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Europium oxide i s  p r e s e n t l y  be ing  t e s t e d  f o r  u s e  a s  t h e  

c o n t r o l  m a t e r i a l  i n  f u t u r e  'nuc lear  powe'r r e a c t o r s .  ' E l a s t i c  

p r o p e r t i e s  of eu rop ia  and s e l e c t e d  e u r o p i a - r i c h  composi t ions  

of  t h e  e u r o p i a - h a f n i a  system were i n v e s t i g a t e d  i n  t h i s  s tudy .  

The sonic t echn ique  was employed t o  measure e l a s t i c  moduli 

from room tempera ture  t o  1500°C. 

S i n t e r e d  monocl in ic  e u r o p i a  specimens were found t o  have 

uncommonly low room tempera ture  moduli v a l u e s  and t o  e x h i b i t  

h y s t e r e s i s  between h e a t i n g  and c o o l i n g  curves  because  of  t h e  

presence of microcracks  caused by thermal  expansion a n i s a t r o p y .  

F ine  g ra ined  h o t  p r e s sed  e u r o p i a  a s  w e l l  a s  s i n t e r e d  s p e c i -  

mens t h a t  con t a ined  a t  l e a s t  6  mole % h a f n i a  d i d  n o t  e x h i b i t  

t h e s e  c h a r a c t e r i s t i c s .  Photomic'rographs r e v e a l e d  t h a t  g r a i n  

growth supp re s s ion  was produced by and r e l a t e d  t o  t h e  amount 

of  h a f n i a  in t roduced, .  H y s t e r e s i s  loops  i n  t h e  moduli ve r sus  

t empera ture  measurements were e x h i b i t e d  on ly  by t h o s e  s p e c i -  

mens f o r  which t h e  average g r a i n  s i ze  was i n  excess of a 

c r i t i c a l  va lue  of  8  ym. 

Di la tometer  measurements i n d i c a t e d  t h a t  thermal  expansion 

was r e l a t i v e l y  c o n s t a n t  over  t h e  compos i t iona l  range of i n t e r -  

e s t .  

*U.S. ERDA Report  IS-T-678. This  work was performed 
under c o n t r a c t  W-7405-eng-82 w i t h  t h e  U.S. Energy Research 
and Devel o p m ~ n t  Adminis t ra t ion .  



INTRODUCTION 

Of c r i t i c a l  importance i n  any n u c l e a r  r e a c t o r  i s  t h e  

m a t e r i a l  which c o n t r o l s  t h e  f i s s i o n . r a t e .  Seve ra l  of  t h e  l a n -  

t h a n i d e s  a r e  among t h e  s e l e c t  gr.oup of  e lements  capab le  of  

r e g u l a t i n g  t h e  f i s s i o n  p roces s  by absorb ing  e n e r g e t i c  neu t rons .  

Europium, e s p e c i a l l y  has been of  g r e a t  i n t e r e s t  i n  t h i s  a r e a  

and has  had many a p p l i c a t i o n s  a s  a  c o n t r o l  m a t e r i a l .  I n  i t s  

oxide  form, europium i s  c u r r e n t l y  under e v a l u a t i o n  f o r  u se  i n  

t h e  nex t  g e n e r a t i o n  of power r e a c t o r s .  Both t h e  Liquid  Metal 

F a s t  Breeder Reactor  (LMFBR) and t h e  Gas Cooled F a s t  Reactor  

(GCFR) may u t i l i z e  t h i s  r a r e  e a r t h  e lement  (1). 

For t h e s e  a n t i c i p a t e d  u s e s  t o  be  r e a l i z e d ,  much more must 

be l e a r n e d  of  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  ox ide .  This  i n -  

c l u d e s ,  i n  p a r t i c u l a r ,  t h e  e l a s t i c  p r o p e r t i e s  examined i n  t h i s  

s t u d y .  Other i n v e s t i g a t o r s  have r e v e a l e d  phenomena which may 

d imin ish  t h e  appea l  of  eu rop ia  f o r  n u c l e a r  a p p l i c a t i o n s .  

These. r e p o r t s  i n c l u d e  t h e  tendency o f  e u r o p i a  toward extreme 

g r a i n  coa r sen ing  (Z), poor r e s i s t a n c e  t o  aqueous a t t a c k  ( 3 1 ,  

and an abnormally low Young's modulus (4).. This  s tudy  wh i l e  

i n c r e a s i n g  knowledge o f  t h e  p h y s i c a l  p r o p e r t i e s  of  eusopia  

a l s o  e x p l o r e s  t h e  p o s s i b l e  b e n e f i t s  t o '  be ob t a ined  by doping 

eu rop ia  w i t h  ano the r  ox ide .  A l og i ' c a l  c h o i c e ,  i n  view of  t h e  

proposed a p p l i c a t i o n s ,  i s  hafnium o x i d e ,  ano the r  m a t e r i a l  o f  

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

The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  twofo ld :  f i r s t ,  



to study Young's modulus, shear modulus, and thermal expansion 

of monoclinic Eu203 and selected Eu203-Hf02 compositions; and 

second, to determine the relationship of these properties t o .  

microstructure. 



LITERATURE SURVEY 

App l i ca t i ons  o f  Eu203 and Hf02 a s  Nuclear M a t e r i a l s  

Four a c t i v e  e lements  a r e  commonly used i n  abso rbe r  mate- 

r i a l s  i n  p r e s e n t  day wate r  r e a c t o r s .  These a r e  boron ,  hafnium, 

europium, and a  mix ture  o f  s i lver-indium-cadmium ( 5 ) .  Each i s  

p a r t i c u l a r l y  s u i t e d  f o r  s p e c i f i c  a p p l i c a t i o n s .  Both europium 

and hafnium, t h e  e lements  of i n t e r e s t  i n  t h i s  work, a r e  f i r s t  

cho i ce s  i n  c e r t a i n  r e a c t o r s  ( 6 ) .  Europium o x i d e ,  d i s p e r s e d  i n  

a  s t a i n l e s s  s t e e l  m a t r i x ,  has  been e x t e n s i v e l y  u t i l i z e d  i n  

U.S. Army r e a c t o r s  i n c l u d i n g  t h e  APPR, SM and PM programs ( 7 ) .  

