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High temperature oxidation of gadolinium and dysprosium 

under controlled oxygen partial pressureso 

David Bruce Basler 

ABSTRACT 

The oxidation of gadolinium and dysprosium was studied 

under controlled oxygen partial pressures in the temperature 

range 727-1327OC. The oxygen partial pressure range was 

to 10 -14" atm. Weight gain as a function of time was 

measured through the use of a thermobalance. 

From the plots of rational scaling rate constant versus 

In PO2 it may be inferred that Gd203 exhibits p-type semicon- 

ductivity at oxygen pressures above 10 - 9 . 4  atm. in the temper- 

ature range 727-1177OC and that Dy2Og exhibits p-type semi- 

conductivity at oxygen pressures above 10 atm.. in the 

temperature range 727-1327°C. 

Utilizing the Wagner parabolic oxidation theory in the 

semiconducting range, self-diffusion coefficients of oxygen 

in Gd203 and Dy203 were found. The results are described by 

the relations 

cm. '/set. 



!.i 

f o r  Gd203 (727-1177OC) , and 
/b 0 

f o r  DyZOj (727-1327OC). 



INTRODUCTION 

The lanthanide series elements are those which encompass 

atomic numbers 57 through 71. These particular elements are 

commonly called the rare earth elements, so appropriately named 

since they are relatively rare and all are metals found in 

nature as constituents of various minerals. Characteristic 0.f. . . 

these . . elements is that in increasing atomic number, electrons. 

are added to the inner, well-shielded 4f shell rather than,the 

outer 5d shell. A result of this is the lanthanide contrac- 

tion; as atomic number increases, size decreases. Yttrium, 

atomic number 39, has a size comparable to the holmium-erbium 

region. For this reason and similarities in electron configur- 

ation, yttrium is included as a rare earth metal. 

Gadolinium and dysprosium, the two metals of interest in 

this study, are members o f  this group of elements.   he^ are 
. . ' .  

atomic number 64 and 66, respectively. Gadolinium has an . . 

. . 
outer election configuration of 4f75d16sZ. , The outer elkctron 

configuration o f  dysprosium is 4fl05d06sZ (1) . These two 

metals are quite similar in properties which can be seen in . . 

Table 1. In the ionic state, gadolinium has an outer electron j . 

configuration of 4f75s2sp6, and dysprosium has 4f95s25p6 (1) . 
The only valence of these metals is +3. 

These metals have many industrial applications, but they 
0 

have a great affinity for oxygen (AGZg8 is approximately -400 

kcal/mole for oxide formation) and, thus, no attainable 



Table 1. Pr.operties. of gadolinium and dysprosium (2) 

Property 

- --- 

.Gado.l inium Dysprosium 

.Molecular weight 

Melting point, OC 

Density, g/cc 

Boiling point, OC 

Specific heat, ~al/mole-~C (2S°C) 
2 Thermal conductivity, cal/cm -sec-OC/cm (28OC) 

6 Thermal expansion, x10 /OC 

Crystal structure 

'Transformation temperature, OC , 

a,, angstroms 

Thermal neutron cross se,ztion, barns/atom 

stable oxidation state 

Young's modulus, x10-l1 dynes/cm2 

Shear modulus,, x10-11 dynes/cm2 . 

Curie temperature, O K 

Resistivity, x106 ohm-cm (2S°C) 

1264 (3) 

HCP = 3.6360 
BCC = 4.06 

46,000+2000 - 
+3 

162.50 

1407 

8.559 

2600 

6.73 

0.024 

8.6 

HCP 

a Hexagonal close packed. 

b~ody centered cubic. 



environment can be r e a l i z e d  i n  which t h e s e  me ta l s  w i l l  no t  o x i -  

d i z e .  The re fo re ,  a  p r a c t i c a l  l i m i t a t i o n  o f  t h e s e  me ta l s  i n  
. . 

u s e  i s  t h a t  t h e  o x i d a t i o n  n o t  exceed an a c c e p t a b l e  r a t e . .  
' '  

. . .  

The on ly  ' ox ida t ion  s t u d i e s  performed t o  d a t e  on t h e s e  . . ' . ' 

meta l s  have been. done i n  e i t h e r  d r y  a i r ,  mois t  a i r ,  o r  pur.e. 

oxygen ( 4 - 2 3 ) .  A s t u d y  done i n  c o n t r o l l e d  oxygen p . a r t i a 1  

p r e s s u r e s  w i l l  r e p r e s e n t  more r e a l i s t i c  s e r v i c e  c o n d i t i o n s  f o r '  ' . . 

t h e s e  m e t a l s .  The d a t a  o b t a i n e d  w i l l  a l l ow  p r e d i c t i o n  of  o x i -  

d a t i o n  d u r i n g  u se .  

The o x i d a t i o n  p roduc t s  a r e  t h e  s e s q u i o x i d e s  o f  gadolinium 

and dysprosium. These ceramic  m a t e r i a l s  l e n d  themselves  t o  u s e  

a s  r e f r a c t o r y  m a t e r i a l s  s i n c e  t h e y  have h igh  m e l t i n g  p o i n t s .  

Also ,  due t o  t h e  h i g h  t he rma l  n e u t r o n  c r o s s  s e c t i o n '  o f  t h e  

m e t a l s ,  t h e  ox ides  have found use  i n  c o n t r o l  r ods  and s h i e l d -  

i n g  m a t e r i a l  i n  n u c l e a r  r e a c t o r s .  Some o f  t h e '  impor t an t  

p r o p e r t i e s  o f  t h e  ox ides  o f  gadol inium and dysprosium a r e  ' 

, 

. . . .. 

given  i n  Table  2 .  

The purpose  of  t h i s  r e s e a r c h  i s  t h e  s t u d y  o f  mass and 

charge  t r a n s p o r t  du r ing  t h e  h igh  t empera tu re  o x i d a t i o n  o f , g a d o -  

l in ium and dysprosium under  c o n t r o l l e d  oxygen p a r t i a l  p r e s -  

s u r e s .  Knowledge o f  o x i d a t i o n  r a t e  c o n s t a n t s  a s , a  f u n c t i o n  o f  

t empera ture  and oxygen p a r t i a l  p r e s s u r e  w i l l  a l l ow  p r e d i c t i o n  

o f  t h e  o x i d a t i o n  r a t e s  o f  t h e s e  me ta l s  o v e r  a  wide range o f  

environments .  Secondly,  d e t e r m i n a t i o n  o f  d i f f u s i o n  c o e f f i -  

c i e n t s  o f  oxygen i n  t h e  ox ides  a s  a  f u n c t i o n  of  t empera ture  



Table  2 .  P r o p e r t i e s  of  Gd203 andDy2O3 ( 2 )  
. .  . . . . . . .  

Proper ty  Gd203 Dy203 

Molecular  weight ( a l l  forms) .362.50 373.0 

Color White White 

Thermal expansion,  X ~ O ' ~ / ~ C  8.2 (100-1000°C) 7 . 7  (20-1300°C) 

C r y s t a l  s t r u c t u r e  

a angstroms 
0 '  

Cubic 
Monoclinic 
Hexagonal a 

Cubic = 10.19 

Cubic 
~ l o n o c l i n i c ~  
Hexagonala 

Cubic = 10.63 

T r a n s i t i o n  tempera ture ,  O C  Cubic t o  monoclinic Cubic t o  monoclinic P 

= 1280 = 1850a 
Monoclinic t o  hexagonal Monoclinic t o  hexagonal 
= 2 1 2 S a  = 2200a 

Mel t ing  p o i n t ,  O C  

Dens i ty ,  g/cc 

a ~ o e x  and Traverse  (24) .  



and oxygen partial pressure can aid in understanding sintering 

behavior and changes in stoichiometry of the oxides. .'Fina'lly, . . .  

. . 
analysis of the oxygen partial pressure dependence o f  the , . ' . . ' . , 

. . . . . . 

ionic and electronic conductivities will aid in explaining the. . .  . 

exact mechanisms by which diffusion and electronic conduction 

can occur in the . oxide. . . 



RARE EARTH METAL OXIDATION 

S t a r t i n g  w i t h  L o r i e r s '  s t u d y  of  cerium and lanthanum o x i -  

d a t i o n  i n  1949 ( 4 ) ,  t h e r e  have been s e v e r a l  s t u d i e s  on t h e  

o x i d a t i o n  c h a r a c t e r i s t i c s  o f  t h e  r a r e  e a r t h  m e t a l s  ( '4-23). 

