  f i l m  2.5 um t h i c k ,  subsequent au to rad iog raphs  

r e v e a l e d  no t r i t i u m  i n  t h e  ox ide  o r  i n  t h e  unde r ly ing  metal zone h i g h l y  

en r i ched  i n  oxygen. When t h e  o x i d i z e d  specimens were annea led  a t  800°C 

(1472'F) t o  d i s s o l v e  t h e  ox ide  scale and t h e n  e i t h e r  slow cooled  o r  

quenched, "very l i t t l e  hydrogen w a s  found i n  t h e  t h i c k  l a y e r  of  m e t a l  

e n r i c h e d  i n  oxygen". 

specimen w i l l  r educe  t h e  s o l u b i l i t y  of  hydrogen i n  t h e  m e t a l ,  and t h i s  

r e s u l t  suggests t h e  e x i s t e n c e  of a s o l u b i l i t y  product  r e l a t i o n s h i p  

C l e a r l y ,  t h e  i n t r o d u c t i o n  of oxygen i n t o  a Z i r c a l o y  

where a 

and k is t h e  s o l u b i l i t y  product .  Roy's expe r imen ta l  results i n d i c a t e  

and % are the ac t iv i t ies  of oxygen and hydrogen, r e s p e c t i v e l y ,  0 

t h a t  the magnitude of any hydrogen e f f e c t  i n  t h e  a l p h a  w i l l  s u r e l y  be 
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s m a l l ,  and t h e  s o l u b i l i t y  product  r e l a t i o n s h i p  s u g g e s t s  t h a t  hydrogen i n  

t h e  b e t a  phase  could  on ly  reduce t h e  e q u i l i b r i u m  oxygen s o l u b i l i . t y .  

S ince  a reducti .on of t h e  s o l u b i l i t y  of oxygen i n  t h e  b e t a  wou1.d also 

l e a d  t o  a r e d u c t i o n  i n  Vc , w e  can conclude that: s o l u b i l i t y  changes B ,a 
due t o  hydrogen i n  t h e  b e t a  w i l l  produce only dec reases  i n  t h e  oxygen 

f l u x ,  J i n t o  t h e  b e t a  [ c f . ,Eq .  (B2)].  
f3,a - E f f e c t s  i n  t h e  Oxide - K o f s t a d ’ s l l  summary of  t h e  p r o p e r t k s  of Z r O 2  

makes i t  clear t h a t  t r a n s p o r t  mechanisms i n  Zr02 are  no t  f u l l y  under- 

s t o o d .  The predominant c h a r a c t e r i s t i c s  of Z r 0 2  are those  o f  an oxygen- 

d e f i c i t ,  n-type semiconductor w i t h  material t r a n s p o r t  o c c u r r i n g  via an ion  

vacancy d i f f u s i o n .  Given t h e  g r e a t  s t a b i . l i t y  of z i r c o n i a ,  the  assumption 

of most i n v e s t i g a t o r s  t h a t  ZrO, i s  s t o i c h i o m e t r i c  i n  e i t h e r  steam o r  oxygen 

a t  one atmosphere might: appear  j u s t i f i e d .  With r ega rd  t o  Lhe poss ib l e  

e f f e c t s  of t h e  hydrogen l i b e r a t e d  by t h e  steam-Zircaloy r e a c t i o n ,  we 

have a l r e a d y  c i t e d  ev idence  f o r  t h e  l i m i t e d  s o l u b i l i t y  of hydrogen i n  

Z r 0 2 , 1 °  and any e f f e c t  of such s m a l l  q u a n t i t i e s  of hydrogen on t h e  

vacancy d i f f u s i o n  rate i n  t h e  oxide  shou3.d be i n s i g n i f i c a n t .  On t h e  

b a s i s  o f  such arguments one would p r e d i c t  t h a t  oxygen m o b i l i t i e s  and 

i n t e r f a c i a l  concentrat i -ons i n  t h e  ox ide  would b e  t h e  s a m e  du r ing  oxida- 

t i o n  i n  oxygen o r  i n  steam. 

On t h e  o t h e r  hand, e l e c t r i c a l  Conduc t iv i ty  measurements a t  1550’C 

(2822°F) and below p rov ide  somewhat c o n t r o v e r s i a l  ev idence  f o r  a component 

of p -cha rac t e r  i n  t h e  c o n d u c t i v i t y  of Z r O 2 .  

o x i d a t i o n  might be  some f u n c t i o n  of  oxygen p r e s s u r e .  Furthermore,  

McClaine and Coppel12 r e p o r t e d  d i f f e r e n c e s  i n  t h e  cmnduct iv i ty  of 21-0, 

measured i n  Hz-HzO atmospheres as compared t o  d a t a  ob ta ined  i n  CO-CO2 

mix tu res  having  t h e  s m e  oxygen p a r t i a l  p r e s s u r e .  

r e s u l t s  t o  hydrogen ent:ering t h e  Z r O 2  as an i n t e r s t i t i a l  p o s i t i v e  i o n  

w i t h  an a s s o c i a t e d  e l e c t r o n .  These o b s e r v a t i o n s  raise t h e  p o s s i b i l i t y  

t h a t  du r ing  o x i d a t i o n  of Zi rca loy  i n  s t e a m ,  s m a l . 1  q u a n t i t i e s  of hydrogen 

d i s s o l v e  i n  t h e  oxide  and change i t s  d e f e c t  c o n c e n t r a t i o n .  For  example, 

e i t h e r  an i n t e r s t i t i a l .  p ro ton  o r  a p ro ton  t r apped  on a vacant  c a t i o n  s i t e  

would produce an i n c r e a s e  in t h e  oxygen vacancy c o n c e n t r a t i o n  i n  the 

oxide.  

I n  such a case, the rate of  

They a t t r i b u t e d  t h e i r  

The i n f l u e n c e  of such hydrogen irnpirrity atoms would be m o s t  
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impor tan t  a t  t h e  gas-oxide i n t e r f a c e  where t h e  i n t r i n s i c  vacancy con- 

c e n t r a t i o n  is  vir tua1l .y  ze ro ;  a t  t h e  oxide-alpha i n t e r f a c e ,  however, t h e  

i n t r i n s i c  vacancy c o n c e n t r a t i o n  is  s o  h i g h  ( ~ 8 % )  as t o  make e x t r i n s i c  

c o n t r i b u t i o n s  n e g l i g i b l e *  The n e t  e f f e c t ,  t hen ,  of  hydrogen d i s s o l v e d  

i n  t h e  ox ide  would be  t h a t  of  reducing  s l i g h t l y  t h e  d e f e c t  c o n c e n t r a t i o n  

g r a d i e n t  a c r o s s  t h e  scale by r educ ing  t h e  oxygen c o n c e n t r a t i o n  i n  t h e  

ox ide  a t  t h e  oxide-gas i n t e r f a c e .  For a d d i t i o n a l  i n fo rma t ion  see a l s o  

Refs.  4 and 5. 
The above comments relate t o  t h e  p r o p e r t i e s  of r e l a t i v e l y  p u r e  Z r 0 2 .  