M e t a l l i c  europium i s  n o t  commonly employed due t o  i t s  

poor r e s i s t a n c e  t o  c o r r o s i o n  a t t a c k .  I t  does n o t  p o s s e s s  t h e  

e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e  of  hafnium which p e r m i t s  t h i s  

element t o  be used i n  wate r  r e a c t o r s  w i thou t  c l a d d i n g .  The 

h igh  o x i d a t i o n  p o t e n t i a l  of m e t a l l i c  Eu e l i m i n a t e s  any pos-  

s i b l e  unc lad  a p p l i c a t i o n s  ( 3 ) . .  I n  i t s  se squ iox ide  s t a t e ,  poor  

aqueous c o r r o s i o n  behavior  aga in  p r o h i b i t s  any c o n t a c t  between ' 

it and t h e  c p o l a n t  wa te r  ( 3 ) .  

To i n s u r e  r e l i a b i l i t y  i n  U.S. Army r e a c t o r s ,  Eu20j d i s -  

p e r s i o n s  i n  s t a i n l e s s  s t e e l  a r e  used ( 7 ) .  These d i s p e r s i o n s ,  

whi le  demons t ra t ing  e x c e l l e n , t  neu t ron  c o n t r o l ,  a r e  ex t remely  

expensive  and n o t  cons ide red  f e a s i b l e  f o r  l a r g e  power r e a c t o r s  

(5) 

Because of  t h e  a t t r a c t i v e  n u c l e a r  p r o p e r t i e s  of europium 

c o n s i d e r a b l e  i n t e r e s t  has  been gene ra t ed  i n  a t t e m p t s  t o  en-  



hance i t s  s t a b i l i t y  and c o r r o s i o n  r e s i s t a n c e .  L e i t t e n  and 

Beaver (3)  d i s c u s s  s u c c e s s f u l  s t a b i l i z a t i o n  of  europium oxide 

by r e a c t i o n  w i t h  a  v a r i e t y  of secondary ox ides .  Compounding 

Eu203 w i t h  e i t h e r  A1203, Moo3, o r  T i02  y i e l d s  improved c o r r o -  

s i o n  behav io r ,  w i t h  t h e  composi t ion Eu203-2Ti02 be ing  excep- 

t i o n a l l y  a t t r a c t i v e .  

I t  has  been sugges ted  by Ray ( 7 )  t h a t  s t a b i l i z a t i o n  of  

europium oxide be a t t empted  w i t h  ano the r  accep t ed  a b s o r b e r ;  , 

proposing t h e  fo rmat ion  of  e i t h e r  europium b o r i d e  o r  Eu203* 

2Hf02. Large amounts of h a f n i a  have been shown t o  s i g n i f i -  

c a n t l y  reduce t h e  h o t  wa te r  a t t a c k  on s e v e r a l  r a r e  e a r t h  

ox ides  (8)  . The i o n i c  r a d i i  o f  E U ~ *  (. 9 5 i )  and ~ f ~ +  (. 8 1 i )  

a r e  s i m i l a r  enough t o  expec t  a  wide range  o f  s o l i d  s o l u t i o n  

and f l u o r i t e  s t r u c t u r e  . ( 9 ) ,  a  system e a s i l y  c h a r a c t e r i z e d  and 

convenien t  . t o  work w i th .  . . 

In  c o n t r a s t  t o  t h e  p h y s i c a l  concerns  d i s c u s s e d  above,  t h e  

cand ida t e  abso rbe r  m a t e r i a l s  f o r  t h e  f a s t  b r e e d e r  r e a c t o r  

program a r e  . s e l e c t e d  a lmost  e x c l u s i v e l y  b.ecause o f  t h e i r  nuc- 
- - 

l e a r  p r o p e r t i e s .  Very few i s o t o p e s  have t h e  a b s o r p t i o n  c r o s s  

s e c t i o n  needed t o  c o n t r o l  a  neu t ron  spectrum t h a t  r eaches  t o  

above 10 Mev w i t h  a  peak f l u x  a t  200 Kev (10) .  Only boron,  

t an t a lum,  and europium a r e  cons ide red  t o  have adequate  c r o s s  . 

s e c t i o n s  f o r  use  i n  f a s t  r e a c t o r s .  Hafnium, mentioned e a r l i e r ,  

does n o t  meet t h i s  s t r i n g e n t  c r i t e r i o n  s i n c e  90% of i t s  

a b s o r p t i o n  occurs  between 1 and 10 ev (11 ) .  However, it i s  , 



somewhat e f f e c t i v e  t o  abo.ve 4 Kev s o  it could  be used a s  an 

a d d i t i v e  t o  c a p t u r e  thermal  n e u t r o n s .  

Among' t h e  t h r e e  a c c e p t a b l e  c o n t r o l  m a t e r i a l s  t h e r e  is 

on ly  one,  europium, which p 'ossesses a  s e r i e s  of  consecu t ive  

i s o t o p e s ,  each  of which has  a  h igh  neu t ron  a b s o r p t i o n  c r o s s  

s e c t i o n ,  s o  t h a t  a l l  i s o t o p e s  a r e  ' u s e f u l  a s  c o n t r o l  m a t e r i a l s .  

Moreover, t h e  c a p t u r e  of  a  neu t ron  does n o t  d e s t r o y  t h e  worth 

o f  an atom. Capture  i s  accompanied on ly  by a  one u n i t  i n -  

c r e a s e  i n  t h e  mass number o f  t h e  atom. Thus each atom r e t a i n s  

' neu t ron  c a p t u r e  p o t e n t i a l  u n t i l  it e i t h e r  r e a c h e s . t h e  end o f  

t h e  i s o t o p i c  cha in  o r  decays by b e t a  emiss ion  i n t o  an i s o t o p e  

of gadolinium. Data t aken  from McMasters and Gschneidner (12) 

i s  . t a b u l a t e d  i n  F ig .  1. I t  l i s t s  t h e  i s o t o p e s  a s  w e l l  a s  t h e  

n a t u r a l  occu r r ence ,  c a p t u r e  c r o s s  s e c t i o n ,  and decay mode of 

each .  The e x i s t e n c e  of  consecu t ive  n u c l i d e s  p rov ides  t h e  

element w i t h  a  r e a c t i v i t y  l i f e t i m e  t h a t  i s  s u p e r i o r  t o  t h a t  

of  t h e  o t h e r  two c a n d i d a t e s .  

A c u r s o r y  economic a n a l y s i s  p l a c e s  Eu203 i n  a ve ry  un- 

f avo rab l e  p o s i t i o n .  Europium se squ iox ide  i s  c u r r e n t l y  valued 

a t  $365/1b,  more t han  t e n  t imes  t h e  p r i c e  of an a l t e r n a t i v e  

m a t e r i a l ,  B 4 C  However, a  l i s t  p r i c e  f o r  B 4 C  of  $ZO/lb i s  

on ly  f o r  n a t u r a l l y  o c c u r r i n g  boron.  To h i g h l y  e n r i c h  t h e  

c a r b i d e  i n  B", t h e  on ly  i s o t o p e  w i t h  h igh  neu t ron  c a p t u r e  

p o t e n t i a l ,  would i n c r e a s e  t h e  p r i c e  t o  around $3600/ lb  ( 1 ) .  