These s t u d i e s  have been done i n  e i t h e r  d r y  a i r ,  mois t  a i r ,  o r  

pure  oxygen. These o x i d a t i o n  s t u d i e s  have l a b e l e d  t h e  ox ida -  

t i o n  behav io r  accord ing  t o  one o f  t h e  f o u r  d i f f e r e n t  r a t e  laws:  

l i n e a r ,  p a r a b o l i c ,  c u b i c ,  o r  l o g a r i t h m i c .  The r a t e  laws a r e  

of  t h e  form wn = k t  which r e l a t e  weight  o f  ox ide  formed t o  

t ime and k i s  t h e  r a t e  c o n s t a n t .  L inear  i s  when n  = 1, pa ra -  

b o l i c  i s  when n  = 2 ,  and c u b i c  when n  = 3.  The l o g a r i t h m i c  

r a t e  law i s  of t h e  form w = k l o g ( a t + b )  where a  and b  a r e  

c o n s t a n t s .  To d a t e ,  t h e  s t u d y  of  r a r e  e a r t h  meta l  o x i d a t i o n  

a s  a f u n c t i o n  o f  b o t h  oxygen p a r t i a l  p r e s s u r e  and t empera tu re  

has  n o t  been done. 

One .of  t h e  most comprehensive r a r e  e a r t h  me ta l  o x i d a t i o n  

s t u d i e s  was made'by Greene and Hodge ( 5 ) .  The o x i d a t i o n  

behav io r  was determined on a l l  o f  t h e  r a r e  e a r t h s  excep t  p ro-  . . 

methiurn. Yt t r ium was i nc luded  f o r  s t u d y  be'cause o f  i t s . s i m i - ,  
, , 

l a r i t y  t o  t h e  l a n t h a n i d e  e lements .  The o x i d a t i o n  was done i n  

d r y  and mois t  a i r  from 100-800°C. The r e s u l t s  i n d i c a t e d  t h a t  

gadol inium,  dysprosium, samarium, neodymium, and l u t e t i u m  

e x h i b i t e d  p a r a b o l i c  o x i d a t i o n  ove r  t h e  e n t i r e  t empera tu re  

range .  Cerium and te rb ium o x i d i z e d  p a r a l i n e a r l y  ( i n i t i a l l y  

p a r a b o l i c  fo l lowed by l i n e a r  behav io r )  t h e n  f i n a l l y  o x i d i z e d  



catastrophically at 300 and 400°C, respectively, Lanthanum, 

praseodymium, and europium also oxidized parabolically, but 

there were no data available above 400°C for these metals. 

Linear oxidation behavior was shown by holmium, erbium, thuli- 

um, and ,ytterbium. In addition, erbium oxidized catastrophic- 

ally at 700°C. Yttrium showed very complex behavior. It first 

oxidized linearly up to 500°C. At 600°C, it initially oxidized 

linearly, then demonstrated a parabolic rate law. At 700°C, 

yttrium oxidized only in a parabolic manner, and at 800°C it 

followed a cubic law. All oxides formed were the sesquioxides 

except for terbium, cerium, praseodymium, europium, and samar- 

ium which showed additional oxide forms. Moist air increased 

oxidation rates and the oxidation behavior of cerium, praseo- 

dymium, europium, and terbium transformed from parabolic to 

linear kinetics. This transition in kinetics was a result of 

moisture promoting the formation of second oxide phases.. For 

example, in moist air europium tended to form Eu(OH)~ (hydrat- 

e d  EuO*H20) instead of Eu203 and oxidized linearly. ' In dry 
. . 

air Eu20J was formed a n d  europium oxidized parabolically'. . . , .  . 

~ h i l l i ~ s  (6) studied the oxidation behavior of cerium, , . . 
. < .  

praseodymium, neodymium, samarium, gadolinium, terbium, and 

holmium in an atmosphere of 55% relative humidity air in. the 

temperature range 600-1200°C. The. results showed linear oxi.- 

dation behavior and the formation only .of the sesquioxides for . . 

all metals studied. These results did not reveal additional 

oxide forms for cerium, praseodymium, samarium, and terbium 

as did the 'work of Greene and Hodge (5). The oxidation kine- 



tics observed agreed with those of Green and Hodge except for 
I gadolinium and neodymium. 

Lee and Greene (7) examined the oxidation behavior of all 

the rare earths, including yttrium, except promethium'and lute- 

tium. The oxidation was done in dry air at 25, 100, and 200°C, 

in water-saturated air at 40°C, and in air at equilibrium with 

30% hydrogen peroxide at 40°C. 1.t was determined that lantha- 

num and cerium oxidized linearly and that praseodymium oxidized 

parabolically. The kinetics were not elucidated for the other 

metals studied. Lanthanum, cerium, and europium rapidly oxi- 

dized in room temperature air. All the other rare earths were 

not appreciably attacked by dry air at temperatures up to 

200°C. Moisture again increased the oxidation rates. 

Love (8) studied the oxidation of the rare earths, includ- 

'ing yttrium, except promethium, europium, thulium, and lute- 

tium in dry and moist air. The temperature range employed was 

35-600°C. The results were not analyzed to determine oxida- 

tion kinetics,, but several observations were made. First, the 

lighter elements, lanthanum, cerium, praseodyniium, and neo- 

dymium had the most rapid oxidation rates. Samarium exhibited 

a very low rate of oxkdation. At the highest temperatures, 

terbium oxidized much more readily than the other heavy rare 

earths. Overall, yttrium had a very low oxidation rate being 

faster only than samarium. Greene and Hodge (5) interpreted 

the kinetics of Love's study and gave the following summary: 

(a) lanthanum, neodymium, gadolinium, and terbium had para- 

bolic behavior; (b) praseodymium and dysprosium oxidized 

linearly; (c) samarium oxidation was logarithmic; (d) holmium 



and erbium 0xidatio.n was parabolic between 200-400°C and 

linear at 600°C and (e) no interpretation on the kinetics 

of cerium, ytterbium, and yttrium. 

Vorres (9) and -Vorres and Eyring (10) studied the. oxida-. 

tion behavior of lanthanum, cerium, praseodymium,. neodymium, 

gadolinium, ytterbium, and'samarium in'oxygen between room 

.temperature and 1200°C. All oxidized in a.parabolic manner 

except cerium. Cerium oxidation was parabolic up to 187OC 

and linear thereafter. It was generally concluded that oxygen 

diffusion through the oxide layer was the oxidation mechanism 

on all of the metals with the possible exception of samarium. 

Additional oxide forms for cerium and praseodymium were ob- 

served, but such was not the case for samarium and ytterbium'. 

Edmondson -- et al. (11) -examined the oxidation beh.avior .,of 

holmium, dysprosium, neodymium, praseodymium, thulium, yttrium, 

lutetium, and erbium in dry oxygen. Their results did not 

label oxidation behavior according to one of the' rate' laws, . .  

but, generally, the rate-controlling step was the diffusion, of 

oxygen through a protective oxide coating. In later stages of 

reactions, particularly at low temperatures, there were'devia- 

tions from parabolic kinetics. 

Although Grekne and Hodge (5) found parabolic oxidation 

for lanthanum, Loriers (4), Phillips (12) and Pethe et 'al. -- 
(13). found different oxidat ion behavior. Loriers (4) showed 

that,. in dry air, lanthanum oxidized until a constant weight 

increase of 0.45 n g . / ~ e . ~  was obtained after 25 minutes at 



300°C. P h i l l i p s  (12) found l i n e a r  behav io r  between 600 and 

850°C w i t h  a  d i s con t inuous  jump t o  a  c o n s t a n t  v a l u e  o f . 3 2  .+  . - 
2 1 . 0  mg./cm. . This  jump occu r r ed  a t . d i f f e r e n t  t imes  w i t h  

each tempera ture  a s  it was a  f u n c t i o n  of  t h e  t empera tu re .  In  . . .  

b o t h  c a s e s ,  once t h e  cons. tant  weight  g a i n  was o b t a i n e d  no 

f u r t h e r  weight  g a i n  was observed.  This  behav io r  was n o t  ob- 

s e rved  by Pe the  -- e t  a l .  ( 13 ) .  T h e i r  r e s u l t s  i n d i c a t e d  c u b i c  ' . 

o x i d a t i o n  behav io r  f o r  lanthanum i n  t h e  t empera tu re  range  500- 

700°C and a t  an oxygen p r e s s u r e  o f  100 t o r r .  The t ime  of  

o x i d a t i o n  was much l o n g e r  i n  t h i s  s t u d y  t h a n  t h e  p rev ious  two 

. . and a  c o n s t a n t  weight  g a i n  was n o t  observed .  

The o x i d a t i o n  of  c e r i u m ,  s p e c i f i c a l l y ,  was. s t u d i e d  by ' ' 

L o r i e r s  ' (4 ,14)  i n  d r y  a i r  and C u b i c c i o t t i  (15) i n  oxygen. 

