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Abstrac t  

Mixtures of z i r con ia  wi th  y t t r i a ,  magnesia, 

c a l c i a ,  c e r i a  and combinations of c a l c i a  and mag- 

nes ia  were inves t iga ted  by x-ray d i f f r a c t i o n  a t  

temperatures up t o  2870°F. The i n i t i a l  s t a b i l i z i n g .  

r eac t ions  occurred a t  temperatures ranging between 

90O0F,and 2700°F. Magnesia apparently showed the  

lowest temperature of i n i t i a l  reac t ion;  y t t r i a  the  

highest .  Combinations oE c a l c i a  and magnesia showed 

i n i t i a l  so l id - so lu t ion  a t  temperatures lower than 

c a l c i a  b u t  higher than magnesia al though magnesia 

seemed t o  be the  f i r s t  t o  r eac t .  Inconclusive evi -  

dense ind ica ted  t h a t  some exsolut ion  occurred i n  some 

# 

combinations when temperatures were lowered. 

* * * 

In t roduct ion  . 

This s tudy'was undertaken t o  e s t a b l i s h  ' the  v a r i a t i o n s  i n  the  tempera- 

t u r e  of the  i n i t i a l  t r a n s i t i o n  from monoclinic t o  t e  t ragonal  z i r con ia  and 
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and the temperature 'of the i n i t i a l  s o l i d - . s o l u t i o n , ~  s t a b i l i z i n g  r e a c t i o n  
, . . 

, . . u s i n g  var ious  s t a b i l i z i n g  compounds and combinations. Fur ther ,  i t  was I 

, ' -. 
, . undertaken,  t o  i e t  some. da ta  concerning the  r a t e  of the  so l id - so lu t ion  

. . 

' 

with  increased tempera cure af t e r  . the r e a c t i o n  had , s t a r t ed .  : 

i A review of the  l i t e r a t u r e  concerning z i r c o n i a  ' s t a b i l i z a t i o n  ind ica ted  
. 

t h a t  the s t a b i l i z i n g ,  so l id - so lu t ion  'can be completed a t '  var ious  tempera- 
. . 

. tures.  ' T h e , l i t e r a t u r e  f u r t h e r  suggested t h a t  the  temperatures of s t a b i l i -  

z a t i o n  a r e  dependent upon such th ings  a s  1)' the  s t a b i l i z i n g  compounds, 

2) p u r i t y  of the  sys tem, 3) concentra t ions  of s t a b i l i z i n g  compounds, and . 

, 4) length  of time a t  temperature. 

~ ~ s h k e w i  tchl  reported t h a t  s t a b i l i z a t i o n  wa,s completed a t  temperatures 

a s  low a s  1000°C, wi th  15 mole percent  MgO. )J,e repor ted  t h a t  with over 10 

moie percent  Y203, however, the  s t a b i l i z i n g  r e a c t i o n  was c a r r i e d  ou t  a t  

1300°C. Recently i t  was found t h a t  t i t a n i a  had t o  be  p r e s e n t . t o  promote 

s t a b i l i z a t i o n  of ZrOz wi th  the t r a n s i t i o n  metals  of Groups V and V I  a t  

1 5 0 0 " ~ ~ .  Duwez .and h i s  co-workers3, showed t h a t  increased concentra t ions  

. . of s t a b i l i z e r s  lowered the  temperature of t r a n s i t i o n  between the  t e t r a -  

gonal and monoclinic z i r con ia  phases upon cooling. They a l s o  proved the  

i n s t a b i l i t y  of the MgO-ZrOs s o l i d  so lu t ion .  Weber ;t a14, and o the r s  have 

shown t h a t  the  na ture  of the  anion associa ted  wi th  the  s tabi1 , iz ing  c a t i o n  

e f f e c t s  the  s t a b i l i z i n g  reac t ion  only s l i g h t l y .  Grain and campbells showed ' 

t h a t  i n  subs t a n t i a l l y  a pure system, the  monoclinic t o  t e t r agona l  t rans-  

formation occurred over a .  100°C range s t a r t i n g  a t  abo'ut llOO°C. They a l s o  

showed t h a t  upon cooling the  t e t r agona l  t o  monoclinic t ransformation took 

place  over a wider, lower range between about 980°C and 710°C. ' o t h e r  



inves tigs to r s . ,  had repor ted  monoclinic t o  t e  t ragonal  t r a n s i t i o n  t empera tu res~  

a s  low a s  1700°F al though the  impurity 'of the  oxides used ' i n  some' of those 

experiments probably had a good. d e a l  t o  do wi th  t h e ,  lower inver s ion  tempera- . . I  
t u r e s  reported.  ., I 