The ox ide  formed on Z i r c a l o y  c o n t a i n s  small amounts of v a r i o u s  a l l o y i n g  

a d d i t i o n s  such as Sn, Fe,  and C r .  Depending on t h e i r  o x i d a t i o n  state, 

t h e s e  impur i ty  e lements  could  c o n t r i b u t e  t o  t h e  e x t r i n s i c  d e f e c t  con- 

c e n t r a t i o n  i n  Z i r ca loy  oxide.  However, i n  p r i n c i p l e ,  a t  least, t h e  

v a r i o u s  arguments g iven  above shou ld  app ly  t o  bo th  pu re  Zr02 and t h e  

ox ide  formed on t h e  a l l o y .  

We conclude from t h i s  d i e c u s s i o n  t h a t  i t  is  d i f f i c u l t  t o  sugges t  a 

mechanism by which oxygen m o b i l i t y  i n  t h e  ox ide  can b e  a f f e c t e d  by t h e  

o x i d i z i n g  medium. However, t h e  p o s s i b i l i t y  of a v a r i a t i o n  i n  e q u i l i b r i u m  

s o l u b i l i t i e s  cannot be  d ismissed .  I f  such  a change does o c c u r ,  one 

shou ld  r ecogn ize  t h a t  i t  is  a na tura l  consequence of o x i d i z i n g  Z i r c a l o y  

i n  two wide ly  d i f f e r i n g  media, and t h e  change shou ld  n o t  be  d e s c r i b e d  as 

a "hydrogen e f f e c t "  i n  t h e  sense of p o s s i b l e  e f f e c t s  on o x i d a t i o n  rates 

produced by hydrogen d i s s o l v e d  i n  t h e  a l p h a  o r  b e t a  r e g i o n s .  

Experimental  Res.ul ts  f o r  Oxida t ion  i n  0- 
With t h e s e  v a r i o u s  p o s s i b i l i t i e s  i n  mind, o x i d a t i o n  rate cu rves  w e r e  

determined f o r  Zircaloy-4 i n  5 9 ' s  oxygen a t  1253 and 1404°C (2287-2559'F). 

Ten specimens w e r e  used t o  d e f i n e  each curve,  and t h e  specimens and pro- 

cedures  used were i d e n t i c a l  t o  t h o s e  employed i n  t h e  s t a n d a r d  MiniZWOK 

exper iments  except  t h a t  p u r e  oxygen a t  one atmosphere p r e s s u r e  w a s  sub- 

s t i t u t e d  f o r  steam. 
The r e s u l t s  o b t a i n e d  are summarized i n  Table  B2 i n  terms of  p a r a b o l i c  

ra te  c o n s t a n t s  f o r  ox ide  and a - l a y e r  growth. The u n c e r t a i n t i e s  l i s t e d  are 

for t h e  90% conf idence  level. For ease of  comparison t h e  eor responding  

rate c o n s t a n t s  o b t a i n e d  f o r  o x i d a t i o n  i n  steam are a l s o  l i s t e d .  Values 
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o f  o x i d a t i o n  times, observed ox ide  and a l p h a  l a y e r  t h i c k n e s s e s ,  and t o t a l  

oxygen consumed ( c a l c u l a t e d )  are t a b u l a t e d  i n  Tab les  B 3  and B4. 

D i scuss ion  o f  R e s u l t s  

I n s p e c t i o n  of  Table  B2 shows t h a t  t h e  ra te  of  ox ide  growth i s  
smaller i n  steam t h a n  i n  oxygen, w h i l e  t h e  rate of a lpha  growth i s  s l i g h t l y  

g r e a t e r  i n  steam t h a n  i n  oxygen. A t  bo th  t empera tu res  i n v e s t i g a t e d  t h e  

d i f f e r e n c e s  i n  t h e  two d a t a  sets are s m a l l ,  b u t  f o r  6 2 / 2  and 6 2 / 2  t h e s e  

d i f f e r e n c e s  l i e  o u t s i d e  t h e  s t a t i s t i c a l  u n c e r t a i n t y  l i m i t s  a t  t h e  90% 

conf idence  l e v e l s .  

l a p  a t  t h e  90% level. For bo th  t h e s e  parameters ,  however, t h e  t r e n d s  

i n  t h e  expe r imen ta l  d a t a  are clear; t h e  growth rate of t h e  a l p h a  

l a y e r  i s  s l i g h t l y  g r e a t e r  i n  steam than  i n  oxygen, w h i l e  t h e  r e v e r s e  

is t r u e  f o r  X i  l a y e r  growth. W e  conc lude ,  t h e r e f o r e ,  t h a t  t h e  oxida- 

t i o n  behav io r  of Zi rca loy-4  i n  oxygen is  n o t  e q u i v a l e n t  t o  Oxida t ion  

i n  steam, and t h a t  

4 T 

The u n c e r t a i n t y  i n t e r v a l s  of  62/2 and 6:/2 do over- 
a 5 

where 9 and a are t h e  ox ide  and a l p h a  l a y e r  t h i c k n e s s e s ,  r e s p e c t i v e l y .  

One may also i n f e r  from Eq.  (B6) t h a t  

Hydrogen .Effec ts  i n  t h e  Beta Phase Only - The most inmedia te  explan- 

a t i o n  t h a t  s u g g e s t s  i t s e l f  f o r  t h e s e  d i f f e r e n c e s  is  t h e  p o s s i b i l i t y  of a 

hydrogen e f f e c t  i n  t h e  b e t a  phase.  A s  a l r e a d y  p o i n t e d  o u t ,  m o s t  of  t h e  

hydrogen i n  the MiniZWOK specimens must have been c o n c e n t r a t e d  i n  t h e  

b e t a  phase ,  and r easonab le  arguments can  be  made t h a t  o t h e r  e f f e c t s  i n  

t h e  ox ide  and a l p h a  l a y e r s  shou ld  be  minor. Cons ider ,  t h e r e f o r e ,  t h e  

fo l lowing  p o s t u l a t e ,  which w e  w i l l  p rove  f a l s e .  

P o s t u l a t e  I. A hydrogen e f f e c t  occu r s  i n  t h e  b e t a  phase only. 