Cerium ox id i zed  p a r a b o l i c a l l y  a t  t empera tu re s  below 12S°C'. . 

Between 125 and 200°C, i t  i n i t i a l l y  had p a r a b o l i c  behav io r  

fo l lowed by l i n e a r  o x i d a t i o n .  A t  t empera tu re s  above 2.00°C, 

cer ium o x i d i z e d  i n  a  l i n e a r  manner. 

Glushkova e t  a l .  (16) s t u d i e d  t h e  o x i d a t i o n  behav io r  o f  -- 

neodymium i n  d r y  oxygen and a i r .  I t  was found t h a t  a t  tempera- 

t u r e s  below 250°C t h e  behav io r  was l i n e a r ,  b u t  above t h i s  tem- 

p e r a t u r e  neodymium showed p a r a b o l i c  b e h a v i o r .  The assessmen.t 

o f  t h e  o x i d a t i o n  mechanism i s  somewhat compl ica ted  by t h e  

fo rmat ion  of  b o t h  t h e  c u b i c  (C) and hexagonal  (A) forms - o f  
. . 

Nd203. In  a i r ,  t h e  C form was produced s t a r t i n g  a t  room tem- 

p e r a t u r e .  A t  'about 350°C, t h e  A form b e g a n . t o  appea r .  In d r y  

oxygen, however, t h e  o x i d a t i o n  was f i r s t  e v i d e n t  a t  250°C w i t h  



t h e  fo rmat ion  o f  A t y p e  Nd203 and t h e  r a t e  o f  o x i d a t i o n  was 

l e s s  t han  t h a t  i n  d r y  a i r .  The f o l l o w i n g  two mechanisms o f .  

o x i d a t i o n  were g iven  a s  most p r o b a b l e :  ( a )  m i g r a t i o n  o f  an ions  
. . . . . . 

v i a  a n i o n i c  v a c a n c i e s  and (b) m ig ra t i on '  o f  c a t i o n s  v i a .  c a t i o n i c  
. . 

v a c a n c i e s .  When t h e  cub i c  form o f  Nd203 was formed, mechanism 

( a )  was cons ide red  most l i k e l y .  An e x p l a n a t i o n  was n o t  g iven  

f o r  t h e  fo rma t ion  o f  t h e  A-type ox ide .  

A s  p r e v i o u s l y  d e s c r i b e d ,  Greene and Hodge ( 5 )  found t h e  ,' 

o x i d a t i o n  b e h a v i o r  o f  y t t r i u m  .to be  q u i t e  complex. .Borchard.t  , ' . 

(17) p rov ided  a  more d e t a i l e d  s t u d y . o f  y t t r i u m  o x i d a t i o n .  . . 

Thi s  s t u d y  i nvo lved  a i r  o x i d a t i o n  a t  900 and 1400°C. I t  was 

found t h a t  oxygen i s  q u i t e  s o l u b l e  i n  y t t r i u m .  I t  was p r o -  

posed t h a t  o x i d a t i o n  of  y t t r i u m  has  i n i t i a l l y  two competing 

r e a c t i o n s :  ( a )  t h e  d i s s o l u t i o n  r e a c t i o n  t h e  r a t e  o f  which i s  

d e t e r m i n e d b y  t h e  d i f f u s i o n  o f  oxygen th rough .  t h e  me ta l  and 

(b)  t h e  s c a l e  fo rma t ion  r e a c t i o n .  I n i t i a l l y  ( a )  i s  t h e  most , '. 

r a p i d .  A s  s a t u r a t i o n  i s  approached,  (b)  becomes predominant  

and p a r a b o l i c  behav io r  i s  observed .  Greene and Hodge (5)  

g e n e r a l l y  suppo r t ed  t h e  Borchardt  mechanism. However, i t  was 

f e l t  t h a t  t h e  a c t u a l  mechanism may be  more complex s i n c e  Y203 

'was observed t o  undergo a  change i n  t h e  o x i d e  m i c r o s t r u c t u r e '  

between 500 and 600°C. Hae f l i ng  e t  , a l .  (18) measured y t t r i u m  . -- 
o x i d a t i o n  i n  a i r  between 500 and 1400°C. A t  t empe ra tu r e s  up 

t o  87S°C, t h e r e  was d e v i a t i o n  from p a r a b o l i c  o x i d a t i o n  behav- 

i o r  i n  t h e  e a r l y  s t a g e s .  A f t e r  the,  f i r s t  few h o u r s ,  there was 



no additional weight gain indicating .that a protective oxide 

layer had formed. At 'temperatures above 900°C, the oxidation 

was very rapid resulting In complete oxidation of the metal. 

Carlson -- et al. (19) studied yttrium oxidation in air between 

450 and 925°C. The oxidation behavior was quite complex and 

was catastrophic at 925OC. 

DtSouza -- et al. (20) studied the oxidation of gadolinium 

in the temperature range of 500-700°C and at an oxygen pres- 

sure of 100 torr. Mixed linear and parabolic behavior was 

observed. This study, done in a pure oxygen atmosphere, 'found 

parabolic oxidation behavior at 500 and 550°C. At 600, 650, 

and 700°C the oxidation was initially linear then parabolic. 

DtSouza . -- et al. concluded that the oxidation of gadolinium 

involved diffusion of oxygen ions by means of anion vacancies 
. . 

in the oxide layer. 

Dysprosium oxidation was studied from 500-800°C at an' 

oxygen pressure of 100 torr by Pethe et al. (21). It was -- 
found that dysprosium oxidized according to the parabolic law . . 

over the entire temperature range. The oxidatibn proceeded by 

diffusion of oxygen via anion vacancies in the oxide layer. 

In summary, past oxidation studies of the rare earth 

metals, including yttrium, generally describe the oxidation 

behavior of gadolinium, dysprosium, samarium, neodymium, 

lutetium, and perhaps yttrium to exhibit high temperature 

parabolic oxidation. It is this author's belief that yttrium 

probably oxidizes in a complex manner and possibly will 



.. . 

o x i d i z e  c a t a s t r o p h i c a l l y  a s  900-1000°C i s  approached.  The 
. . 

remaining r a r e ' e a r t h  me ta l s  o x i d i z e  l i n e a r l y  o r  e x h i b i t  com- 

p l e x  behav io r  due t o  m u l t i p l e  o x i d a t i o n  s t a t e s .  

. . 
. . . . . . 

. . 



THEORY 

General Parabolic Theory 

. . 

In addition to' Wagner's treatise on the theory of para- . . 

bolic oxidation (25) (see 'next sect'ion) , there have been sever- 

al pioneering developments, review articles, and books on metal : . . ' 

oxidation 'thegry wh.ich should be mentioned (26-34). The 

Pilling-Bedworth rule (26) offers a means of mathematically ' , 

determining which type of rate law, parabolic or linear', any 

metal should follow during oxidation. This is done by cornpar.- 

ing the volume of one mole of oxide to the volume of metal 

required to one mole of oxide. If the ratio is greater, 

than one, the oxide formed is compact and continuous (i. e. , . ' 

parabolic oxidation). If the ratio is less thanone, a porous 

oxide coating is formed and linear oxidation is the rule. The 

Pilling-Bedworth ratio is 

where 

W = molecular weight of oxide 

w ='formula weight of metal (in'this study, twice the 
atomic weight of the metal is used since the rare 
earth oxide formed is of the type M203) 

Pox ' =  density of oxide 

= density of metal Pm 

For gadolinium, the ratio is 1.227. The ratio is 1.258 for 

dysprosium. Therefore, according to the Pilling-Bedworth rule 



t hese  metals  should oxid ize  p a r a b o l i c a l l y .  I t  should be noted 

t h a t ,  al though t h i s  is  a  v a l i d  t e s t ,  it is  not  t h e  only  f a c t o r  

determining t h e  type of oxida t ion .  

Hoar and P r i c e  (27) der ived an e lec t rochemical  i n t e r p r e - .  . 

t a t i o n  of Wagner's pa rabo l i c  ox ida t ion  theory .  A compact oxide 

on t h e  su r face  of a metal  can be regarded as  a  current-produc-  

ing c e l l  with t h e  metal loxide i n t e r f a c e  a s  t h e  anode and t h e  

a t t a c k i n g  gas/oxide i n t e r f a c e  a s  t h e  cathode. For t h e  case of  

t h e  oxide l a y e r  having cons tan t  s p e c i f i c  conduc t iv i ty  a c r o s s  

the  th ickness  
E.o.(.t.l.+~ 2.) t kA 

drl = 3' 
aT (2) 

F6 

where 

d' = r a t e  of f i lm growth (equiva lents  of  oxide /sec . )  dt 
Eo = EMF ac ross  t h e  oxide l a y e r  ( v o l t s )  

t t t ' = mean t r ans fe rence  numbers of c a t i o n ,  .anion, and 
' ' ' 3  e l e c t r o n s  r e s p e c t i v e l y  

k = measured s p e c i f i c  conduc t iv i ty  (ohm-cm.1-l 

2 A = a rea  of oxide l a y e r  (cm.) 

F  = Faraday 's  cons tant  (coulomb/equivalent) 

6 = s c a l e  th ickness  (cm.) 