. . 
preceding t h i s  'study, i t  Had been recognized t h a t  the  s t a b i l i z i n g  , 

. ' 

r e a c t i o n  was i n  p a r t  a t  least  dependent upon these var ious  f a c t o r s .  It 

was no t  the  i n t e n t  of t h i s  study, however, t o  'determine e i t h e r  the  con- 

cent ra  t i o n  of s t a b i l i z e r s  needed o r  temperature requirements f o r  complete' . 
. 

. ! 
s t a b i l i z a t i o n .  This  d iscuss ion,  . therefore ,  h a s  been r e s t r i c t e d  t o  1) t h e .  

. . . 1 I 
... .. .. . 

i n i t i a l  temperatures of t r a n s i t i o n  from monoclinic t o  t e t r agona l  phases, . . . .  . , i 
2) i n i t i a l  temperature of so l id - so lu t ion  between 'the s t a b i l i z e r s  and .' 1 .  
z i rcon ia ,  and 3) some i n d i c a t i o n s  a s  t o  the r a t e  of so l id-so ' lu t ion  af  t e r  , ; .  I 

I 
i t  has once s t a r t e d  wi th  increased temperatures. The systems i n v e s t i -  ' i 
gated included z i rcon ia  wi th  c a l c i a ,  'magnesia, y t t r i a ,  c e r i a ,  and . . 

combinations of c a l c i a  and,magnesia. A reference  sample c o n s i s t i n g  

o,nly of z i r con ia  was a l s o  inves t iga ted .  

Mate r i a l s  

The m a t e r i a l s  used i n  these  s t u d i e s  were a l l ' o f , e x t r e m e l y  h igh-pur i ty  ' 

s o  t h a t  da ta  col ' lected would not  be dependent .on impurity e u t e c t i c s  and 

migration. The z i r con ia  a s  received was near  nuclear  grade, only hafnium 

being o u t  of s p e c i f i c a t i o n s  (about 300. PPI4). Other than hafnium-., the  

impur i t i e s  include S i ,  A l ,  Fe, T i ,  Mg, C r  and Mn i n  a tota.1 c o n c ~ n t r a t i o n  

no t  exceeding 900 PPM,: on a metal  t o  metal  bas is . '  

. * Procedure . 

The s t u d i e s  were based on use of the  high-temperature 'x-ray d i f f r a c -  

t i o n  furnace recen t ly  described by S c o t t  and ~ u h . ~  Powdered . . samples were'. ' . 



prepared.by dry-mixing i n  g l a s s  ja r -mi l l s .  A few p l a s t i c  b a l l s  were 

used i n  the' m i l l s  t o  inc rease  the mixing ac t ion .  The mixed sample's' . 
. . 

were' mounted by p ress ing  them i n t o  a platinum-rhodium sample holder. I 
An organic  b inder  was a l s o  used i n  many of the samples. 

I Before heat ing,  f a s t  scan p a t t e r n s  were made from 20" t o  40" 2 0 
!. . . 

t o  check alignment. . S t a r t i n g  a t  about 900°F' and about every 100°F up 

t o  o r  ,above 2700°F, f a s t  scan p a t t e r n s  were made between 27" and 33" 

2 8. This  i n t e r v a l  included the  two most prominent minocl in ic  peaks . 