The d e c i s i o n  t o  r e q u i r e  any enr ichment  depends of cou r se  on 



Figure  1. Decay and neu t ron  c a p t u r e  schemes of europium 
i s o t o p e s .  The va lues  i ven  a f t e r  t h e  n a t u r a l  
occu r r ing  i s o t o p e s  E u l f l  and ~ ~ 1 5 3  a r e  t h e  
r e l a t i v e  abundances. The symbol n  d e s i g n a t e s  
neu t ron  c a p t u r e ;  i t  i s  fol lowed by t h e  neu t ron  
c a p t u r e  c r o s s - s e c t i o n  f o r  thermal  neu t rons  i n  
b a r n s -  The symbol 6' i n d i c a t i n g  b e t a  p a r t i c l e  
emiss ion i s  fol lowed by t h e  h a l f - l i f e  o f  t h e  
i s o t o p e .  
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performance c r i t e r i a  such a s  neces sa ry  r e a c t i v i t y  worth and 

t h e  u s e f u l  l i f e t i m e  of t h e  c o n t r o l  e lement .  

Raw m a t e r i a l  c o s t  i s  n o t  t h e  s o l e  de te rminan t  i n  an 

economic e v a l u a t i o n .  Gray (1)  p o i n t s  o u t  t h a t  s e v e r a l  o t h e r  ' 

f a c t o r s  have g r e a t  i n f l u e n c e .  The n u c l e a r  worth  p e r  volume 

of t h e  c o n t r o l  m a t e r i a l ,  b o t h  a s  f a b r i c a t e d  and a f t e r  extendgd 

c o r e  l i f e ,  de te rmines  t h e  number and s i z e  o f  c o n t r o l  rods  

neces sa ry .  I n  t h i s  r ega rd  Eu203 performs f avo rab ly .  Also of 

i n t e r e s t  a r e  t h e  c o s t s  a s s o c i a t e d  w i t h  t h e  f a b r i c a t i o n  and 

assembly of abso rbe r  e lements .  B4C must be produced by expen- 

s i v e  h o t  p r e s s  t e chn iques  wh i l e  Eu203 can be s i n t e r e d  econom- 

i c a l l y  u s i n g  e x i s t i n g  U02 f a b r i c a t i o n  procedures  ( 1 ) .  

Each of t h e  t h r e e  c a n d i d a t e  m a t e r i a l s  has  c e r t a i n  u n d e s i r -  

a b l e  c h a r a c t e r i s t i c s  which makes t h e  cho ice  of  t h e  prime mate- 

r i a l  more d i f f i c u l t .  Tantalum i s  perhaps  t h e  l e a s t  a t t r a c t i v e  

cho ice .  I t s  use  would i n s u r e  c o o l i n g  problems i n  t h e  r e a c t o r  

a f t e r  shutdown s i n c e  i t s  decay h e a t  i s  ve ry  h igh  (1). Massive 

equipment would a l s o  be needed t o  manipu la te  t an ta lum rods  

because of  t h e  h igh  d e n s i t y  o f  t h e  me ta l .  

B 4 C ,  t h e  c o n t r o l  m a t e r i a l  chosen f o r  t h e  f i r s t  p ro to type  

LMFBR, a l s o  has  very  u n a t t r a c t i v e  c h a r a c t e r i s t i c s .  Yn l ike  

Eu,03 each boron atom can absorb  o n l y  one neu t ron .  Thus i t s  
L 

worth  d e c r e a s e s  more r a p i d l y  w i t h  i r r a d i a t i o n  t h a n  does t h a t  

o f  eu rop ia  (10 ) .  The consequences t h a t  r e s u l t  from neu t ron  

c a p t u r e  a r e  a l s o  q u i t e  u n l i k e  t hose  of  Eu20J . Whenever a 



boron (~10) atom absorbs a neutron it spontaneously transforms 

into a lithium atom by the release of an alpha particle. With 

time, this alpha decay produces a measurable heliui pressure . 

within the clad control pin. Heavy cladding and a special 

plenum chamber are required to insure the integrity of the 

. . element. 

, The candidacy of europia is certainly hampered by the raw 

materials cost. In an engineering sense however, the more 

crucial limitation arises from the lack of knowledge about 

physical properties and operating characteristics. For exam- 

ple, only sketchy information is available on its strength,. 

elastic characteristics, and thermal conductivity. More data 

must be taken in order to adequately analyze stress and 

thermal conditions within the control pins. 

After considering all these factors, Spenke (13) contends 

that Eu20J might well be the optimal absorber materia,l.. His 

measurements of a most important parameter; the worth per unit 

volume, show europia to be superior to natural boron carbide 

and both of these to have twice the worth'of tantalum. 

Physical Properties of Eu203-Hf02 

.The works cited above along with the results of this work 

suggest that doping Eu203 with Hf02 would enhance its attrac- 

tiver~ess as a control material. To perform.and to analyze the 

results of any dopant experiments, knowledge of the system is 

. . essential. Unfortunately, very little is known concerning the 



Eu203-Hf02 phase diagram. A study by Radzewitz (14) has 

shown that a two phase region composed of fluorite and mono- 

clinic structures exists at 1500°C between 56 and 82 mole % 

Eu203. Apparently no other structural determinations have 

been made at other temperatures or compositions. 

Even the structural transformations in pure Eu203 are not 

clearly understood. Investigators agree that there is a 
. . 

transformation at 1050°C but the reversibility of this trans- 

formation is in doubt. Warshaw and Roy (15) found the 'trans- 

formation between.the low temperature cubic form and the high 

temperature monoclinic structure to be reversible. However, 

Glushkova and Boganov (16) found that once formed, the mono- 

clinic structure is stable at all temperatures. Hoekstra 

(17), in another work, has reported the transformation to be 

reversible only in the presence of water as a catalyst. 

The physical properties of Eu203 are almost as poorly 

characterized as its structure. Curtis and Tharp (4) have 

prepared the most extensive report of such properties. They 

hnvc made the only rapoiLsd elasticity measurements of Eu203. 

1n their work, room temperature measurements on a few bars of 

high density yielded Young's modulus values of about 310 

Kilobars. No-t only has this value never been reproduced, but , . 

it,is. also substantially lower than has been reported for 

other rare earth oxides. In sharpest disagreement have been 

investigations by Hunter et al. (18,19) on structurally simi- 
T- 

lar rare earth sesquioxides. They have reported room temper- 



ature moduli of elasticity values of up to 1400 Kilobars for 

both Sm203 and Gd203. 