Separat ing v a r i a b l e s ,  s e t t i n g  6 = Wn/Ap, and i n t e g r a t i n g  Eg. 2 

wlie r e  
t = time (sec . )  

Pox = d e n s i t y  o f  oxide (gm./cc.) 



W = gram-equivalent weight of oxide (gm. /equivalent) 

When the conductiv3ty of the film varEes with the partial 

pressure of the attacking gas 

where 1.1 a 
kl = specific conductivity in k = klPx 

a = negative constant when the oxide is n-type semicon- 
ductor and positive constant when the oxide is 
p-type semiconductor 

R = universal gas constant 

T = temperature (OK) 

z = valence of oxygen 

= gas partial pressure at gas/oxide interface 

pi 
= gas partial pressure at metal/oxide interface 

' 2  (equilibrium dissociation pressure of M203) 

Equation 4 was not integrated, but to do so would yield the 

familiar parabolic equation. 

Miley (28) and Hamilton and' Miley (29), using an electro- 

chemical interpretation, dertved the linear, parabolic, and 

logarithmic rate laws. Since this study is only concerned 

with parabolic oxidation, the linear and logarithmic laws of 

Miley will not be presented. The parabolic law is 

where 

d&/dt = rate of film thickness growth 

Eo = EMF across the oxide 



t t t =I transference numbers. 'of cation, anion, and 
2 '  electrons ~espectively 

k = measured specific conductivity of oxide 

W = gram-equivalent weight of the oxide' 

Pox = density of the oxide 

F = Faraday's constant 

' 6 = film thickness 

Separating variables and integrating Eq. 5 gives the familiar 

parabolic equation 

where 
C = integration. constant 

There has. been much published on the theory of metal oxi- 

dation. . Grimley (30) and Seybolt (31) have, perhaps, provided 

the better review articles on the theory of metal oxidation. 

The theory of the rate laws is presented along with examples 

of past studies on several different metals. Kofstad (32), 

. Hauffe (33), and Kubaschewski and Hopkins (34) have summarized 

the tremendous volume of literature on metal oxidation theory 

and oxidation studies in book form.   he important facts on 

theory are presented along with the most significant findings 

on various metal oxidation studies. 

Wagner Parabolic oxidation Theory 

In 1933, Wagner ( 2 5 )  formulated a theory of parabolic oxi- 

dation of metals. This type of oxidation is expected to occur 

when there is the formaZion of a thick, coherent, and protec- 
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. . . . .  

t i v e  oxide  s c a l e .  I n  t h i s  t h e o r y ,  i t  i s  assumed t h a t  t h e  r a t e -  

de te rmin ing  p r o c e s s  i s  e i t h e r  volume d i f f u s i o n  of  t h e  r e a c t i n g  

i o n s  o r  t r a n s p o r t  o f  e l e c t r o n s  a c r o s s  t h e  growing s c a l e .  A s  

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

phase  boundar ies  a r e  cons ide red  t o  be  r a p i d ,  a n d ' t h e r m o d ~ n a m i c  
. . ' 

e q u i l i b r i u m  i s  e s t a b l i s h e d  between t h e  ox ide  and t h e  atmos- 

phere  a t  t h e  oxide/a tmosphere  i n t e r f a c e  and between t h e  meta l  

and t h e  ox ide  a t ' t h e  me ta l / ox ide  i n t e r f a c e .  A s  a  r e s u l t ,  con- 

c e n t r a t i o n  g r a d i e n t s  a r e  e s t a b l i s h e d  w i t h i n  t h e  ox ide .  . . 

The d r i v i n g  f o r c e  o f  t h e  o x i d a t i o n  r e a c t i o n  i s  t h e  f r e e  . . 

energy change a s s o c i a t e d  w i t h  t h e  fo rma t ion  o f  t h e  ox ide .  In 

o t h e r  words,  t h e  p a r a b o l i c  o x i d a t i o n  o f  a  p u r e  me ta l  i s  an  

e l e c t r o c h e m i c a l  p r o c e s s  i n  which t h e r e  i s  movement o f  i o n i c  

s p e c i e s  th rough  t h e  s c a l e  t o  a  r e a c t i o n  i n t e r f a c e  accompanied . , 

. . 

by s imul taneous  movement o f  e l e c t r o n i c  d e f e c t s  t o  p res .e rve  

charge n e u t r a l i t y . ,  The t r e a t m e n t  o f  Wagner's a n a l y s i s  which 

fo l l ows  i s  extended t o  a l l ow  p a r t i t i o n  i n t o  i o n i c a n d  e l e c -  . . 

t r o n i c  c o n t r i b u t i o n s .  Th is  ha s  been v e r i f i e d  by Hauffe ( 3 5 )  

and Heyne ( 3 6 ) .  . . .  

In  t h e  growing ox ide  s c a l e  t h e r e  a r e  a 'number-  o f  t y p e s  o f  

moving p a r t i c l e s .  These p a r t i c l e s  a r e  ' e l e c t r o n s  ( o r  h o l e s )  ,' 

oxygen i o n s ,  and meta l  i ons .  The e l e c t r o n s  and meta l  i o n s  . . 

move from t h e  meta l  s u r f a c e  toward t h e  oxide/a tmosphere  i n t e r -  

f a c e .  Oxygen i o n s  (and h o l e s ,  i f  a p p l i c a b l e )  move from t h e  

oxide/oxygen i n t e r f a c e  toward t h e  me ta l / ox ide  i n t e r f a c e , .  The 

l o c a l  f l u x  o f  'any s p e c i f i c  k ind  of  p a r t i c l e  can be  exp re s sed  as  
' I  



Ji = C-v 
1 i 

where 
2 

J; = local flux of species i (equivalents/cm.-sec.) 
I 

3 
c i = local concentration of species i' (equivalen.t.s/cm..) . . 

v = local velocity. of species i (cm./sec.) i 

Also 

where . . 

bi = mobility of species i (cm?-particle/joule-sec.) 
. ,  . 

Fn = individual virtual driving forces acting on a .. 

particle (Newton/part. ) 

Substitution of Eq. 8 into Eq. 7 leads to 

For the oxidation process, it can be assumed that gradients in 
. . 

chemical potential (pi) and electrical potential (4) are the' 

only important virtual driving forces. These two potentials 

can be combined into a single electrochemical potential (ni) . . 

given by 

where 

N = Avogadrots number . . 

zi = valence of species i (including sign) 

e = electronic charge . . ,  

Thus, the total virtual driving force on the species can be 

taken as .the negative of the gradient of the electrochemical 

potential in the .x direction. 



S u b s t i t u t i n g  Eq .  11 i n t o  Eq. 9 and d i v i d i n g  by N t o  p u t  po ten-  
. . 

t i a l s  on a  p e r  p a r t i c l e  b a s i s  

where 

J. - - chemical  p o t e n t i a l  g r a d i e n t  o f  s p e c i e s  ,i ( j o u l e s /  . . 

. d x  mole-cm.) 

dg = e l e c t r i c a l  p o t e n t i a l  g r a d i e n t  (vol ts / 'cm.)  ?IF. 

The e l e c t r i c a l  p o t e n t i a l  g r a d i e n t  (d4/dx) i s  n o t  an e x t e r n a l ' l y  . . 

imposed g r a d i e n t  a s  i s  dvi/dx.  I n s t e a d ,  i t  would deve lop  i n -  , .  

t e r n a l l y  i f  t h e  charged p a r t i c l e  f l u x e s  d i d  n o t  e*ac t ly  cancel ,  

a t  eve ry  p o i n t  i n  t h e  ox ide  s c a l e .  For gado l in ium 'and  dyspro-  

sium t h e  s e squ iox ides  a r e  t h e  o x i d a t i o n  p r o d u c t , , t h e r e f o r e  
. . 

z1 = +3 ( c a t i o n ) ,  z 2  = - 2  ( a n i o n ) ,  and 1z3 1 = 1 ( e l e c t r o n s  o r  

h o l e s ) .  Mob i l i t y  i s  d e f i n e d  a s  

a t ,  

where 

a  = c o n d u c t i v i t y  (l/ohm-cm.) 

ti  = t r a n s f e r e n c e  number o f  s p e c i e s  i 

F = F a r a d a y t s  c o n s t a n t  ( 9 6 , 5 0 0  cou lombs /equiva len t )  

S u b s t i t u t i o n  o f  Eq. 1 3  i n t o  Eq. 1 2  





Using the above reactions as applied to free energy changes 
. . 