It fo l lows  from t h e  p o s t u l a t e  t h a t  m o b i l i t i e s  and e q u i l i b r i u m  oxygen 

c o n c e n t r a t i o n s  are und i s tu rbed  i n  t h e  ox ide  and a l p h a  l a y e r s .  
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T a b l e  B3.  Oxidation of Sandvik Zircaloy-4 P T ,  Tubing  
in Pure Oxygen a t  1253°C (2287'F) 

T i m e  Oxide Layer Alpha Layer  T o t a l  Oxygen 
(m> (urn1 (mslcm2 1 E x p t .  No. (SI 

S-255-TC-2 

S-255-TC-3 

S- 256-TC-2 

S-2.56-TC-3 

S- 25 7-TC- 2 

S- 2 5 7-TC- 3 

S- 2.5 8-TC-2 

S-258-TC-3 

S-259-TC-2 

S-259-TC-3 

S-260-TC-2 

S-260-TC-3 

S-26 1.-TC- 2 

S- 261-TC- 3 

S- 26 2-TC- 2 

S-26 2-TC- 3 

S- 26 3-TC-2 

S-26 3-TC- 3 

S-264-TC- 2 

S-264-TC- 3 

31.5 

34 .1  

259.5 

254 * 5 

273.1 

266 

168.6 

158.7 

162.6 

152 .9  

100 6 

10  3 

8 . 6  

9 .5  

110.3 

102 - 8 

99.4 

100.2 

23.5 

2 3  

25" I 

25.6 

6 % .  9 
6 7 . 1  

69 .4  

7 0 . 1  

57.5 

55.7 

55.4 

54 .3  

45 

45.4 

15. .5 

15.8 

4 6 . 1  

4 4 * 9  

4 3 . 5  

4 3 , 2  

23.2 

23 .1  

23.8 

24-  7 

75 .1  

73.4 

7'4.2 

71.3 

54.6 

53.5 

55.7 

34.4 

44.7 

4 4 . 1  

1 4 . 4  

1 4  

45.7 

44.7 

41.8 

49 .4  

20.2 

21.6 

4.854 

4.972 

13 .676  
13. 3.51. 

13.76 

13.75.5 

11.. 1.31 

10.802 

10.839 

10.606 

8.758 

8.809 

2.94 

2.985 

8.99 

8 .753  

8.4.48 

8.366 

4 401 

4.424 
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Table  B4. Ox ida t ion  o f  Sandvik Zi rca loy-4  PWR Tubing i n  
Pure  Oxygen a t  1404'C (2559'F') 

CI -.- 
Alpha Layer  T o t a l  Oxygen T i m e  Oxide Layer  

(SI (Id (urn) (mg/ cm2 Expt .  No. 
-.- 
S-26 5-TC-2 

S- 26 5-TC-3 

S-266-TC-2 

S- 266-TC-3 

S-26 7-TC-2 

S-267-TC-3 

S -  26 8-TC- 2 

S- 268-TC- 3 

S- 269-TC-2 

S - 2 6 9-TC- 3 

S-2 70-TC- 2 
S-270-TC-3 

S-271-TC-2 

S- 2 7 1-TC- 3 

S- 2 7 2-TC-2 

S-272-TC-3 

S- 2 7 3-732-2 

S-2 73-TC- 3 
S -  2 74-TC- 2 

S- 2 74-TC- 3 

53 
52.2 

59.6 

60.5 

52.5 

53  

57.6 

57.9 

41.6 

41.5 

11.7 

12  

11.9 

1 2 . 7  

23.6 

23.8 

27.3 

27.6 

41.7 

38.9 

53.8 

53.3 

56.3 

57 

52.4 

53.3 

54.9 

55.4 

47 

46.8 

26.8 

27 

27.6 

28.1 

35.4 

36.4 

38.5 

38.4 

47.9 

45.6 

62  

61.3 

69.5 

66.4 

62.3 

62.6 

65.6 

68.8 

58.4 

57.7 

31.8 

30.5 

31.5 

33.6 

43 

43.4 

48.8 

45 .8  

56.4 

53.8 

11.085 

10.979 

11.763 

11.777 

10.885 

11.03 

11.415 

11.59 

9.832 

9.78 

5.511 

5., 495 

5.623 

5.783 

7.375 

7.535 
8.073 

7.97 

9 e 901 

9.446 

W e  s h a l l  now examine t h e  expe r imen ta l  r e s u l t s  f o r  o x i d a t i o n  i n  

steam and oxygen. 

F ig .  B 3  where t h e  p o s i t i o n s  o f  the v a r i o u s  phase boundar i e s  are r e fe renced  

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

t h e  oxide-alpha (+a) i n t e r f a c e s  i n  steam and oxygen. 

The p e r t i n e n t  data are r e p r e s e n t e d  s c h e m a t i c a l l y  i n  

We c o n s i d e r  t h e  relative v e l o c i t i e s  o f  

The re fo re ,  
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Fig.  B3.  Schematic Represen ta t ion  of Oxygen Concent ra t ion  Grad ten t s  
i n  Oxide and Oxygen-Stabilized Alpha Layers .  
i n  t h e  oxide  i s  a very good approximation o f  real-i-ty; t h e  g r a d t e n t  i n  t h e  
a lpha  l a y e r  i s  c e r t a i n l y  curved b u t  i s  shown as l i n e a r  i n  o r d e r  t o  emphasize 
t h e  d iEfe rences  i n  s lope  i n  steam as compared to oxygen. 
p re sen ted  i n  t h e  t e x t  t u r n  on t h e  re la t ive  v a l u e s  of VC a t  t h e  v a r i o u s  
i n t e r f a c e s ,  and t h e  re la t ive d i f f e r e n c e s  i n  t h e  v a l u e s  are  t h e  same whether  
t h e  a c t u a l  g r a d i e n t  a c r o s s  t h e  phase is l i n e a r  o r  a f u n c t i o n  o f  p o s i t i o n .  