Mechanical behavior is not th'e only area in which uncom- 

mon values have been reported. Europium is exceptional among 

the rare earths in atomic structure in that the 4f valence 

orbitals are exactly half filled. Because of this atomic 

structure, two oxidation states, a 2+ state as well as the 

normal 3+ state are possible for europium in its ionic form. 

Thus the formation of an oxide other than the sesquioxide is 

conceivable. McCarthy (20) has presented a diagram showing 

the relative ease with which Eu203 can be reduced to form 
b 

Eu304 or even EuO. 

Yet anot.her distinguishing feature of Eu203 is its tend- 

ency toward grain coarsening. Ploetz -- et al. (2) sint'ered 

several rare earth oxides at 1800°C for,three hours and then 

studied the resultant microstructures. They found the average 

grain size to be 40 pm for Dy203, 80 pm for Sm203, 80-120 pm 

for Gd203, and 340-550 pm for Eu203. No explanation to 

account for this extraordinary grain growth was presented. 

Incidentally, the excessive grain size found in sintered Eu203 

gives rise to serious concerns about its performance in- 

reactor. Pasto -- et al. (21) expressed the fear that large 

grains in the anisotropic monoclinic structure would lead t~ 

intensive intergranular stresses. In Patriarca's (22) report 

serious concern over the effect of grain size on irradiation 



be.havior can also be found. 

~nter~ranular Stresses and Microcracks 

As a general rule in polycrystalline ceramic materials 

the elastic properties are not significantly affected by grain 

size. Wachtman (23) characterizes the elastic moduli as not 

being "structure sensitive" properties. In a number of mate- 

rials however, an obvious relation between elasticity and 

structure has been established. It has been noted by Ruessem 

( 24 )  that extraordinarily low room temperature elastic moduli 

values are but some of the characteristic features of a mate- 

rial with a strong anisotropy of thermal expansion. His paper 

cites a number .of references in which this and the other un- 

usual properties have,been explained on the basis of "internal 

ruptures and recombinations". 

These ruptures or cracks are produced as a body which has 

no internal stresses at the sintering temperature is cooled. 

Different contraction rates in each of the principle crystal-' 

lographic directions of,each cryst.a.2.lite produces a complex 

arrangement of intragranular microstresses as the body cools 

to room temperature. Stresses generated in thermally aniso- 

tropic materials can be quite large; calculations made on the 

a-uranium structure predict stress to develop at the rate of 

360. psi for every degree Celcius the material is cooled (25) .  

Such a conceptwould appear to be validly applied toEu2O3 

which also lacks isotropy. 



Of course anisotropy in thermal expansion is not the only 

mechanism for inducing microcracks. Rapid phase transforma- 

tions have also been shown to produce internal ruptures. That 

a reconstructive phase transformation can lead to microcrack- 

ing has been shown by Ault and Ueltz (26) in their work with 

unstabilized zirconia. Two-phase ceramic bodies are also sub- 

ject to microcracking whenever the components have dissimilar 

thermal expansion coefficients. The relation of such differ- 

ences to the onset of microcracking has been studied by Hunter 

and Brownell (27). 

If thermal expansion anisotropy induces microcracks in 

Eu203, then such cracks should also be seen in other poly- 

crystalline monoclinic rare earth oxides. Hunter -- et al. (18) 

performed a temperature study of Young's modulus on samaria 

and found evidence of microcracking by a small hysteresis loop 

in their data. A similar investigation of gadolinia by 

Haglund and Hunter (19) found no such hysteresis but their 

work was performed on relatively fine grained specimens. Sub- 

sequenr work on Gd2U3 showed pronounced hysteresis in the 

elasticity curves when specimens with larger grains were 

tested. 1 

Outside of the lanthanide oxides, microcracking has been 

clearly shown to be responsible for anomalous behavior in a 

number of oxides. The phenomenon is most vividly seen in 

IS. L. Dole. Ames Laboratory, ERDA, Iowa State Univer- 
sity, Ames, Iowa. Private communication. May 9, 1975. 



Manning and Hun te r ' s  (28.) r e p o r t  on t h e  e l a s t i c  behav ior  of 

p o l y c r y s t a l l i n e  Nb205. They ob t a ined  h igh  tempera ture  Young's 

moduli f o r  bo th  hot-p . ressed and s i n t e r e d  compacts. For t h e  

s m a l l e r - g r a i n e d  (8 pm) h o t - p r e s s e d  m a t e r i a l ,  Young's modulus 

dec reased ,  l i n e a r l y  w i th  ' t empera ture ,  w h i l e ' t h e  l a r g e r  g r a ined  

(20 urn) s i n t e r e d  specimens showed t h e  e f f e c t s  of i n t e r n a l  

microcrack ing .  S i n t e r e d  m a t e r i a l s  e x h i b i t e d  unusua l ly  low 

room tempera ture  v a l u e s  of  Young's modulus and a  h y s t e r e s i s  

between h e a t i n g  and coo l ing  cu rves .  Young's modulus a c t u a l l y  

i nc rea sed  o v e r . 2 5 0  p e r c e n t  from room tempera ture  t o  1000°C.' 

They exp la ined  t h i s  phenomenon by a t t r i b u t i n g  t h e  i n c r e a s e  t o  

h e a l i n g  of  t h e  microcracks .  

Other ev idence  of microcrack ing  was found by Bush and 

Hummel ( 2 9 )  i n  t h e  mechanical  behav io r  of 8 - e u c r y p t i t e .  A 

s i m i l a r  h y s . t e r e s i s  was found i n  t h e  behav io r  of Young's modu- 

l u s  i n  t h i s  m a t e r i a l  which a l s o  has  a n i s o t r o p i c  thermal  expan- 

s i o n .  Again c r a c k  h e a l i n g  a t  h igh  tempera ture  was g iven  a s  

t h e  reason  f o r  t h i s  h y s t e r e s i s .  

S t r e s s  c a l c u l a t i o n s  show t h a t  g r a i n  s i z e  should  n o t  be 

an i n f l u e n c e  on e i t h e r  t h e  o n s e t  o r  e x t e n t  of i n t e r n a l  micro-  

c r ack ing  (25) .  However t h e  l i t e r a t u r e  on t he rma l ly  a n i s o -  

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

d i s p l a y  none of  t h e  unusual  p r o p e r t i e s  a s s0c i a t e .d  w i t h  micro-  

c r ack ing  whi le  l a r g e - g r a i n e d  ones do. 