(conditions of equilibrium) 

where 

"m = chemical potential of metal atoms 

ux = .che,mical ,potential of oxygen atoms . . 

One form of the Gibbs-Duhem relationship i s  ~ ~ d b ~  + N dux = 0. 
X 

Assuming that virtual stoichiometry is maintained in the ,oxide, 

Nm/Nx = 1z2 I /  lzl 1 .  Using the virtual stoichiometric assump- 

tion, the Gibbs-Duhem relationship and Eqs. 20 and. 21 in ' .  

Eqs. 15, 16, and 17 gives 
. . 

- tlt3a 
J1 - FNe 

- +t )t a (t3 2 3 1 d"m 
J3 - FNe [ -  = I . , ,  

The total ionic charge flux is J12 = J1 + J2 = 1J3 1 .  Then, 

Integrating Eq. 26 over the scale thickness yields 







Berard -- et al. (37) have shown that oxygen is the more mobile 

ionic species in the rare earth oxides. Equatioon 31 with 

D2 > >  Di becomes . . 

* 
' ' (32) ' ' DZc2 d in Po 

2 
where' 

. . * c2 = concentration of oxygen in oxide (ion~/cm.~) 
- 

When the oxide is an ionic conductor (tionic = l), the . - 

movement of the electronic species is rate-controlling and 

Eq. 29 becomes 

Wagner's theory presents a relationship between the para- 

bolic rate constant ' and the rational scaling rat.e constant. . .  

The rate of increase in.thickness of the.oxide coating is 
. . inversely proportional to thickness. The proportionality con- 

stant is the parabolic rate constant. 

d6 - > 
dt- 

where 
K = parabolic rate constant 
P 

Solving Eq. 34 

s - - 
t - 2K 

P 
At any specific time 

where 



A = area of sample (cm.') 

V = volume of oxide coating (cm. 3, 

3 . . v = equivalent volume of oxide (cm. ) 

M = equivalent weight of oxide (gm.) 

3 p = density of oxide (gm./cm. ) 

n = number of equivalents in oxide scale of thickness 6 

Differentiating Eq. 38 with respect to time gives 

d n - A  db a t - v  at. . . 

2 Flux, J12, is defined as equivalents/cm.-sec. which is 

(dn/dt)/A and (from Eq. 27) it is equal to K r / 6  Substituting 

this relations.hip into Eq. 34 gives 
. . 

In this study, weight ,gain is measured as a function of 

time. Wagner has related this measurement to K, in the follow- 

ing way: At any given time 

where 

AW = weight gain of the original sample (mg.) 

Wa = atomic weight of oxygen 

Substituting Eg. 38 into Eq. 41 and solving for 6 yields 
j 



. . AWvz 
(4 2 ) 6 = -  

a  

Using Eq. 4 2  i n  35  g ives  

2 Defining t h e  experimental  q u a n t i t y  KS z l/t(bW/A) and so lv ing  

Eq. 4 3  gives  

Combining Eq. 4 0  and E q .  4 4  y i e l d s  

. . 

Thus, weight ga in  a s  a  func t ion  o f  t i n e  can b e i e l a t e d  t o  ' ' 

. . ... . .. 

t h e .  r a t i o n a l  s c a l i n g  r a t e  cons tan t .  Wagner ls pa rabo l i c  oxida- 

t i o n  theory  provides a  means of  us ing  t h e  r a t i o n a l  s c a l i n g  r a t e  

cons tan t s  s o  obta ined  t o  c a l c u l a t e  oxygen d i f f u s i o n  c o e f f i -  

c i e n t s  when t h e  oxide behaves a s  a  semiconductor and t o  ob ta in  

e l e c t r o n i c  conduct iv i ty ,  information when t h e  oxide i s  beha.ving . . 
. 

. . 
a s  an ionic .  conductor.  



EXPERIMENTAL PROCEWRE 

Metal Selection 

The discussion on.previous rare earth metal oxidation 

studies has shown that gadolinium, dysprosium, neodymium, 

samarium, lutetium, and, perhaps, yttrium exhibit parabolic 

oxidation behavior. Only two of these metals, gadolinium and 

dysprosium, were chosen for analysis in this study. Since 

this study has engineering value and all of, these metals are 

in use, it should be noted why these two particular metals 

were selected. 

Samarium was not a suitable metal to study since it forms 

a multilayer oxide scale (5). Both oxidation states of +2 and 

+3 are stable forms for samarium (2), and:. Wagner 's oxidation 

theory assumes the same oxide layer throughout. 

Another factor to consider in determining which metals to 
. . 

. . 
study is the polymorphism of the oxides. 1.t wasdesired to , , 

. .  . , . 
. . . . 

avoid polymorphic transformations in the experimental range. 
. .  . ' 

This behavior in rare earth oxides has been: extensively 'studied 

(24,38-44). From Table 2, gadolinium oxide has both cubic -.and 
. . . . .  . . . . . . 

monoclinic fprms. ' Foex and ~raverse (24) have shownthis. 

transformation to' be near 1300°C and irreversible. Roth and 

Schneider (38) and Warshaw and Roy (39) also found the cubic 

to monoclinic.transfor~ion to be near this temperature. 

Since the melting point of gadolinium is 1312OC, the highest 

temperature for experimentation on gadoainium will be somewhat 



below the oxide transformation temperature. ~ ~ s ~ r o s i u m '  oxide 

transforms from cubic to monoclinic near 1850°C '(24)' which is . . 

well above the experimental temperature range. Neodymium 
> 

oxide has an irreversible transformation from cubic to hexago- 
. . 

nal about 600°C (24,38,39>. Others (16,40,41) have reported 

this transformation to take place between 800 and llOO°C. Due . . 

to the possibility of this irreversible, reconstructive trans- 

formation being in the experimental temperature range neo- 

dymium was not chosen for this study. 

Yttrium, although it has been shown by some investigators 

to exhibit parabolic oxidation (17), was not .selected :for 

study. Greene and Hodge (5) showed quite complex oxidation 

behavior for yttrium and Haefling et al. (18) and Car1s.0~ et . . -- -. 

a1 . (19) reported that yttrium oxidizes catastrophically - 
around 900°C. Since yttrium has not clearly been shown to 

. . 
oxidize parabolically, it was not studied. 

~utetium, dye to its high cost, has not been, in practical . . ,  
. . . . 

.*. use and so was notchosen for this study. 

Materials 

. . The main experimental procedure involved the controlled 

oxidation of small metal specimens under fixed conditions of 

temperature and oxygen partial pressure. . The metals used, 

gadolinium and dysprosium, were obtained from the Ames Labora- 

tory in distilled, arc melted button form. They were submitted 

to the metal fabrication shop for rolling to 10 mil thickness . , 
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and annealing. Analysis of the metals as received is shown 

in Table 3. Hydrogen, oxygen, and nitrogen were measured by 

vacuum fusion techniques, Carbon was measured by combustion- 

chromatographic techniques, fluorine by the distillation and 

the determination of fluosillcic acid, and iron by solution- 

spectrophotometric techniques. The rare earth and other impur- 

ities in dysprosium were found by emission spectroscopy and 

wet methods, as spark source mass spectrometry was n.ot avail- 

able. All analyses for rare earth and other impurities in the 

gadolinium were made by spark source mass spectrometry. 

The 10 mil metal sheets were cut into rectangles, 6.35 mm. 

by 3.175 mm. A hole, 12 mil diameter, was drilled in the 

upper center portion of each specimen. Immediately prior to 

oxidation the metal specimens were polished under mineral oil 

using 600 grit silicon carbide paper, cleaned In trichloro- 

eahylene, and rinsed in methyl alcohol. This was done to . 

remove any grease or other dirt from handling plus any oxide 

coating.that may have been present on the metal surface. 

A Cahn RG Electrobalance was used to measure weight gain 

of the specimens during oxidation. This balance allows for 

the continuous measurement of weight change in milligrams. 

This weight gain was input to one channel of a dual-channel 

chart recorder (Honeywell, Electronik 194). The second channel 

gave a continuous recording of the temperature. 



Table 3... . Ana1y.s.e.s. .o.f: me.t.a.1.s .in. ppm.. by. weight 

Element Dysprosium Gadolinium 

H '  N . D .  a 1.2 

- b N . M .  

N . M .  
N . M .  