The l i n e a r  g r a d i e n t  shown 

The 'arguments 

- v  I =..-.-..-- 1 
V I  $,a H20YX $Ya 0 2  Ac. 9 

Term 1 

I - J  I 11 (Ja,@ H2OYIi a,@ 0 2  

1_--.- 

T e r n  2 

> ~c I and vc 1 It can be seen  i n  Fig. B 3  t h a t  V c  

< Vc I and r e c a l l i n g  t h a t  J = D . V c  

I 
+,a H2OYW 02  a99 H 2 0 , I I  

n i , j '  
a94 0 2  i 9 . j  

and 

(B12)  
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R e f e r r i n g  Eqs. ( B 1 1 )  and ( B 1 2 )  t o  Eq. (€310) , i t  is  e v i d e n t  t h a t  

P o s t u l a t e  I r e q u i r e s  t h e  r i g h t  s i d e  of Eq. (B10) t o  be  a p o s i t i v e  

q u a n t i t y ,  w h i l e  t h e  expe r imen ta l  o b s e r v a t i o n  [ c f .  Eq. ( B 8 ) I  shows t h a t  

t h e  l e f t  s i d e  of t h e  e q u a t i o n  is  n e g a t i v e .  

f a l s e ;  t h e  d i f f e r e n c e s  between o x i d a t i o n  i n  steam and i n  oxygen cannot 

b e  e x p l a i n e d  i n  terms of a hydrogen e f f e c t  i n  t h e  b e t a  a l o n e ,  

The re fo re ,  P o s t u l a t e  I i s  

*--We c o n s i d e r  now a second p o s t u l a t e  con- 

c e r n i n g  t h e  p o s s i b i l i t y  t h a t  t h e  d e c r e a s e  i n  ox ide  growth r a t e  and t h e  

i n c r e a s e  i n  t h e  a l p h a  growth rate i n  steam r e l a t i v e  t o  oxygen i s  due t o  

a dec reased  oxygen f l u x  i n t o  t h e  ox ide  f o r  o x i d a t i o n  i n  steam. W e  s h a l l  

show t h a t  t h i s  i d e a  is c o n s i s t e n t  w i t h  t h e  expe r imen ta l  r e s u l t s .  

P o s t u l a t e  11. The oxygen f l u x  i n t o  t h e  o x i d e  is  smaller i n  steam 

t h a n  i n  oxygen, and oxygen m o b i l i t i e s  i n  t h e  a and f3 phase remain 

unchanged as do t h e  e q u i l i b r i u m  oxygen c o n c e n t r a t i o n s  a t  t h e  $,a and 

a , B boundar i e s .  

T h i s  p o s t u l a t e  i s  c o n s i s t e n t  w i t h  t h e  expe r imen ta l  o b s e r v a t i o n s  as 

may be  s e e n  from t h e  fo l lowing  arguments.  By P o s t u l a t e  II 

t h e r e f o r e ,  t h e  f i r s t  t e r m  on t h e  r i g h t  s i d e  of  Eq.  (B10) is n e g a t i v e .  

R e f e r r i n g  a g a i n  t o  t h e  oxygen c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  a l p h a  phase  

(F ig .  B 3 ) ,  i t  i s  e v i d e n t  t h a t  Eq. ( B 1 2 )  h o l d s  i n  t h i s  case also; t h e r e -  

f o r e ,  t h e  second te rm on t h e  r i g h t  of  Eq. (B10) is n e g a t i v e  and makes a 
n e t  p o s i t i v e  c o n t r i b u t i o n  i n  l i g h t  of  t h e  n e g a t i v e  s i g n  i n  f r o n t  of i t .  

The l e f t  s i d e  of t h e  e q u a t i o n  i s  n e g a t i v e ,  r e q u i r i n g  on ly  t h a t  

i n  o r d e r  t o  s a t i s f y  t h e  expe r imen ta l  o b s e r v a t i o n s .  

Th i s  t y p e  of a n a l y s i s  can a l s o  be  ex tended  t o  t a k e  i n t o  account t h e  

r e l a t i v e  v e l o c i t i e s  of  t h e  a/B i n t e r f a c e .  
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Term 1 

Term 2 

The expe r imen ta l  o b s e r v a t i o n  is t h a t  

(B1.5) 

where 5 is  t h e  combined oxide  and a l p h a  l a y e r  t h i c k n e s s ,  and when t h e  

p o s i t i o n  of t h e  a/@ i n t e r f a c e  was r e f e r e n c e d  t o  t h e  o r i g i n a l  m e t a l  

s u r f a c e ,  w e  found 

There fo re ,  t h e  l e f t  s i d e  of Eq. (B14) is  e q u a l  t o  o r  s l i g h t l y  less than  

ze ro .  As p r e v i o u s l y ,  Term 1 on t h e  r i g h t  s i d e  o f  Eq. ( B l  

S ince  t h e  p o s i t i o n  of the a,B boundary is  almost t h e  same 

o x i d i z i n g  media, i t  i s  l i k e l y  t h a t  T e r n  2 i n  E q .  (Rl4) is  

b u t  i n  any e v e n t ,  w e  on ly  r e q u i r e  tliaL /Term 11 2 lTem 2 

) i s  nega t ive .  

i n  t h e  two 

c l o s e  t o  ze ro ,  

. Thus w e  
conclude t h a t  P o s t u l a t e  I1 is  c o n s i s t e n t  w i t h  t h e  exper imenta l  r e s u l t s .  

It is ,  i n  f a c t ,  p o s s i b l e  t o  o f f e r  supplementary ev idence  t h a t  changes 

i n  ox ide  s t o i c h i o m e t r y  are r e s p o n s i b l e  f o r  t h e  observed d i f f e r e n c e s  f o r  

o x i d a t i o n  i n  steam and i n  oxygen. Thi.s a d d i t i o n a l  w i d e n c e  i n v o l v e s  t h e  

o b s e r v a t i o n  t h a t  a 1.ine of m e t a l l i c  p a r t i c l e s ,  r i c h  i n  t i n ,  i s  found i n  

c r o s s  s e c t i o n s  through t h e  ox ide  formed on Zircal.oy tubes  o x i d i z e d  i n  

e i t h e r  steam o r  oxygen. 

p r e v i o u s l y ,  and t h e  key f a c t  is  t h a t  t h e  ox ide  i s  d i v i d e d  i n t o  i n n e r  

and outer regions by the particle l i n e  w i t h  the r a t i o  of t h e  i n n e r  ox ide  

1-ayer t h i c k n e s s ,  $Ji, t o  t h a t  of t h e  o u t e r  l a y e r ,  $,, be ing  e s s e n t i a l l y  

c o n s t a n t  w i t h  o x i d a t i o n  t i m e .  S ince  t h e  oxygen c o n c e n t r a t i o n  g r a d i e n t  

a c r o s s  t h e  ox ide  i s  v . i r t u a l l y  l i n e a r ,  t h e  cons tancy  of $J /@. i n d i c a t e s  

t h a t  t h e  m e t a l l i c  p a r t i c l e s  must form and  move along a p lane  of c o n s t a n t  

oxygen p o t e n t i a l  i n  t h e  oxide.  