T i t a n a t e s  have f r e q u e n t l y  been s t u d i e d  to.  obt,a.in i n s i g h t  

i n t o  t h i s  q u e s t i o n  of  t h e  i n f l u e n c e  of  g r a i n  s i z e .  Matsuo and 



Sasak i  (30) blended a d d i t i v e s  i n t o  PbTi03 t o  determine t h e  

e f f e c t s ,  p a r t i c u l a r l y  t h e  e f f e c t  on s t r e n g t h .  Here aga in  t h e  

e x i s t e n c e  o f  microcrack ing  was dependent on g r a i n  s i z e .  Addi- 
6 

t i v e s  produced mechanica l ly  s t r o n g  PbTi03 n o t  by d e p r e s s i n g  

thermal  expansion a n i s o t r o p y  b u t . r a t h e r  by i n h i b i t i n g  g r a i n  

growth. I n v e s t i g a t i o n  of Young's modulus i n  ano the r  t i t a n a t e ,  

MgTi205, by Bush and Hurnmel (31) a l s o  y i e l d e d  t h e  h y s t e r e s i s  

c h a r a c t e r i s t i c  of  i n t e r n a l  s t r e s s  r e l e a s e  and c r ack ing .  The 

s tudy  of magnesium d i t i t a n a . t e  was expanded by Kuszyk and 

Bradt  (32) t o  show more c l o s e l y  t h e  i n f l u e n c e  of g r a i n  s i z e .  

They observed a  c r i t i c a l  g r a i n  s i z e  of  t h a t  i s ,  on ly  

samples w i t h  g r a i n s  l a r g e r  t han  3  pm d i s p l a y e d  t h e  unusua l  

c h a r a c t e r i s t i c s  seen  by Bush and 'Hummel (31) .  

Based on t h e i r  r e s u l t s  Kuszyk and Bradt  proposed an 

energy c r i t e r i a  which must be f u l f i l l e d  b e f o r e  microcrack ing  

could  occu r .  Th is  energy c r i t e r i o n  i s  d i s t i n c t  from and i n  

a d d i t i o n  t o  t h e  micro s t r e s s  c o n s i d e r a t i o n s  which have been 

shown t o  be independent  of  g r a i n  s i z e .  Such an energy cons id-  

e r a t i o n  f o r  microcracking i s  analogous .  t o  Hasselman 's  ( 3 3 )  

d e s c r i p t i o n  of e l a s t i c  energy a s  a  c r i t i c a l  q u a n t i t y  i n  caus-  

i ng  thermal  shock f r a c t u r e .  M i c r o s t r e s s e s  e x i s t i n g  w i t h i n  t h e  

m a t e r i a l  can be d e s c r i b e d  by a  s t r a i n  energy f u n c t i o n  t aken  

over  t h e  volume, o f  t h e  body. However i f  t h i s  s t r a i n  should  be 

r e l a x e d  by t h e  fo rmat ion  o f  microcracks  t hen  a t  l e a s t  some of 

t h i s  energy i s  conver ted  i n t o  s u r f a c e  energy ,  t h e  amount , 
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determined by the area of the fracture surfaces formed. Thus 

there is a relationship between the two energy functions. A 

critical grain size is expected to be the determinant just as 

size controls nucleation of crystallites in a glass melt where 

surface and volune energies also compete. Mathematically 

Kuszyk and Bradt express these energy terms in a single grain 

by: 
5 Energy = - (SE) R + (Y~) RL 

where SE is the strain energy per unit volume, 

Yf is the average fracture surface energy, and 

R is the grain size. 

Differentiating this with the assumption that neither energy 

is a function of grain size and setting equal to zero yields: 

where Rcrit i s  the minimum grain size for crack formation. 

The authors feel that the concepts of an energy criterion and 

critical grain size will aid in the understanding of micro- 

cracked materials. 



EXPERIMENTAL PROCEDURE 

Specimen P r e p a r a t i o n  and C h a r a c t e r i z a t i o n  

Both m a t e r i a l s  used i n  t h i s  p r o j e c t  were r e c e i v e d  a s  

aqueous s o l u t i o n s  (Ames Laboratory  Rare E a r t h  S e p a r a t i o n  

Group). The europium had been e x t r a c t e d  from xenotime o r e  

through t h e  use  of  i o n  exchange columns. This  p roces s  i n -  

vo lves  p a s s i n g  t h e  xenotime s o l u t i o n  through t h e  columns u s i n g  

an o rgan ic  c h e l a t i n g  agen t  a s  an e l u t a n t .  The p u r i f i e d  europ- 

ium was t hen  p r e c i p i t a t e d  and c a l c i n e d  t o  t h e  ox ide  t o  remove 

t h e  o r g a n i c s .  Following t h i s  s t e p  t h e  s u p p l i e r  r e d i s s o l v e d  it 

i n  d i l u t e  hyd roch lo r i c  a c i d .  The hafnium o r i g i n a l l y  of com- 

merc i a l  g r ade ,  was p u r i f i e d  by t h e  same s o u r c e .  An o r g a n i c  

batc.h e x t r a c t i o n  p roces s  was u s e d ,  fo l lowed  by p r e c i p i t a t i o n  

i n  ammonium hydroxide .  F i n a l l y  t h e  m a t e r i a l  was p u t  back 

i n t o  s o l u t i o n  aga in  u s i n g  h y d r o c h l o r i c  a c i d  a s  t h e  s o l v e n t .  

A f t e r  r e c e i v i n g  t h e  s o l u t i o n s  from t h e  s u p p l i e r , ' a  q u a l -  

i t a t i v e  a n a l y s i s  was ob t a ined  on each  (Ames Labora tory  Spec t ro -  

g r a p h i c  Ana lys i s  Group). R e s u l t s  of  t h e s e  a n a l y s e s  a r e  p r e -  

s e n t e d  i n  Table  1 and Table 2 .  

I n  t h i s  s t udy  Eu203 was doped w i t h  HfOE i n  increments  of  

2 mole p e r c e n t  from 0 m/o t h r u  1 0  m/o. S e v e r a l  pu re  Eu2O3 

b a r s  of  va ry ing  p o r o s i t y  a s  w e l l  a s  two of comparable d e n s i t y  

a t  each dopant l e v e l  were t.o h e  made and t e s t c d ,  M a t e r i a l  f o r  

t h e  composi t ions  of  i n t e r e s t  was p repa red  by p i p e t t  i n g  t o -  

g e t h e r  measured amounts from each  s o l u t i o n ,  t h e  s o l u t i o n s  



Table 1. Spectrographic analysis of impurities in europium 
.so.lu.t i.on 

Element Concentration Element Concentration 
(PP~) (.ppm). 

a Not detected. 

Table 2. ' Spectrographic analysis of impurities in hafnium 
solution . . 