(111 and. ll'i: ), the  most in tense  t e t r agona l  peak (111) and' the  111 . , . . 

so l id - so lu t ion  cubic peak. Slow scan p a t t e r n s  were made f romabout  

I 29" t o  31" 2 8 usua l ly  a t  the  top temperature of the  run and, i n  some 
, . ! 

cases ,  a t  o t h e r , s e l e c t e d  temperatures. Heat-up r a t e s  between hold tem- . 

pera tu res  were about 3 minutes per  100°F. The cooling was con t ro l l ed  s o  

t h a t  f a s t  scan p a t t e r n s  could be'made a t  about 100°F i n t e r v a l s .  

i Resul ts  and Discussions 

The ca lc ia -z i rcon ia  system was represented . . in  t h i s  s tudy by two I 

' . were heated t o  2700°F and then coo1,ed again to  room temperature. The 1 

- .  

.samples, one wi th  3% CaO, the  o the r  wi th  4% CaO by weight. Figure 1 . . 

r ep resen t s  the  u n i t  c e l l  dimension changes i n  bo.th.,samples when they . 

j 
d i f f r a c t i o n  peak pos i t ions  ind ica ted  t h a t  the  sample wi th  3% CaO exh ib i t ed  i 

i 
I 

I 

. 

a peak represent ing ,  probably, the  t e t r agona l  phase a t  a  temperature I 

about 200°F lower than the  temperature of the  f i r s t  appearance of the  ! 
i I corresponding peak i n  the  sample wi th  4% CaO. 'The reason f o r  t h i s  I I 
, '. 

I unexpected r e a c t i o n  was no t  apparent.  It was q u i t e  apparent ,  however, 
I 

t h a t  the  4% CaO sample was. expanded considerably more a t  top temperature 
I 

and a f t e r  cooling than was . the 3% sample. A s  the  ~ a *  i o n  i s  about 20% 
. .- . . .... 1 . . . 



l a r g e r  than t h e  Zr4+ i o n  (1.06i a s  compared t o  .87 i ) ,  t h i s  increased 

expansion.of  .the u n i t  c e l l  dimension ind ica ted  the re  had been more 

calcium t h a t  had entered  the  z i r con ia  s t r u c t u r e  i n  the  4% sample than 

had i n  the  3% sample. 

I n  order  t o  f i n d . a  reference  expansion r a t e  wi th  which t o  compare 

the  expansions. obtained by the  mixing of the  var ious  s t a b i l i z i n g  com- 

pounds ~ i t h ~ z i r c o n i a ,  the  r a t e  of u n i t - c e l l  thermal expansion of both , 

s t a b i l i z e d  (cubic) z i r con ia  and the  t e t r agona l  phase z i r con ia  were 

measured by two d i f f e r e n t  methods. Thermal expansion measurements w e r e '  

made on completely s t a b i l i z e d  z i rconia .  From these  measurements, i t  was 

concluded t h a t  volume thermal expans ion of comp l e  r e l y  c a l c i a - s  t a b i l i z e d  , 

(cubic) z i r con ia  i s  near ly  a s t r a i g h t  l i n e  func t ion  expanding .a t  a 

0 

r a t e  of about 0.0035A/100°F on a u n i t  c e l l  bas is .  Fur ther ,  u n i t  c e l l  . , 

. . 

expansion of t e t r a g o n i l  (pure) z i r con ia  was measured d i r e c t l y  by x-ray : . 
' 

d i f f r a c t i o n  a t  temperatures from 2000°F up t o  2700°F (see ~ i g u r e  2). 

The d i r e c t  measurements of the  t e t r agona l  phase thermal expansion ' 

. . 
i nd ica ted  axi expansion very s i m i l a r  t o  t h a t  of the  f i l l y - s  t a b i  l i zed  

m a t e r i a l  amounting t o  about 0 . 0 0 4 0 ~ / 1 0 0 ~ ~  from 200°F up ' to  2700°F. 

From these  two evidences, i t  was assumed t h a t  the  average volume 

.expansion f o r  the combined t e  t ragonal  s t a b i l i z e d  (cubic) phases i n  the 

range of about 0,. 0035; t o  0 . 0 0 4 0 ~ / 1 0 0 ~ ~ .  Theref ore ,  volume expansion i n  . 

excess of t h a t  range was taken a s  evidence f o r  expansion due t o  subs t i t u -  

t i o n  of l a r g e r  ions f o r  the  zirconium ions  i n  fhe s o l i d - s o l u t i o n  s t ruc tu re .  