Th i s  phenomenon h a s  been r e p o r t e d  i n  d e t a i l  

0 1  
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Values of 4 and 4 
0 i were o b t a i n e d  f o r  specimens o x i d i z e d  i n  steam 

and i n  oxygen a t  1253 and 1404°C (2287--2559"F), and t h e  r e s u l t s  are 

summarized i n  Table  B5.  
o u t e r  ox ide  t h i c k n e s s ,  +i/+o, is  c o n s t a n t  w i t h  bo th  t i m e  and total oxide 

t h i c k n e s s  ; however, t h e  i n n e r  ox ide  is  r e l a t i v e l y  t h i c k e r  i n  steam t han  

oxygen. 

I n  b o t h  o x i d i z i n g  media t h e  r a t i o  of  i n n e r  to 

These r e s u l t s  underscore  some i n t e r e s t i n g  a s p e c t s  of the d i f f e r e n c e s  

Assuming on ly  i n  t h e  o x i d a t i o n  behav io r  of Z i r c a l o y  i n  steam and oxygen. 

t h a t  t h e  c o n s t a n t  oxygen p o t e n t i a l  a t  which t h e  metal l ic  par t ic les  form 

is t h e  same i n  bo th  media, t h e  f a c t  t h a t  $./+ i s  d i f f e r e n t  i n  t h e  two 
1 0  

cases means t h a t  t h e  e q u i l i b r i u m  oxygen con ten t  of the oxide  a t  one o r  

bo th  i n t e r f a c e s  i s  d i f f e r e n t  i n  steam t h a n  i n  oxygen. Furthermore,  as 

w i l . 1  be demonst ra ted  g r a p h i c a l l y  below, t h e  f a c t  that: $i/c$ I 
0 H20,K 

i n d i c a t e s  t h a t  t h e  d i f f e r e n c e  between t h e  oxygen c o n c e n t r a t i o n  

Table  RS. Comparison of Growth Rates and Thickness R a t i o s  of Inner and Outer 
Oxide Layers  Formed i n  Steam and Oxygen 

Temperature [ ' C  (OF) 3 

1253 (2287) 1404 (2559) 

6$/2Io2 x LO8 ( o u t e r  ox ide )  

~ 3 : / 2 ] ~ ,  x l o 8  ( i n n e r  ox ide )  1.45 3z 5.9% 5.12 4.9% 

3 . 4 4  t 10.6% 8.47  t 11.82 

x l o 8  ( o u t e r  ox ide )  2.33 t 9.7% 7.40 I: 6 . 9 %  

x l o 8  ( i n n e r  ox ide )  1.55 5 7% 5.25 5 3.2% 

.649 .777 

.394 * 437 

.815 .a42 

.449 .457 
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at t h e  oxide-gas i n t e r f a c e ,  c and t h a t ,  c a t  t h e  oxide-alpha 

i n t e r f a c e  i n  steam is less t h a n  t h e  cor responding  d i f f e r e n c e ,  

c -c i n  oxygen. T h i s  c o n d i t i o n  i s  p r e c i s e l y  one of t h e  phenomena 

i n  t h e  ox ide  p r e v i o u s l y  sugges t ed  as a cause of t h e  d i f f e r e n c e s  i n  t h e  

o x i d a t i o n  behav io r  of Z i r c a l o y  i n  oxygen and steam. 

0 9g' $ , a '  

$98 $ , a Y  

These expe r imen ta l  r e s u l t s  can be  used as 3 q u a n t i t a t i v e  b a s i s  f o r  

a s s e s s i n g  t h e  e x t e n t  and n a t u r e  of the "hydrogen e f f e c t ' '  i n  t h e  oxide.  

Figure B 4  i s  a schemat ic  r e p r e s e n t a t i o n  of the oxygen c o n c e n t r a t i o n  

g r a d i e n t  a c r o s s  a Z i r c a l o y  ox ide  scale.  Note t h a t  t h e  t r i a n g l e  

C ,L!,C$,~ i s  similar t o  t h e  t r i a n g l e  C,B,C * t h e r e f o r e ,  
ip sg +,a' 

where $I 

f o r  o x i d a t i o n  i n  e i t h e r  steam o r  oxygen. 

demonst ra tes  t h a t  t h e  r a t i o  ( p . / $  

t o  t h e  p re sence  of d i s s o l v e d  hydrogen i n  t h e  oxygen- s t ab i l i zed  a o r  t h e  

B phases .  

= $o f $i is t h e  t o t a l  ox ide  t h i c k n e s s .  Equation (B18)  is  valid T 
Note a l s o  t h a t  Eq. (B18) 

i s  independent o f  any e f f e c t  a t t r i b u t a b l e  
1 T .. 

One may now form t h e  r a t i o  

OE 



189 

t 
0 z 
8 

9 
8 

I 
W 

I 

I 
I 

I 
I 

PARTICLE LINE 

I 

Fig. B4. Schematic Representation of Oxygen Concentration Gradient 
in the Oxide Layer Showing Position of the Tin-Rich Particle Line. 
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On t h e  b a s i s  o f  phase diagram in fonna t ion  t h e  e q u i l i b r i u m  oxygen 

concen t r a t ions  a t  t h e  oxide-alpha boundary, C , are 1.403 and 

1 .391  gm/cc a t  1253 and 1.404"C (2287-2559°F') r e s p e c t i v e l y .  l 4  Taking 

the oxide a t  the oxide-gas in t e r f acc .  t o  be  s t o i c h i o m e t r i c  i n  pure  oxygen 

1 :  1.511 gmlcc),  t h e  a p p r o p r i a t e  exper imenta l  va lues  o f  + i / ~  

+ 

T (cQ,.P 0 2  
(Table  B 5 )  may- be  used t o  c a l c u l a t e  C 

t empera tures  i s  C 

The r e s u l t  a t  bo th  4 9 g I I-I20 ,E' 
-- 1 - 5 0  gmlcc, which is equ iva len t  t o  ZrQ1.99. 0 > g  ' 1120 ,E 

The "par t ic le  l i n e "  obse rva t ions  t h u s  ind i -ca te  that o x i d a t i o n  i n  

s team produces a r educ t ion  i n  VC 9 ,a 
i n  oxygen. However, t h e  f l u x  a c r o s s  t h e  oxide-gas i n t e r f a c e  i s  t h e  

as compared t o  o x i d a t i o n  i n  o x i d a t i o n  

producc of VC and t h e  chemical d i f f u s i o n  c o e f f i c i e n t ,  D f o r  the  9 ,a 4 '  
oxide '  

W E  now demonstrate  t h a t  t h e  v a r i a t i o n  of VC deduced from the p a r t i c l e  

l i n e  obse rva t ions  can a lone  account  f o r  t h e  d i f f e r e n c e s  i n  o x i d a t i o n  i n  
9 a  