Element Concentration Element Concentration 
. ( P P ~ >  . . (.p.pm) 

a Not detected. 



having p r e v i o u s l y  been s t a n d a r d i z e d  (Ames Laboratory  A n a l y t i -  

c a l  Chemistry Group). A f t e r  thorough s t i r r i n g  each b a t c h  was 

c o - p r e c i p i t a t e d  i n t o  an aqueous ammonia s o l u t i o n .  The p r e c i p -  

i t a t e  was s e p a r a t e d  by f i l t r a t i o n .  While s t i l l  con ta ined  i n  

f i l t e r  paper  t h e  p r e c i p i t a t e  was washed w i t h  a  d i l u t e  ammonium 

hydroxide s o l u t i o n  t o  remove r e s i d u a l  c h l o r i d e s .  When c h l o -  

r i d e  was no l o n g e r  d e t e c t a b l e , t h e  f i l t r a t e  was t r a n s f e r r e d  t o  

a  beake r ,  covered ,  and d r i e d  a t  100°C t o  remove mechanical  

wa te r  from t h e  hydroxide .  

To p r e p a r e  t h e  m a t e r i a l s  f o r  specimen f a b r i c a t i o n  t h e  

hydroxide was c rushed ,  c a l c i n e d  a t  9Q0°.C t o  form t h e  o x i d e ,  

s lugged t o  30,000 p s i  i n  an  i s o s t a t i c  p r e s s ,  and reground t o  

pas s  a  200 mesh s i e v e .  Green compacts were formed by mechan- 

i c a l l y  p r e s s i n g  t h e  powder i n  a  double  a c t i n g  s t e e l  d i e  having 

a  r e c t a n g u l a r  c a v i t y  of 8.25 cm x  0.56 c m .  A p r e s s u r e  o f  

6,000 p s i  was used i n  t h i s  o p e r a t i o n .  Rec tangula r  p r i sms  t h u s  

formed'were f u r t h e r  d e n s i f i e d  w i t h  t h e  u s e  o f  an i s o s t a t i c  

p r e s s .  The b a r s  were s e a l e d  i n  rubber  c o n t a i n e r s  and p r e s s e d  

i s o s t a t i c a l l y  t o  30,000 p s i .  The p i & s s u r e s  given h e r e  were 

used whenever p o s s i b l e .  C e r t a i n  compacts c racked  e x t e n s i v e l y  

a f t e r  such p r e s s i n g s ,  however. Such d i f f i c u l t i e s ,  a p p a r e n t l y  

a s s o c i a t e d  w i t h  a d s o r p t i o n  of  a tmosphe r i c  g a s e s ,  were remedied 

by p r e s s i n g  a t  lower p r e s s u r e s ;  mechanica l ly  a t  1 , 5 0 0 . p s i ,  

t hen  i s o s t a t i c a l l y  a t  7,000 p s i .  S i m i l a r  a d s o r p t i o n  prob.lems 

have been r e p o r t e d  by o t h e r  a u t h o r s  (21,34) .  



F i r i n g  of a l l  b a r s  was done i n  an o x i d i z i n g  atmosphere 

through t h e  use  o f  a gas  f i r e d  muff le  f u r n a c e .  Each b a r  was 

i n i t i a l l y  s i n t e r e d  a t  1800°C f o r  one hour .  A f t e r  e l a s t i c i t y  

vs  t empera ture  curves  were gene ra t ed ,  most b a r s  we.re r e f i r e d  

t o  1900°C f o r  ano the r  hour .  The o x i d i z i n g  a i r  atmosphere 

w i t h i n  t h e  muff le  chamber e l i m i n a t e d  any concern over  reduc-  

t i o n  of t h e  s e squ iox ide .  

One specimen used i n  t h i s  work was n o t  f a b r i c a t e d  i n  t h e  

manner d e s c r i b e d  above. This  specimen was a l r e a d y  d e n s i f i e d  

when i t  was r e c e i v e d  from an o u t s i d e  sou rce  (Oak Ridge Nation- 

a l  Labora tory) .  I t  i s  unique i n  t h i s  s t u d y  i n  t h a t  it was 

prepared  by h o t  p r e s s i n g  r a t h e r  t h a n  s i n t e r i n g .  This  specimen 

was formed from commercial (Molycorp)  cub ic  Bu20S powder which 

had been s lugged t o  20,000 p s i  and c rushed  t o  -20 mesh. 

Actua l  h o t  p r e s s i n g  was done by ho ld ing  t h e  p r e s s u r e  c o n s t a n t  

a t  6000 p s i  whi le  t h e  t empera ture  was h e l d  f i r s t  a t  112S°C 

f o r  one hou r ,  t hen  i n c r e a s e d  t o  1300°C i n  t e n  minutes  and he ld  

a t  t h i s  h ighe r  t empera ture  f o r  ano the r  hour .  Following h o t  

p r e s s i n g  s t o i c h i o m e t r y  was r e s t o r e d  by h e a t i n g  t h e  sample i n  

a i r  a t  1000°C f o r  t h r e e  hours .  

Following f i r i n g ,  a  s u r f a c e  g r i n d e r  employing a  s i l i c o n  

, c a r b i d e  wheel was used t o  shape t h e  s i n t e r e d  specimens i n t o  

r e c t a n g u l a r  pr isms w i t h  a  d imensional  t o l e r a n c e  of  + 0.001 cm. - 

The dimensions o f  a  t y p i c a l  specimen a f t e r  shap ing  were 5.5 cm 

x 0.7 cm x  0.2 cm. The bu lk  d e n s i t y  of  each  b a r  was de te . r -  



mined from its mass and dimensions. X-ray diffraction was 

employed to determine the crystallographic form of each speci- 

men. Other characterization included reflecting light and 

scanning electron microscopy to analyze microstructures. 

Average grain sizes were computed using the linear intercept 

technique and correction factor from Fullman (35) . 
Elasticity Measurements 

.The Forster (36) or sonic resonance technique was used 

to determine e.lastic moduli in this study. This procedure 

follows that outlined by Spinner and Tefft (37). Detailed 

. descriptions of the actual equipment used in this work have 

been written by several authors, most notably Manning (38) 

and will not be repeated here. Basically the technique in- 

volves measuring sonic resonance frequencies of the specimen 

to determine Young's and shear moduli as well as Poisson's 

ratio. To perform resonance measurements on a specimen, it 

was suspended by cotton thread from two devices, one a mag- 

netic record cutting. head (driver) and the other a phonograph 

cartridge (pickup). Through appropriate electronic instru- 

mentation, i.e. variable frequency .oscillator, power amplifier, 

oscilloscope, and vacuum tube voltmeter, a signal was gener- 

ated and amplified, fed into the test specimen as a mechanical 

vibration, and monitored after it passed through the specimen. 