I f  expansions were l e s s  than t h a t  range, i t  was taken a s  evidence t h a t  

s u b s t i t u t i o n  of smal ler  ions  f o r  ' the .z i rconium ions  had taken place. . . 

One sample of MgO0ZrO2 was included i n  t h i s  study.  he' sample, on 
. , 

an oxide b a s i s ,  cons is ted  . . Q£ 6% MgO and 94% ZrO, by weight. Figure 3 ' :  

. .. 



shows the  changes i n  the  u n i t  c e l l  dimension t h a t  took p lace  i n  the  

so l id - so lu t ion  s t r u c t u r e  of the 2rO2 when t h a t  sample was heated t o  
. . ; I 

2700°F and then cooled t o  room temperature. The magnesium ion  i s  only 

.about .78A i n  radius ,  which i s  smal ler  than the  zirconium ion  radius.  I 
It would be expected,  therefore.,  t h a t  the  e f f e c t  of MgU s u b s t i t u t i o n  on . 

the  u n i t  c e l l  dimension would be one of cont rac t ion . '  The f i r s t . r e c o g -  

n izab le  appearance of the  t e t r agona l  phase was a t  about 900°F i n  t h i s  

system. It can be seen t h a t  the re  was very l i t t l e  change i n  the  u n i t  

c e l l  dimension of the  z i r con ia  from 900" t o  2700°F. Since the re  was n o t  

even evidence of thermal expansion, i t  was concluded t h a t  t h e ' f i r s t  

appearance of the 111 peak very c lose ly  coincided wi th  the  beginning I 
of s o l i d - s o l u t i o n  of the  Mg* ions  i n t o  the  s t r u c t u r e ,  a s ,  otherwise,  

i t  would be expected t h a t  there  would have been u n i t  c e l l  expansion due I 
t o  thermal expansion and then con t rac t ion ,  o r  l eve l ing  off  due t o '  the  

con t rac t ing  e f f e c t  of the  Mg* so lu t ion .  Upon coo'ling, i t  appears t h a t  

the re  was con t rac t ion  a t  a r a t e  much g r e a t e r  than simple cooling contrac-  

t i o n  and, a f t e r  reaching room temperature, t h e . s t r u c t u r e  was considerably 

0 . . 
contrac ted  t o  about 5.05A. 

P 

The z i r c o n i a - y t t r i a  system was represented by a sample c o n s i s t i n g  

of 15% Y2O3 and 85% Z r O n  by weight. The mixture was heated t o  2870°F, . . 
I 

where a furnace  f a i l u r e  occurred which prevented the  gather ing  of da ta  I I 
! I 

while cooling a s  the  cooling r a t e  was too rapid.  Figure 4 shows the  i 
u n i t  c e l l  dimension changes t h a t  were recorded upon heat ing  and the  

r e s u l t s  a f t e r  cooling t o  room temperature. The u n i t  c e l l  dimension 

changes ind ica ted  t h a t  the  f i r s t  recognizable t e t r agona l  peak was 

detec ted  a t ,  about 1950°F and t h a t  i t  expanded a t  about the  r a t e  expected 

from thermal expansion t o  about 2700°F. From 2700°F t o  2 . 8 7 0 " ~ ~  the re  was 

a l a r g e  i n c r e a s e  i n  t h e  r a t e  of expansion (about 15 times thermal expansion 

. . 
. . 



. . 

t h a t  . a s  so l id - so lu t ion  took ' p l ace ,  the  z i r con ia  s t r u c t u r e  would be' I 
expanded. It was the re fo re  concluded t h a t  the  y t t r ium d i d  no t  - s t a r t  

: i n t o  so l id - so lu t ion  below about 2700°F. 

I The ce r i a -z i rcon ia  system was represented by a sample c o n s i s t i n g  of . . .  

20% Ce02 and 80% Zr02 by weight. This  sample was unique i n  the  study a s  . 