9 
may be  ob ta ined  

n o t i n g  t h a t  t h e  g r a d i e n t  i n  t h e  oxide  i s  e s s e n t i a l l y  

oxygen as compared t o  steam, i n  o t h e r  words,  t h a t  D 

An anal-yt ical .  exp res s ion  f o r  D 
Q, 

= D  
0 2  9 
from Eq 

linear. 

where T i s  t h e  t o t a l  oxygen consumed by t h e  samp1.e. Prom t h e  fundamental  

equa t ions  d e s c r i b i n g  p a r a b o 1 . i ~  o x i d a t i o n  k i n e t i c s  we  have 

d-r/dt = ( 6 ' / / 2 ) / ~  , 
T 

4 ) = 6  4 .  9 

Usi.ng E q s .  (B23) and ( B 2 4 ) ,  

aT/at = 6 /2& , 
T 



1 9 1  

and s u b s t i t u t i n g  Eq. (B26) i n t o  Eq. (B22), u s i n g  Eq. (B25), and s o l v i n g  

f o r  D w e  o b t a i n  9 ’  

Equat ion  (B27) is  v a l i d  f o r  bo th  o x i d i z i n g  media; t h e r e f o r e ,  w e  may form 

t h e  r a t i o  

I f  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  ox ide  is  t h e  same f o r  o x i d a t i o n  i n  

steam as i n  oxygen, obv ious ly ,  t h e  r a t i o  D I /D 1 must be  u n i t y .  9 B2O,H 9 0, 
We e v a l u a t e  Eq. (B28) using t h e  value of C I = 1.50 gm/ec 

9,g H202H 
o b t a i n e d  from t h e  “ p a r t i c l e  l i n e “  o b s e r v a t i o n s ;  v a l u e s  f o r  C 

on t h e  phase diagram d a t a  a l r e a d y  c i t e d ;  C 

and 6 v a l u e s  are d e r i v e d  f r o m t h e  o x i d a t i o n  d a t a  f o r  o x i d a t i o n  i n  oxygen 

(see Tab le  B2)  and from t h e  v a l u e s  f o r  62/2 and 62 /2  o b t a i n e d  from t h e  

s t a n d a r d  MiniZWOK d a t a  set a t  1253 and 1404OC (2287-2559°F) (see pp. 51-57 

of t h i s  r e p o r t ) .  

are based  9 
T I = 1.511 gm/cc; and (s 

$ 3 8  02 

T 9 
cb 

The r e s u l t s  o b t a i n e d  were 

and 

9 D 

9 D 

/D I = 0.971 a t  1253°C (2287’F) (B29) 
H20,H 9 02 

/D 1 = 1.02 a t  1404OC (2559OF) . (330) 
H 2 O Z  9 02 

These r e s u l t s  show t h a t  t h e  r a t i o  of ox ide  d i f f u s i o n  c o e f f i c i e n t s  

is  c e r t a i n l y  u n i t y  w i t h i n  expe r imen ta l  u n c e r t a i n t y ,  and i t  is i n t e r e s t i n g  

t o  dwell on t h e  i m p l i c a t i o n s  of t h i s  conc lus ion .  Unl ike  Eq. (B20), where 

a l l  q u a n t i t i e s  on t h e  l e f t  s i d e  of t h e  e q u a t i o n  are d i r e c t  Observa t ions  

and independent of hydrogen e f f e c t s  i n  e i t h e r  t h e  c1 o r  B r e g i o n s ,  the 
r i g h t  side of Eq. (B28) involves t h e  product  of 6 and 6 b o t h  of which 

cou ld  b e  i n f l u e n c e d  by hydrogen e f f e c t s  i n  t h e  a and B .  
w h i l e  S 
n e s s  as a f u n c t i o n  of t i m e ,  6 i s  a c a l c u l a t e d  v a l u e  i n  o u r  s t u d y ,  Its 

T 9 ’  
Furthermore,  

is a n  expe r imen ta l  q u a n t i t y  based  on o b s e r v a t i o n s  of ox ide  t h i c k -  9 
‘I 
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e v a l u a t i o n  r e q u i r e s  n o t  on ly  d i r e c t  measurements of ox ide  and a l p h a  l a y e r  

t h i c k n e s s e s ,  b u t  a l s o  in fo rma t ion  concern ing  oxygen d i f f u s i v i t y  i n  t h e  

b e t a  and oxygen i n t e r f a c i a l  e q u i l i b r i u m  c o n c e n t r a t i o n s  i n  t h e  v a r i o u s  

phases .  A l l  t h e  l a t t e r  v a l u e s  were determined (by us o r  o t h e r s )  i n  t h e  

absence of hydrogen. Thus t h e  numer ica l  e v a l u a t i o n  of t h e  r i g h t  s i d e  of 

Eq. (B28)  as we have performed i t  is  "biased" i n  t h e  sense  t h a t  a s i g -  
n i f i c a n t  hydrogen e f f e c t  i n  t h e  ct o r  B phases ,  i f  i t  e x i s t e d ,  would cause 

t h e  real value. of 6 t o  b e  d i f f e r e n t  from t h a t  which w e  c a l c u l a t e d  w i t h  

the r e s u l t  t h a t  t h e  r a t i o  of d i f f u s i v i t i e s  would d e p a r t  from u n i t y .  

However, no such b i a s  i s  e v i d e n t  i n  t h e  r e s u l t s  shown i n  E q s .  (B29) and 

(R30), and w e  are l e d  t o  t h e  fo l lowing  conc lus ions .  

4sg 

T 

1. The v a l u e  of VC f o r  o x i d a t i o n  i n  oxygen i s  g r e a t e r  than t h a t  

i n  steam because  of a r e d u c t i o n  i n  C du r ing  o x i d a t i o n  i n  steam. 
@ ,g 

r a t i o n a l i z e d  s o l e l y  i n  terms. of a v a r i a t i o n  i n  VC * D remains unchanged. 

2. The d i f f e r e n c e s  i n  o x i d a t i o n  behav io r  i n  t h e  two media may be  

@,g'  Q, 
3 .  I m p l i c i t  i n  t h e s e  r e s u l t s  is  t h e  conc lus ion  t h a t  hydrogen d i s -  

so lved  i n  t h e  a l p h a  and b e t a  phases  does no t  change the  oxygen intex-  

f a c i a l  c o n c e n t r a t i o n s  i n  e i t h e r  t h e  ct o r  8 ,  nor  does i t  i n f l u e n c e  oxygen 

d i f f u s i v i t y  i n  t h e  b e t a .  