A diagram of the equipment arrangement is available in Fig. 2. 

With this technique, resonant frequencies were easily identi- 
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f i a b l e  a s  be ing  t h o s e  f r e q u e n c i e s  a t  which s i g n a l s  were e a s i l y  

t r a n s m i t t e d  through t h e  t e s t  b a r .  The mode of resonance was 

determined by prob ing  t h e  b a r  d u r i n g  e x c i t a t i o n  t o  observe t h e  

l o c a t i o n  of  t h e  noda l  p l anes .  Diagrams of t h e  resonance v i b r a -  

t i o n a l  modes, f l e x u r a l  and t o r s i o n a l ,  can be s een  i n  F ig .  3 .  

~ e ' a s u r e m e n t s  a t  o t h e r  t han  room tempera ture  were made by 

suspending t h e  specimen w i t h  carbon ya rn  i n  a  carbon rod  

r e s i s t a n c e  fu rnace .  The specimen,  f u r n a c e ,  c u t t i n g  head ,  and 

phonograph c a r t r i d g e  were covered under a  b e l l  j a r  and a  p r e s -  

s u r e  of l e s s  t han  1 x 1 0 - ~  t o r r  was drawn. ' ~ e m ~ e r a t u k e  i n  t h e  

manually c o n t r o l l e d  fu rnace  was determined by use  o f  a P t - P t  

10% Rh thermocouple and a  d i g i t a l  v o l t m e t e r .  

To conve r t  resonance d a t a  i n t o  modul i ,  t h e  equa t ions  of  

P i c k e t t  ( 3 9 )  were used b u t  i n  a  form g iven  by Hasselman (40) .  

Shear modulus f o r  a pr ism of  r e c t a n g u l a r  c r o s s  s e c t i o n  can be 

ob t a ined  d i r e c t l y  from t h e  equation.:  

where G i s  t h e  s h c a r  modulus, 

L i s  t h e  l e n g t h  of t h e  t e s t  specimen 

m i s  t h e  mass of t h e  t e s t  specimen 

f t  i s  t h e  r e sonan t  f requency of t h e  fundamental  mode 
of  t o r s i o n a l  v i b r a t i o n  ' 

S i s  t h c  a r e a  01 the c r o s s  s e c t i o n ,  and 

R i s  a  shape f a c t o r  g iven  by:  
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Figure 3 .  Fundamental modes of resonant  vibr .a t ion i n  
rec tangular  prisms (from 1-Iass.elrnan (40)  ) 
a ,  Flatwise f l e x u r a l  v i b r a t i o n  
b.  Torsional  v i b r a t i o n  



- where A i s  t h e  l e n g t h  of t h e  s h o r t e r  s i d e  and 

B i s  t h e  l e n g t h  of  t h e  l onge r  s i d e  of  t h e  c r o s s  s e c t i o n .  

I n  q u i t e  s i m i l a r  f a s h i o n ,  Young's modulus f o r  a  r ec t angu-  

l a r  pr ism can be c a l c u l a t e d  from t h e  e q u a t i o n :  

where E i s  Young's modulus 

f f  i s  t h e  r e sonan t  f requency  of t h e  fundamental  mode 
of  f l e x u r a l  v i b r a t i o n ,  and 

C i s  a  shape f a c t o r  d e f i n e d  by :  

where L i s  t h e  l e n g t h  of t h e  t e s t  specimen,  and 

p i s  Po i s son ' s  r a t i o . .  

S ince  t h i s  second sh.ape f a c t o r  i nvo lves  P o i s s o n ' s  r a t i o ,  

a  t h i r d  e q u a t i o n :  

1 = = -  

. i s  r e q u i r e d  f o r  s o l u t i o n .  Once t h e  s h e a r  modulus .is .known, 

an i n i t i a l  v a l u e  f o r  can be assumed and t h e  two equa t ions  



solved in a circular manner until the desired precision is 

obtained. If torsional frequency and hence shear modulus can- 

not be determined for a particular prism, then Poisson's 

ratio from a similar specimen can te assumed in evaluating 

Young's modulus since a small error in p has only a minimal 

effect on the calculation (41). 

Marlowe and Wilder (42) studied the experimental error 

involved in determining elastic moduli by the sonic technique. 

A t  room temperature the overall error should be less than 1.3% 

with dimensional inaccuracy contributing the largest. error. 

Spinner -- et al,. (41) stated that Young's modulus should be 

exact to four significant digits with this method. 

To correct moduli for the efzects of thermal expansion 

at elevated temperatures an equation from Hasselman (40) was 

used : 

where Mt is either modulus at temperature t 

Mo is the same modulus at room temperature 

ft is the resonance frequency at temperature t 

fo is the resonance frequency'at room temperature 

a is the coefficient of linear thermal expansion 

AT is the temperature difference between temperature 
t and room temperature. 



Secondary Testing 

To more fully characterize the various compositions 

, stud'ied, tests of other physical properties were made. 

Thermal expansion data were obtained at each composition. 

In addition, specimens were tested to obtain a qualitative. 

measure of resistance to boiling water attack. 

Linear thermal expansion measurements were,made with a 

commercial dilatometer (Brinkmann model TD IX). A linear 

variable differential transformer in contact with the speci- 

men through an alumina push rod measured length changes as 

the specimen was heated in an alumina tube. An electric. 

resistance furnace with an air atmosphere was used to heat 

the specimen. Temperature was measured with a Pt-Pt 10% Rh 

thermocouple positioned close to the specimen. To maintain 

consistency with the expansion runs, dilatometer measurements 

were in every instance made before the specimen was reheated 

Boiling water attack of the specimens was observed by 

boiling small rectangular sections of each composition. The 

time taken for sample disintegration was noted. The average 

dimensions of such pieces were about 0.2 cm x 0.7 cm x 0.7 cm. 

Rec-.ause of the destructive nature of this experiment it was 

undertaken only when othcr forms of analysis had be.en com- 

pleted and hence was performed after the specimens had been 

refired to 1900°C. 



RESULTS AND DISCUSSION 

E l a s t i c . P r o p e r t i e s  o f  Monoclinic Eu203. 