N . M .  
N . M .  

N . M .  

< 2 0 0  - 

c50  - 
N . M .  

Yb N.M. - c11 
Lu N . M .  2 . 2  

Others 

b ~ o t  measured, as spark source mass spectrometry not 
available. 



The specimens were suspended from t h e  bal .ance by a  10 

i nch  s a p p h i r e  rod  and a  2 i n c h  q u a r t z  r o d ,  each  w i t h  a  10 m i l  

d i a m e t e r ,  hooked t o g e t h e r .  F i g u r e  1 shows t h e  ba l ance  and 

f u r n a c e  ar rangement .  These r o d s  were r i g i d  and would n o t  r e -  

a c t  under  t h e  o x i d i z i n g  c o n d i t i o n s .  The fu rnace  was o f  mo1,yb- 

denum-wound alumina muf f l e  c o n s t r u c t i o n .  The c a s i n g  was wa te r -  

coo led  s t e e l .  I n  t h e  space  between t h e  ca ,s ing and t h e  muff le  

t u b e ,  hel ium was c i r c u l a t e d  t o  p r e v e n t  t h e  molybdenum ,from 
. . 

o x i d i z i n g . '  

Temperature was measured by t h e  u s e  o f  a . P t - P t . , l O %  Rh 
. . 

thermocouple.  Through c a r e f u l  measurement, t h e  thermocouple .  

was s o  p l a c e d  i n  t h e  f u r n a c e  (from t h e  bottom) t o , b e  i n  t h e  . . . 

h o t  zone v i r t u a l l y  n e x t  t o  t h e  suspended s p e c i m e n .  Temper- : 

a t u r e  s t a b i l . i t y  . d u r i n g  a  run  w a s  m a i n t a i n e d '  by keep ing  ' t h e  . . 

f u r n a c e  v o l t a g e  and c u r r e n t  c o n s t a n t .  F igu re  2 shows t h e  

equipment ar rangement .  
. .  . 

T O  o b t a i n  t h e  d e s i r e d  oxygen p a r t i a l  p r e s s u r e ,  m i x t u r e s  

o f  Ar-02,  C02-CO, and s p e c i a l l y  o rde red  m i x t u r e s  o f  t h e s e  ga se s  

were u sed .  The s p e c i a l  m i x t u r e s  were 1 ,000 ppm. 02 -ba l ance  A r ,  

and 100 ppm. CO-balance COY These m i x t u r e s  were n e c e s s a r y  i n  

o r d e r  t o  o b t a i n  t h e  e n t i r e  Po2 range  a t  most t e m p e r a t u r e s .  

Through t h e  u s e  o f  a  c a r t e s i a n  d i v e r ,  t h e  t o t a l  f u r n a c e  p r e s -  

s u r e  was main ta ined  a t  0 .5  a tmospheres .  

Using Ar-O2;the Po2 i s  de te rmined  by 
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Figure 1 .  Furnace, balance,  and specimen arrangement 







g l a s s  beads was used t o  insure  complete mixing. A diagram of 

the  gas t r a i n  i s  contained i n  F f g u ~ e  3.. 

The flow r a t e s  of t h e  i n d i v i d u a l  gases  were r egu la ted  by 
. . 

, .  . two rotameter- type flowmeters (Matheson Gas Produc.ts ,, Model . N o . .  

610).  An a d d i t i o n a l  flovhneter was used t o  r e g u l a t e  t h e  flow : 

r a t e  of t h e  mixed gases  i n t o  t h e  furnace.  These flowmeters had 

c a l i b r a t i o n  curves ,  suppl ied  by t h e  manufacturer,  f o r  t h e  gases  : 
. . 

. . 

t h a t  were used. However, a check was made of t h e . c a l i b r a t i o n  
. . 

using a method as  explained by Levy ( 4 6 ) .  This method involves 

measuring t h e  time f o r  a soap bubble being pushed by t h e  flow- 

ing gas t o  sweep out a c a l i b r a t e d  volume ' (graduated cyl inder . ) . ,  . . 

The check performed found t h e  c a l i b r a t i o n  curves t o  be accura te .  

Procedure 

Immediately a f t e r  t h e  specimens were pol i shed  and c leaned,  

they  were a t tached t o  t h e  quar t z  f i b e r .  The q u a = t z  f i b e r  was 

then hooked t o  t h e  long sapphi re  rod a l r eady  suspended 'from 

t h e  l e f t  s i d e  of t h e  balance beam (see  Figure 1):. The weight ' . 

of t h e  two rods and t h e  specimen were then t a r e d  ou t  and t h e '  

balance was turned on. The furnace was then r a i s e d  up over t h e  

sample t o  j o i n  with t h e  balance enclosure .  The vacuum pump was. 

turned on t o  s e a l  t h e  furnace t o  t h e  balance enclosure  and t o  

remove t h e  atmosphere p resen t  i n  t h e  system. The gases  were 

turned on, flow r a t e  e s t a b l i s h e d ,  and then  allowed t o  flow f o r  

f i f t e e n  t o  f o r t y - f i v e  minutes p r i o r  t o  hea t ing  of  t h e  furnace .  

This time was allowed t o  insure  t h e  d e s i r e d  atmosphere was 
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established throughout the system. The time varied according 

to desired oxygen partial pressure wfth.'the,longest times . . 

needed for the lowest oxygen partial pressures. . . 

-0.3 The oxygen partial pressure range in this study was 10 

to lo-14 '. at,. Whenever possible the oxygen partial pressure . ' . ' , . ,  
. , 

was varied at10" atm. intervals, but due to flow rate limita- 

tions and thermodynamic considerations this was. not always , 

possible'at.the .lower temperatures. 

Once the desired oxygen partial pressure wa; established, 

the furnace was heated to temperature. This would take. from 
I . .  

six to twelve kinutes depending on how.high a tempiraturti was. , . , 

. . 

was desired. Once temperature was reached, weight gain'meas- 

urements comrn6nced.. The temperature was, maintained. at ' - + S  "C of. 

the desired experimental temperature'. The temperaturet range 

investigated was 727-1327O~, at 1 5 0 ~ ~  intervals.,'. . . 

After oxidation was completed, the gas flow,was stopped 

'and the furnace gradually cooled (ten to sixteen~minutes). 
. . 

During cooling, the furnace was kept in place about the. speci- 

men to preserve the oxide coating. It was felt that immediate 

exposure to the air would be too much of a thermal shock caus- 

ing the oxide to crack and drop off the quartz 'rod. 'Once the 
I 

furnace was completely cooled, it was lowered and the .oxidized 

specimen was removed from the quartz rod. 
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A semilogarithmic p l o t  of t h e  ~ e l f ~ d i f f u s i o n  c o e f f i c i e n t s  

versus  r e c i p r o c a l  absolu te  temperature y ie lded  a  f i t  o f .  t h e  

d a t a  t o  an Arrhenius equat ion of t h e  type .. 

where 
2 ' 

Do = s e l f - d i f f u s i o n  c o e f f i c i e n t  a t  1 / T  = 0 (cm./sec.) 

Q = a c t i v a t i o n  energy (kca l .  /mole) 

-Q/R - s lopc  of  I n  D vs 1 / T  p l o t  

In t h e  region  where t h e  oxide i s  behaving as  an ion ic .  con- 

ductor  Eq. 33, i f  d i f f e r e n t i a t e d  wi th  r e spec t  t o  i n  P i 2 ,  

y i e l d s  

A p l o t  of K r  versus  i n  P; i s  t h e  l e f t  s i d e  of Eq. 50.  A l l  
2 

va lues  a r e  known and oe was then  c a l c u l a t e d .  

The p a r a b o l i c  r a t e  c o n s t a n t ,  
I'P ' r e l a t e s  r a t e  of inc rease  

1 

i n  th ickness  of t h e  oxide coa t ing  t o  t ime and i s  a  u s e f u l  

p iece  of  engineering d a t a .  These va lues  were obtained from 

t h e  Kr va lues  using Eq. 4 0 .  

Experimental Resu l t s  

The va lues  f o r  K r ,  t h e  r a t i o n a l  s c a l i n g  r a t e  c o n s t a n t ,  

a re  shown i n  Table 4 .  In genera l ,  t h e  va lues  f o r  dysprosium 

were o f  g r e a t e r  magnitude, t h e  g r e a t e s t  being n e a r l y  t e n  t i m e s  

the  magnitude of t h a t  of gadolinium. Figures  4-12 show t h e  



Table 4. Rational scaling rate constants (equivalents/cm.- 
sec . ) 

Temp. :P ' atm.) Gadolinium Dysprosium 
0 2  ( ( "C )  





. . . . 