Th i s  las t  conc lus ion  may b e  t e s t e d  more d i r e c t l y  through a ca l cu la -  

t i o n  of t h e  d i f f u s i v i t y ,  Bawel14 has shown 

t h a t  D may be expressed  as 
f o r  oxygen i n  t h e  a lpha .  

01 
f 

(33.31) 

where 

C i s  t h e  i n i t i a l  oxygen c o n c e n t r a t i o n  i n  t h e  beta phase,  and B 
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I n s p e c t i o n  of  Eq. (B31) shows t h a t  all t h e  pa rame te r s  on t h e  r i g h t  s i d e ,  

excep t  V,  cou ld ,  i n  p r i n c i p l e ,  b e  changed by t h e  e x i s t e n c e  of a hydrogen 

e f f e c t  i n  t h e  a l p h a  o r  b e t a  phases .  

d e r i v e d  d i r e c t l y  from o u r  expe r imen ta l  d a t a ,  w h i l e  v a l u e s  f o r  D and t h e  

e q u i l i b r i u m  oxygen c o n c e n t r a t i o n s  have been o b t a i n e d  o n l y  i n  t h e  absence 

of s i g n i f i c a n t  amounts of  d i s s o l v e d  hydrogen i n  t h e  cx and 6 phases.  

t h e  use  of  Eq. (B31) t o  e v a l u a t e  D 1 i s  "biased" i n  t h e  

s e n s e  t h a t  t h e  e x i s t e n c e  of  any hydrogen e f f e c t  t h a t  changes D o r  t h e  

oxygen c o n c e n t r a t i o n  terms would produce a change i n  t h e  c a l c u l a t e d  D . 
Consequently,  i f  one f i n d s ,  on t h e  b a s i s  of Eq. (B31), t h a t  

Note a l s o  t h a t  t h e  6 i ' s  are q u a n t i t i e s  

B 

Thus 

and D I 
a 02 H20,H 

B 
a 

a hydrogen e f f e c t  i n  t h e  a l p h a  o r  b e t a  is s t r o n g l y  DalOz + DaIH20,H' 
sugges t ed .  

p rov ides  compelling ev idence  t h a t  no S i g n i f i c a n t  hydrogen e f f e c t  exists.  

On t h e  c o n t r a r y ,  t h e  f i n d i n g  t h a t  D I e q u a l s  D I 
0 2  w20,g 

S u b s t i t u t i o n  of  a p p r o p r i a t e  v a l u e s  f o r  t h e  parameters  i n  Eq. (31) 

y i e l d s  t h e  r e s u l t s  shown i n  Table  B6. C l e a r l y ,  w i t h i n  expe r imen ta l  

accuracy  D I - 
of d i s s o l v e d  hydrogen i n  t h e  01 and @ phases  had no s i g n i f i c a n t  e f f e c t  

on t h e  observed  rates of  o x i d a t i o n  o f  o u r  s t a n d a r d  MiniZWOK specimens. 

and w e  conclude as b e f o r e  t h a t  t h e  p re sence  
c1 02 -. D ~ ' H z 0 , H 9  

Table  B6. Comparison of D, C a l c u l a t e d  from Oxida t ion  
Kate Data Obtained i n  Steam and Oxygen 

1253 (2287) 1.99 1.95 2 . 1  

1404 (2559) 8.67 8.86 -2.1 
__ ~ ~ __ _- 

' -Values a) c a l c u l a t e d  from a n a l y t i c a l  e x p r e s s i o n s  f o r  d i f  fu- 
s i o n  c o e f f i c i e n t s  d e r i v e d  from s t a n d a r d  MiniZWOK d a t a  ( s e e  Ref. 1 4 ) .  

(b )Di f f e rence  re la t ive  t o  o x i d a t i o n  i n  steam. 
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The arguments p r e s e n t e d  t h u s  f a r  demonst ra te  that  t h e  d i f f e r e n c e s  

observed i n  o x i d a t i o n  behav io r  of Z i r c a l o y  i n  oxygen and i n  steam are 

c o n s i s t e n t  w i t h  d i f f e r e n c e s  i n  t h e  oxygen f l u x  i n t o  t h e  ox ide  i n , t h e  two 

media and are i n c o n s i s t e n t  w i t h  t h e  e x i s t e n c e  of an a p p r e c i a b l e  hydrogen 

e f f e c t  i n  t h e  a o r  B phases .  One f i n a l  test of t h e  expe r imen ta l  r e s u l t s  

can be  c i t e d  i n  suppor t  of t h i s  conc lus ion .  W e  a g a i n  sugges t  RII oxida- 

t i o n  model ( t h a t  w i l l .  b e  shown t o  be i n c o r r e c t )  t h a t  i s  no t  i n c o n s i s t e n t  

w i t h  t h e  i n t e r f a c e  v e l o c i t y  e q u a t i o n s  [Eqs (BI.0) and (B14)] , and we 

r e q u i r e  t h e  fo l lowing  assumptions: 

and 

This  model cannot be  c o r r e c t ,  however, because ,  as we s h a l l  now demon- 

s t ra te ,  t h e  c o n d i t i o n s  con ta ined  i n  Eqs. (B32)-@34) r e q u i r e  a d e p a r t u r e  

from p a r a b o l i c  growth k i n e t i c s  f o r  b a t h  ox ide  and a l p h a  l a y e r  growth. 

Consider t h e  i n i p l i c a t i o n s  of Eq.  (B32)-@34).  Not on ly  is  %he flux 

i n t o  t h e  ox ide  d i f f e r e n t  i n  steam compared t o  oxygen [Eq. (B32)] ,  b u t  

t h e  hydrogen d i s s o l v e d  i n  t h e  a l p h a  and b e t a  r e g i o n s  i s  a l s o  assumed t o  

reduce  the  oxygen f l u x  i n t o  t h e s e  phases .  W e  suppose now t h a t  t h e  

Z i r c a l o y  is ox id ized  i n  steam under c o n d i t i o n s  where no hydrogen d i s s o l v e s  

i n  t h e  metall ic phases  of t h e  specimen, and we  c o n t r a s t  t h e  r e s u l t i n g  

o x i d a t i o n  behavior  t o  t h a t  e x h i b i t e d  when "hydrogen e f f e c t s "  are p r e s e n t  

i n  bo th  t h e  a and 8. S ince  steam is t h e  o x i d i z i n g  medium i n  bo th  cases, 

we  expec t  no d i f f e r e n c e s  i n  i n t e r f a c i a l  e q u i l i b r i u m  oxygen e o n c e n t r a t i o n s  

o r  m o b i l i t i e s  i n  t h e  ox ide .  By c o n t r a s t ,  t h e  p o s t u l a t e  tha t .  hydrogen 

d i s s o l v e d  i n  t h e  specimen reduces  t h e  f l u x  of oxygen i n  t h e  a and B 
phases  means t h a t  t h e  "hydrogen e f f e c t " ,  by reducing  J a c t u a l l y  

i n c r e a s e s  t h e  v e l o c i t y  of the  oxide-alpha i n t e r f a c e  relative t o  i t s  

v e l o c i t y  i n  steam i.n the absence o f  dissolved hydrogen; t h a t  is 

ass' 