I i t  exh ib i t ed  a p a i r  of x-ray peaks a t  e levated  temperatures corresponding I . . .  t o  a  p a i r  of 111 r e f l e c t i o n s .  One was assumed t o  be from the  t e t r agona l  

phase and the  o the r  was ,assumed t o  be  from the  cub ic - s t ab i l i zed  phase. 

Upon heat ing ,  a  s ingle ,  peak was f i r s t  de tec ted  a t ' a b o u t  1000°F; a t  1900°F, 
. . 

t he  peak was assymetr ica l  enough t o  suggest  another  phase wi th  a l a r g e r  

u n i t  c e l l .  From 1900°F t o  2700°F, the assymetr ' ical f e a t u r e  resolved 

; i n t o  an e a s i l y  d iscernable  p a i r  of peaks. The two peaks were d e t e c t a b l e  
. . 

I upon cool ing  down t o  about 1100°F; below t h a t  temperature, only one peak I 
I 

I remained. Figure 5 shows s e l e c t e d  slow-scan p a t t e r n s  e x h i b i t i n g  the  i 
double peaks i n  var ious  s t ages  .of development upon heat ing  and cooling. I ' 

I Figure 6 shows the  u n i t  ce l l ' d imens ion  changes ind ica ted  by both  peaks ! 
i 

upon heat ing  and cooling. . . 
P 

.. -. . , . . , I / 
Figure  5 r ep resen t s  the  t r ac ings  of the  slow. scan p a t t e r n s  of the  ! 

111 peaks a t  four  temperatures; 2300°F, 2700°F wi th  inc reas ing  tempera- 

. t u r e s  and 1200°F and a t  room temperature upon cooling. The,  f  i.rst peak i 
! '  

i 
t o  develop was the  high angle  peak, which appeared f i r s t  a t  1100°F. i 

i 
I This  peak,probably was from the  te t ragonal .  phase and i t s  r a t e  of u n i t  ; 

c e l l  expansion was about t h a t  expected from thermal expansion from 

1100°F t o  2700°F (see Figure 6). The low angle peak which developed 

a l s o  expanded a t ' a b o u t  the  same r a t e  al though i t  represented a l a r g e r  



s t r u c t u r e  a t  a l l  subsequent temperatures. Upon cooling', the  high-angle 

peak disappeared bel'ow about 1000°F while the  low-angle peak, t h a t  rep- 

I resented the s t a b i l i z e d ,  s o l i d - s o l u t i o n  phase, remained even a t  room 

tempera ture .  F igure  6 shows the  u n i t  c e l l  dimensibn changes of both ' ' . 

. . 

peaks a s  cdmpared t o  f h e  temperature changes. ~ h e s e  evidences ind ica ted  

t h a t .  the 20% c e r i a  1) suppressed the  temperature of monoclinic t o  t e r r a -  

gonal t r a n s i t i o n  t o  about 1 1 0 0 " ~  and 2) t h a t  the  i n i t i a l  . 
. 

temperature of ' 

s t a b i l i z a t i o n  was about a t  - 1900'"F. 
. . 

'Vaxious systems conta in ing combinations of s t a b i l i z i n g  agents  were 

a l s o  inves t iga ted .  Two of these  represented the  combined system CaO-MgO-, 

Zr02. AS the  calcium ions  a r e  l a r g e r  than the  zirconium ions  and t h e .  . , '  

' magnesium ions smal ler ,  i t :  was expected that: v a r i a t i o n s  i n  the  u n i t  
. ... . . 

c e l l  dimension changes wi th  changes i n  temperature would be e a s i l y  . 
, .  

. . 
c o r r e l a t e d  wi th  the  type of s o l i d  s o l u t i o n  t h a t  had been taking p lace  : 

a t  s p e c i f i c  temperatures; the  .s  t i u c t u r e  would expand wi th  ~ a *  subs ti- 

t u t i o n ,  c o n t r a c t  with ~ g f t  s u b s t i t u t i o n .  