Figure 5 .  Kr vs. ln .POZ for gadolinium at 877'~. . . 



Figure 6 .  K, vs.  In PO for  gadolinium. a t  1027O.C. 
2 



F i g u r e 7 0  Kr v s .  In P forgadol in ium a6 1177OC. . .  . 

O2 . . 





. . Figure 9 .  K, vs..: ln Po . for dysprosium:at 877OC. 
I .  2 . .  . . 



Figure 1Q.  K r  vs. In Po2 for dysprosium a t  1 0 2 7 O C .  . . 





: Figure 12. Kr vs. I n P g  for dysp, ros iumat  1327OC.. . . . . 

- 2 



Kr versus  i n  Po2 curves f o r  each metal  and temperature.  Macki 
,, 1, 

(47) found, g e n e r a l l y ,  two regions  of  conduc t iv i ty  a s  t h e  oxy- 

gen p a r t i a l  p ressu re  was va r i ed  from 10' t o  10 -20 .atm.. H i s  

s tudy was used a s  a  gu ide l ine  i n  datermining the  s t r a i g h t  l i n e  
, , 

por t ions  on Figures  4 -12 .  

I t  i s  apparent  from Figures  4 -12  and Table 4 t h a t  t h e r e  

i s  some s c a t t e r  and incons i s t ency  i n  the  da ta .  For example, 

t h e  r a t i o n a l  s c a l i n g  r a t e  cons tan t  f o r  dysprosium a t  1027OC a t  

an oxygen p a r t i a l  p ressu re  of 10 - 1 . 3 4 2  is h igher  than t h a t  

a t  an oxygen p a r t i a l  pressure  of 10 - O w 3  atm. I t  was expected 

t h a t  t h e  r a ' t i o n a l  s c a l i n g  r a t e  cons tan t  would decrease  wi th  

decrease i n  oxygen p a r t i a l  p ressu re .  General ly ,  t h i s  was t r u e ,  

bu t  t h e r e  were a  few except ions.  Most- ox ida t ion  runs a t  a l l  

temperatures and oxygen p a r t i a l  p ressu res  were r epea ted ,  some 

even t h r e e  t imes ,  and y e t  the  r e s u l t s  were n e a r l y  t h e  same. A 

reason f o r  t h i s  s c a t t e r  was t h e  d i f f i c u l t y  i n  dec id ing  t h e  

b e s t  s t r a i g h t  l i n e  p o r t i o n  of the  weight ga in  squared versus  

time curves.  Often i n  t h e  d i f f u s i o n - c o n t r o l l e d  zone t h e r e  

were two o r  t h r e e  s t r a i g h t . l i n e  p o r t i o n s ,  each wi th  a  s l i g h t l y  

d i f f e r e n t  s lope .  The dec i s ion  a s  t o  which was the  b e s t  

s t r a i g h t  l i n e  was made by comparing t h e  s tandard  e r r o r  of e s -  

t ima te  of t h e  l e a s t - s q u a r e  f i t s  of t h e  d a t a .  I t  was f e l t  t h a t  

t h e  b e s t  s t r a i g h t  l i n e  was t h a t  which had t h e  lowest value 

(bes t  f i t )  i n  t h e  s tandard  e r r o r  of est imate. ,  Therefore ,  f o r  

each oxygen p a r t i a l  p ressu re  t h e  s l o p e  used was from t h e  b e s t  

f i t  of t h e  d a t a  t o  a  s t r a i g h t  l i n e ,  b u t ,  due t o  t h i s  tech-  

n ique ,  s c a t t e r  and incons is tency mentioned above s t i l l  oc- 



51 . . 

1 

curred. .It is this authorls belief that the results obtained 

are the most accurate'possible employing this technique. 

As stated previously (see analysis technique section), 

when the oxide is behaving as a semiconductor the slope of a 
0 

Kr versus in Po2 curve will allow calculation of the self-dif- 

fusion coefficient of oxygen. Macki (47) s,tudied the electri- . . 

cal.conductivity of Gd203 and Dy203 as a function of oxygen 

partial pressure. He found that Gd203 generally was a p-type 
. . 

somiconductor above 10 -lo at*. in the temperature range 800- 

1400°C. This study revealed that Gd203 was a p-type semi-con- 

ductor above 10 -9*4 atm. in the temperature range 727-1177OC. 

Therefore., the slopes used for calculation of oxygen diffusion 

in Gd203 were those of the right hand portion of the curves in 

.Figures 4-7. 

The p-type semiconducting region in Dy203found by Macki 

is above lom8 atm. between 800 and 1400°C. This study found 

p- type semiconduction above 10 atm. i n  the temperature 

range of 727-1327OC. The slopes used for calculation of 

oxygen diffusion in Dy20g were the right hand portion of the 

curves in Figures 8-10. Figures 11 and 12, for 1'177 and 1327 . .  

"C respectively, indfcaee  apparent semiconduction throughout 

the entire experimental oxygen partial pressure range. 

Conductivity studies were not done to substantiate that 

at high oxygen partial pressures the conduction was p-type' 

semiconduction. Based on the positive slope and break observed 

in the Kr versus in Po2 curves and the study of Macki, it was 

inferred that the oxide scale is p-type semiconducting in 



Gd203 over the oxygen partial pressure range above 16'9.4 atm. 

and above 10 -llo3 atm. in ~ y ~ 0 ~ .  

Figures 13 and '14 present the oxygen diffusion coeffi- 

cients in GdZ03 and Dy203, respectively. As seen on Figure 

13, the results of this study were compared to those of Wirkus -.. 

et al. (48). They measured oxygen diffusion by measuring -- 
weight gain in slightly reduced gadolinium oxide (Gd01.485) in 

a ir .  The nx3d.e wa.s t h e  manncl.3n3.c type B form. The data of 

Wirkus -- et al. fit an Arrhenius equation of the type 

in the temperature range 750-1050°C. The data from this study 

on cubic Gd203 fit an Arrhenius equation of the type 

From the work of Berard -- et al. (37) the cubic (C type) rare 

earth oxides tend to have lower oxygen diffusion coefficients 

than the monoclinic form of gadolinia. The diffusion coeffi- 

cients in this study are lower than those of other oxides 

studied by Berard it al., but they did find some activation -- 
energies as high as the 40,269 cal./mole in this study. 

Oxygen self-diffusion coefficients, in Dy203, as show in 

, Figure 14, were compared to those determined by Berard 'et"a1. -- 
(37). The data from this study fit an Arrhenius equation of . . .() 

the type 



Figure 1 3 .  Oxygen d i f f u s i o n  c o e f f i c i e n t s  i n  GdZO,j. , 



Figure 14. Oxygen diffusion coefficients in Dy203. 



Berard -- et al., by measuring weight gain of a slightly reduced 

oxide, in the temperature range 1087-123S°C fitted their data 

to an Arrhenius equation of the type 

  he oxidation runs on gadolinium at 1027 and 1177OC and 
also for dysprosium at oxygen partial pressures of 10 -9*3 and 

atm. at a temperature of 1177OC were quite anomalous 

in their behavior. Figure 15 shows a representative specimen. 

The dark portion in the center is unoxidized metal. The white, 

grainy area is the oxide scale which is followed by the acryl- 

ic mounting material. These specimens when removed from' the 

furnace had very little of the characteristic white oxide vis- 

ible on the surface. Upon microscopic examin,ation, the white 

oxide,was found present on the interior of the specimen. The 

surface had the appearance of the reduced form of the oxide as 

shown by Berard -- et al. This is seen on Figure 15 as the thin, 

dark area between the white oxide and the acrylic mounting 

material. This anomalous oxidation behavior was exemplified 

in that the total amount of weight gain was significantly 

lower at these higher temperatures than at low temperatures 

for the same amount of time. Also, the time for apparently 

complete oxidation (time to reach a constant weight) did not 

show the expected exponential decrease from those at lower 

temperatures. Kofstad (32) states that oxidation reactions 

have shown empirically that the temperature dependence of 

oxidation rate constants obey an Arrhenius equation, 



Figure 15. Gadolinium oxidized at T = 1027OC, Po2 = 10 -3.3 

atm. Sample polished and etched, 350X. 

Figure 16. Dysprosium oxidized at T = 1327OC, PO2 = 

atm. Sample polished and etched, 350X. 







K = KO exp(-Q/RT). Therefore, since the rate constant will 

exponentially increase with temperature, time will exponen- 

tially decrease with temperature. The presence of unoxidized 

metal is consistent with less than expected total weight gain. 