(B3S j 
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r e f e r s  t o  steam o x i d a t i o n  i n  t h e  absence of 11 where t h e  n o t a t i o n  I' 

d i s s o l v e d  hydrogen. I n  o t h e r  words, i f  E q s .  (B32)-(B34) are valid, t h e  

rate of ox ide  growth i n  steam i n  t h e  absence  of d i s s o l v e d  hydrogen is 

less t h a n  t h a t  i n  t h e  c a s e  where hydrogen is  p r e s e n t .  The r e s u l t i n g  

o x i d a t i o n  rate cu rves  are shown s c h e m a t i c a l l y  i n  Fig.  B5. 

A s  a l r e a d y  no ted ,  hydrogen a n a l y s e s  of o x i d i z e d  MiniZWOK specimens 

e x h i b i t e d  c o n s i d e r a b l e  v a r i a b i l i t y ,  b u t  t h e r e  w a s  a g e n e r a l  tend f o r  

hydrogen c o n t e n t  t o  i n c r e a s e  w i t h  o x i d a t i o n  t i m e .  The a n a l y t i c a l  d a t a  

are n o t  good enough t o  e s t a b l i s h  a f u n c t i o n a l  r e l a t i o n s h i p  between 

hydrogen c o n t e n t  and time, b u t  i n  no c a s e  i s  t h e r e  any ev idence  t h a t  t h e  

specimens become s a t u r a t e d  w i t h  hydrogen (cf . ,  Tab le  Bl). There fo re ,  i t  

fo l lows  from t h e  model t h a t  t h e  rate of o x i d e  growth f o r  a specimen 

o x i d i z e d  f o r  a s h o r t  t i m e  should be  less i n f l u e n c e d  by hydrogen t h a n  

would be  t h e  case f o r  a r e l a t i v e l y  long  o x i d a t i o n  t i m e .  The r e s u l t i n g  

rate curve  would t h e n  be  expec ted  t o  have t h e  form d e f i n e d  by t h e  p o i n t s  

A,  B ,  and C i n  Fig. B5;  sho r t - t ime  specimens shou ld  y i e l d  ox ide  t h i c k n e s s e s  

c l o s e  t o  t h o s e  p r e d i c t e d  by Curve 1 (e.g. ,  p o i n t  A ) .  On t h e  o t h e r  hand 

CURVE 2 

TIME 
Fig.  B5. Schematic R e p r e s e n t a t i o n  of H y p o t h e t i c a l  Oxide Growth Rates 

f o r  Z i r c a l o y  Without Disso lved  Hydrogen (Curve 1) and w i t h  Disso lved  Hydro- 
gen (Curve 2 ) .  The dashed l i n e  shows t h e  expec ted  rate curve  assuming a 
"hydrogen e f f e c t "  and g iven  t h e  c o n d i t i o n  t h a t  t h e  hydrogen con ten t  
i n c r e a s e s  w i t h  time. 
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a long-time specimen should  produce a datum such as p o i n t  C n e a r  Curve 2 .  

The n e t  r e s u l t  would be  an o x i d a t i o n  rate curve  t h a t  i s  concave upward. 

I n s p e c t i o n  of t h e  o x i d a t i o n  rate cu rves  ( s e e  F igs .  19-24, pp. 63-65 

i n  t h e  main body of t h e  r e p o r t )  show no such t r e n d .  We estimate t h a t  a 

"hydrogen e f f e c t "  t h a t  l e d  t o  a maximum i n c r e a s e  i n  oxide t h i c k n e s s  of 

10% f o r  long t i m e  samples would produce a v e r y  obvious  upward c u r v a t u r e  

i n  t h e  r a t e  curvc and t h a t  a 5% e f f e c t  should  be  d e t e c t a b l e .  C l e a r l y ,  

t h e  p o s t u l a t e d  "hydrogen e f f e c t s "  e i t h e r  do n o t  e x i s t  o r  are,  a t  worst, 

s m a l l  e 

Another way of s t a t i n g  t h e  above argument i s  t o  n o t e  t h a t  a "hydrogen 

e f f e c t "  t h a t  i n c r e a s e s  w i t h  t i m e  would p e r t u r b  t h e  k i n e t i c s  of  o x i d a t i o n ,  

caus ing  a d e p a r t u r e  from t h e  P a r a b o l i c  R a t e  Law. Thus t h e  d i s c u s s i o n  

above relative t o  t h e  growth rate of  t h e  ox ide  i s  also a p p l i c a b l e  t o  t h e  

growth of t h e  a l p h a  l a y e r .  A s  i n  t h e  case of o x i d e ,  i n s p e c t i o n  of the 

a lpha - l aye r  r a t e  cu rves  shows t h a t  t h e y  are w e l l  r e p r e s e n t e d  by a 

p a r a b o l i c  o x i d a t i o n  model and e x h i b i t  no i n d i c a t i o n  of a hydrogen e f f e c t .  

CONCLUSIONS 

The d i s s o l v e d  hydrogen d e t e c t e d  i n  MiniZWOK specimens w a s  shown t o  

be  an a r t i f a c t  of t h e  expe r imen ta l  p rocedure  used. A v a r i e t y  of tests 

were performed t o  de te rmine  whether t h i s  d i s s o l v e d  hydrogen i n f l u e n c e d  

t h e  measured rates of o x i d a t i o n .  These tests inc luded  

1. The i n t e r n a l  c o n s i s t e n c y  of t h e  d a t a ;  

2. Comparisons w i t h  o t h e r  d a t a  sets (ou r  own and t h o s e  of o t h e r  

i n v e s t i g a t o r s ) ;  

3. Oxidat ion  rate measurements i n  pu re  oxygen. 

I n  no case w a s  any ev idence  o f  a "hydrogen e f f e c t "  found, and w e  concl-ude 

t h a t  w i t h i n  t h e  l i m i t s  of expe r imen ta l  u n c e r t a i n t y  o u r  measured v a l u e s  

of  ox ide  and a l p h a  l a y e r  growth rates w e r e  u n a f f e c t e d  by the p resence  

of  hydrogen i n  Che metal l ic  phases  of t h e  specimens. 
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