The two combinations discussed he re in  cons is ted  of (A) 1% CaO, 

1 24% MgO and 96%% Z r O B  and (B) 2% CaO, 1% MgO and.97% Z r O B  by weight,  

'Figure 7 shows the  u n i t  c e l l  dimension changes t h a t  took p lace  i n  both 

I 
I samples from room temperature t o  2700°F and back t o  room temperature. 
I 

i The changes were . n o t  what had been expected. Note, f o r  instanc;e, t h a t  

the 1% CaO, 2y7 MgO 'samp,le expanded more than the  o t h e r  sample' even though, 

- t h e r e  was l e s s  c a l c i a  ava i l ab le .  The. l a r g e r  propor t ion  of MgO i n  t h a t .  - 

~. -' .. 
. sample, howe'ver, was r e f l e c t e d  i n  the  l o w  r a t e  of expansion up to. 1800°F 

a s  compared t o  the  low MgO sample, w i t h  1% M ~ O ,  which showed a r ap id  

r a t e  of expansion from almost the  f i r s t  appearance o f  the  111 peak. 
. . 



From these  two samples, i t  appeared t h a t  the  magnesium ions  en te red  

the s t r u c t u r e  a t  lower temperatures than d i d  the  calcium ions. However, I. 1 they a l s o  suggest  t h a t  the  more magnesia present ,  the  g r e a t e r  was the  
I 
I 

propor t ion  of the  a v a i l a b l e  calci.um t h a t  entered  . the  z i r con ia  . s t ruc tu re .  
. . 

There was one f e a t u r e  t h a t  was common t o  most of the samples s tud ied  

t h a t  should be pointed -out .  Unit c e l l  ' dimensions a t  the  h ighes t  tempera- 
. . 

t u res  were, genera l ly ,  considerably g r e a t e r  than they were a t  room 

temwra tu re  a f t e r  the  so l id - so lu t ion  had talcen place. I n  most cases ,  

the  d i f fe rences  between expansions a t  peak temperatures and contrac-  

t i o n  o r  cool ing  t o  room temperature were considerably g r e a t e r  than 

could be accounted f o r  by thermal expansion data.  These r e s u l t s  !i 
. . 

i nd ica ted  t h a t  ;here had been a g r e a t e r  amount .of s u b s t i t u t i o n . . o f '  the  

l a r g e r ,  s t a b i l i z i n g  ions  i n  the  s t r u c t u r e s  a t  the  e levated  temperatures I 
than had remained in.  s o l u t i o n  upon cooling. The obvious exception . to  

t h i s  was the  sample conta in ing the  6 W g O  a s  the  magnesium ions  were 

smal ler  than the zirconium.ions.  I n  t h a t  sample (Figure 3) t h e ' f i n a l  u n i t  

c e l l  dimension was even more cont rac ted  a t  rooi ' tempera ture  than a t  peak ... , 

temperature which suggested t h a t  some ;dditional.  so,lution had occurred 1 
upon cooling from 2700°F. ' I n  the  samples conta in ing ions  of l a r g e r  1 
r ad ius  than the zirconium ion, however, the  reduct ion  i n  u n i t  c e l l  I 

s i z e  was so  s t r i k i n g  t h a t  i t  suggested t h a t  some exso lu t ion  had occurred 
I 
I 

upon cooling. . 

Figure 8 summarized the  s i g n i f i c a n t  changes t h a t  were ind ica ted  

by x-ray d i f f r a c t i o n  p a t t e r n s  .of the  discussed systems. 
. . 



SWMARY OF DATA 

component Sys tems I :  1 Weight of s t a b i l i z e r  4% CaO . .  3% CaO 
. . 

I n i t i a l  Temperature of 
Tetragonal-Cubic Phase 

1700 Appearance, F0 1500 900 1950 ' 

0 

a . o f  I n i t i a l  Peak, A - 
I n i t i a l  Temperature of 
Divergence from Thermal 
Expansion, F0 

Maximum ~ e m ~ e r a t u r e  
of Run, F0 

a of S t a b i l i z e d  Phaseoa t  - 
.. Maximum Temperature, A 

. . 

1% CaO, 24% I*lgO 2% C ~ O ,  1% MgO 
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