Figures 15 and 16 show large grains and the presence of 

compact and protective oxide scale which was an assumption 

made to allow use of the Wagner analysis (25) in this type of 

study, Figure 16 is representative of the oxidation of dys- 

prosium at 1327'C. All that is visible in Figure 16 is the 

white oxide scale and the acrylic mounting material. The dark 

portion in the center of the micrograph is a separation in the 

oxide scale and and not unoxidized metal. Only at this tem- 

perature did the diffusion coefficient agree with that of 

Berard et al. (37) . -- 
Figure 17 exemplifies the oxide microstructure on all of 

the other oxidation experiments on both metals. The speciinen 

was polished then etched before observation with the scanning 

electron microscope. There is the presence of many small 

grains, but there are many holes in the oxide scale. It 

appears that a porous oxide scale may have been formed and, 

thereofra, possibly the Wagner analysis (25) does not give a 

complete description of the oxidation process at these lower 

temperatures. Also, the presence of a porous scale would 

yield higher than expected diffusion coefficients as was the 

case for dysprosium except at 1327OC. The presence of poros- 

ity allows for the reaction of the metal and gaseous oxygen 



P2gure 17. Scanning electron mkrograph o f  adoltn9um 
oxidized a t  T 3 877'C, PqZ = , l 0 - 8 - 6  atm. 
Sample etched, 3000X. 



to occur directly at the metal/oxide interface without diffu- 

sion of oxygen through the oxide scale. The weight gain . . 

measured would be higher than that if the oxide scale were 

completely protective, thus, this leads to a higher scaling 

rate constant. With a greater value for scaling rate constant 

the calculated diffusion coefficient would then be greater. 

Kofstad (32) states that when oxygen moves inward, as in 
. .-. .-. .- - . , .- . . - . . . 

this study, it may generally be expected that larger stresses 

are developed in the oxide scale than when the metal moves 

outward. These stresses tend to rupture the oxide scale after 

it has reached a certain critical thickness. This rupture of 

the oxide scale would tend to leave a porous, nonprotective 

oxide scale and the Wagner analysis would not give a complete 

description of the oxidation process. 

With the presence of small grains, grain boundary dif fu-. 

sion may have had some importance. Kofstad states that grain 

boundary diffusion will as a rule be significant at tempera- 

tures below the Tamman temperature (two-thirds of the absolute 

melting point). This study was carried out in that rcgion. 

The activation energy would probably be less for grain bound- 

ary diffusion than for volume diffusion. These arguments may 

give some basis for the higher diffusion coefficients in Dy203 

found in this study than those presented by Berard et al. (37). -- 
However, there is some cause to think that there may 

have been a coherent, protective scale present on the lower 



. .- .-.. :,. -- -. .- . .. .. . -- _ _  _ _ 
temperature Dy203 runs. A difficulty in this method is the 

necessity of after-the-fact microscopic examination. On 

several runs before completion there were losses of weight 

followed by rapid gain in weight. Possibly in the later 

stages of oxidation the scale thickness became too great for 

the specimen size and some of the oxide fell off leaving a 

nonprotective , porous scale which was later observed micro- 
scopically. The good possibility that a protective scale was 

present-during the stages of oxidation when scaling rates were 

determined means that the diffusion coefficients obtained here 

are quite possibly correct. The fact that these coefficients 

are larger than those previously reported by Berard et al. may -- 
be due to maximum solubility assumptions.made in the earlier 

study which resulted in coefficients which may be low. 

As seen in Figure 17, the oxide scale formed on gado- 

linium at lower temperatures appears to be quite porous., thus, 

the, possibility of 'the presence of a nonprotective oxide 

scale. This would lead to the conclusion that the diffusion 

coefficients would be higher than reported by Wirkus et al. -- 
(48). However, the diffusion coefficients found in this study 

are lower. For the reasoning given in the previous paragraph, 

there may have been a coherent, protective scale present when 

scaling rates were determined, thus, the diffusion coeffi- 

cients obtained here are quite possibly correct. 

The rational scaling rate constants can be converted to 
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Temp. Po (atm.) . ' 

i o  10 ~ a d o l i n ~ u m ( x l 0  ) . Dy~p.rosium(xl0 ) 
("C) 2 . . . . 
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parabolic rate constants, which are of more value in engineer- 

ing usage, by means of Eq. 40. The parabolic rate constants 

for each temperature and oxygen partial pressure are given in 
. . 

Table 5'. 

As previously discussed, when the oxide is behaving as 

an ionic conductor it is possible to calculate theelectronic 

conductivity values from the slope of the Kr versus in Po2. 

curve. For these values the nearly straight line portions of 

Figures 4-12 were used. The slopes were derived from a least 

squares fit of the data. Table 6 gives the electronic con- 

ductivity values including one standard deviation. Due to 

scatter, two negative values of electronic conductivity were 

found. Since the standard deviation in these cases is of 

greater magnitude than the calculated conductivity, the reason 

for the negative value may be explained. 

Table 6. Electronic conductivity (l/ohm-cm.) 

Temperature ( O C )  , Gadolinium Dysprosium 

727 d . l l ~ x l 0 - ~ ~  2.604~10'~~ 

a Insufficient data to calculate standard deviation. 



CONCLUSIONS 

1. The self-diffusion coefficient of oxygen in cubic Gd203 

in the temperature range of 727-1177°C fits the following 

Arrhenius equation: 

2. The self-diffusion coefficient of oxygen in cubic Dy203 

in the temperature range of 727-,1327'C 'fits the fa l lnwi ,n ,g .  

Arrhenius equation: 

3. In the temperature range 727-1177OC, the shape of theKr 

versus in Po2,plots is consistent with p-type semiconduction 

in GdZ03 above 10 atm. 

4. In the temperature range 727-13270~, the shape of the Kr . . '. 

versus In Po2 plots is consistent with p-type semiconduction 
. . 

atm. in Dy203 above 10 

5. The technique employed in this study to measure'self- 

diffusion of oxygen in rare earth oxides may not be entirely 

accurate. Parabolic oxidation does occur, but there is not 

conclusive evidence that at all temperatures a coherent, pro- 

tective oxide scale forms on the metal surface. Thus, the 

Wagner analysis may not completely describe the oxidation 

behavior of the ra re  eartboxides: 
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APPENDIX. EXPERIMENTAL DATA 



T a b l e .  A1 . Experimental  da ta .  f0.r. .g.ad.o.liniuin' . . 
. . 

. . 2 2 Temp. P (atm.) .  I n  P [Weight g a i n ]  (mg. ) T i m e  
O C  . . 02 . ,OZ. (min. ), 

. . . . 

920 
. 9'4 0 

960 
. .  980 . .  

1000 
1020 
1040 ' .  

. . 

.- 'iO60 
1 . 0 8 0 .  ' .  .. 

i i o o  ,.- 
1 1 2 0 '  . . - .  

1140.  , . 
. . 

1160 
1180 
12 .00 .  :. 



Table A1 . (Continued) 

2 P (atm.) In P [Weight gain] (mg. ) Time 2 Temp. 
O C  0 2  O2 (min.) 



. . 

Table A1 . . ( ~ o n t - h u e d )  . : . .  . 

2 . .  2  
Temp. P. (atm.) 

. o2 ln P 
0 2  

[Weight gain] (mg: ) . Time 
O C  . . (min . ) 



. . 

Table A l .  (Continued) 

Temp. P (atm.) In P [Weight gain] . 2 - (mg. ) Time. 
2 

O c  0 2  0 2  (m in.. ) 



. . . . 
Table A1 .' . (Continued) : ; . . . . , . 

Temp.. . P (atm. ). In Po [Weight gain] ' (mg .') . , Time 
O C  02 . 2 cmin. ) 



. . , . . . . . . .. 

Table A 2 .  ~ x ~ e r i m e n t a l  d a t a  f o r  dysprosium . . ,  '. , ,  . ' . 
. . . . . , 

. . . .... . . 

Temp. P (atm.) . l n P  [Weight :gain] (mg. 1 ,Time . , 

2 .  2 
. ,  . 02 02 .: O C  (min. ) 



. . . . . .  . Table A2. ; (Continued) 

' 2  2 Temp. P (atm.) In.' p - .  . [Weight gain] (mg. ) Time 
02 : 02 O C  (min.) . . 

15.358 
15.437 
is. 610 
15.634 
15.832 
15.969 
16.129 

32.775 
.32.993 
33.131 
33.143 
3?i.i66 



Table A 2 .  (Conti.nued3 

Temp. 
O C  

. . 

2 . . 2  P (atm.) In P [Weight gain] (mg. ) Time 
0 2  - 0 2  (min. ) 



Tab,le A 2 .  (Cont inued)  

Temp. P (atm.) I n  P 2 2 
0 2  0 2  

[Weight g a i n ]  (mg. ) ~ i m b  
O C  (min. ) 