In any exper iment ,  t h e  e f f e c t s  produced by a l t e r i n g  c e r -  

t a i n  paramete rs  cannot  be  a s c e r t a i n e d  u n t i l  comparison t o  a  

c o n t r o l  o r  r e f e r e n c e  s t a t e  i s  made. In  t h i s  s t u d y  such  'com- 

p a r i s o n s  a r e  most l o g i c a l l y  made w i t h  pu re  e u r o p i a .  The 

e l a s t i c  p r o p e r t i e s  of monocl in ic  e u r o p i a  w i l l  t h u s  be  r e p o r t e d  

f i r s t .  F igu re  4 and Appendix A show t h e  behavior  of  Young's 

modulus a s  a  f u n c t i o n  of t empera ture  f o r  s e v e r a l  specimens.  

Most s t r i k i n g  i n  t h e s e  r e s u l t s  i s  t h e  l a c k  of s i m i l a r i t y  among 

t h e  f o u r  cu rves .  Three o f  t h e s e  p l o t s  were gene ra t ed  from 

s i n t e r e d  e u r o p i a ,  wh i l e  t h e  o t h e r  was ob t a ined  from t h e  h o t  

p r e s sed  specimen. 

Before d e t a i l i n g  t h e  c o n t r a s t i n g  q u a l i t i e s  o f ' t h e  two 

types  of specimens,  a  b r i e f  i n t r o d u c t i o n  t o  t h e  u s u a l  p o r o s i t y  

and tempera ture  depe.ndency of Young's modulus i s  a p p r o p r i a t e .  

The v e r t i c a l  arrangement o f , t h e  cu rves  i n  F ig .  4 i s  dependent 

on p o r o s i t y .  0 t h e r . r a r e  e a r t h  ox ides  ( 4 3 ) ,  and i n  f a c t  most 

p o l y c r y s t a l l i n e  r e f r a c t o r y  m a t e r i a l s ,  d i s p l a y  p o r o s i t y  depend- 

ence f o r  Young's modulus. Both Spr iggs  (44) and Hasselman 

(45) have i n t roduced  e q u a t i o n s  t o  exp re s s  t h i s  e f f e c t .  While 

t h e  mathemat ical  f u n c t i o n s  of  t h e s e  n o n l i n e a r  equa t ions  

d i f f e r ,  b o t h  ag ree  t h a t  t h e  e l a s t i c  modulus o f  a  m a t e r i a l  

should  i n c r e a s e  a s  t h e  p o r o s i t y  d e c r e a s e s .  u n f o r t u n a t e l y ,  

t h e o r e t i c a l  e q u a t i o n s '  a r e  o f  l i t t l e  u se  , i n  t h i s  p a r t i c u l a r  
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s tudy  s i n c e  s e v e r a l  of  t h e  cu rves  have unusua l  shape and a r e  

n o t  s i n g l e - v a l u e d  w i t h  t empera ture .  

F igure  4 a l s o  shows how Young's modulus i s  a f f e c t e d . b y  

tempera ture .  Wachtman and Lam (46). a f t e r  s t udy ing  a  v a r i e t y  

of  r e f r a c t o r y  m a t e r i a l s  concluded t h a t  young's  modulus should  

dec rease  approximately  l i n e a r l y  w i t h  i n c r e a s i n g  tempera ture .  

Th is  dec rease  i s  caused by thermal  expans ion ;  i n c r e a s e d  bond 

l e n g t h s  between atoms produce decreased  bond s t r e n g t h s . .  Such 

a  s t e a d y  l i n e a r  dec rease  i s  q u i t e  e v i d e n t  f o r  t h e  h o t  p r e s sed  

m a t e r i a l .  The loops  which d e p i c t  t h e  behav io r  o f  s i n t e r e d  

eu rop ia  specimens f a i l  however, t o  show such l i n e a r i t y .  

F igu re  4 shows t h a t  a t  v e r y  h igh  t empera tu re ,  above 1300°C 

f o r  e u r o p i a ,  a change i s  found i n  t empera ture  dependency. 

This  f e a t u r e ,  i n h e r e n t  i n  p o l y c r y s t a l l i n e  ce ramics ,  i s  caused 

by h igh  tempera ture  g r a i n  boundary s l i p  (47 ) .  

S ince  t h e  Young's modulus of  t h e  h o t  p r e s s e d  specimen 

fo l lows  t h e  l i n e a r  t empera ture  dependence p r e d i c t e d  by Wacht- 

man and Lam (46 ) ,  i t  can be  assumed t h a t  t h e s e  d a t a  a r e  r e p r e -  

s e n t a t i v e  of  normal c r a c k - f r e e  m a t e r i a l .  T h i s  a.ssumption 

a l lows  comparison of unusual  f e a t u r e s  of s i n t e r e d  specimens 

by comparing them t o  t h e  h o t  p r e s s e d  normal m a t e r i a l .  

Th is  comparison i s  b e s t  accomplished u s i n g  t h e  s i n t e r e d  

specimen of lowest  p o r o s i t y  ( p o r o s i t y  = 4.71%) s i n c e  i t s  

d e n s i t y  i s  n e a r l y  t h e  same a s  t h a t  of  t h e  h o t  p r e s s e d  specimen 

( p o r o s i t y  = ,5.95%). The major d i f f e r e n c e  betw.een t h e s e  two 



curves is that the sintered specimen does not show linearity 

but rather a loop composed of two distinct segments with a 

hysteresis between them. As a result of the porosity depend- 

ence discussed earlier, the less porous sintered specimen 

should have a higher Young's modulus than the hot pressed 

specimen. Instead, at room temperature, the sintered specimen 

exhibits a lower modulus. This abnormally low room tempera- 

ture value plus the already mentioned hysteresis loop between 

the heating and cooling segments are precisely the character- 

istics listed by Buessem (24) as being indicative of micro- 

cracking. 

The development of internal cracking in the sintered 

specimens and its effect on Young's modulus can be seen by 

analyzing what occurs along various portions of the modulus 

loop. Again the' least porous sintered specimen shown in Fig. 

4 is best used to show these effects. At very high tempera- 

ture (above 1300°C), the modulus of the sintered specimen is 

linear, reversible, and shows the correct porosity relation- 

ship with respect eo the extrapolated curve for the hot- 

pressed specimen. Since reversible linearity and the proper 

' porosity dependence are observed, there is no reason to sus- 

pect that microcracks exist in this temperature region. Here 

the anisotropic thermal expansion which accompanies h.ea,ting 

has relieved enough stress within individual grains to allow 

the cracks to heal. 



As the temperature is decreased however stresses induced 

by anisotropy in thermal contraction again begin to build with- 

in the grains. Near 1200°C, the deviation from high tempera- 

ture linearity indicates that microcracks are developing. 

With continued cooling deviation from an extrapolated line 

passing through the high temperature data increases. Such 

deviation shows that microcracking becomes more severe as the 

temperature is lowered. The slope of the cooling curve shows 

that at low temperatures internal rupturing completely offsets 

the temperature effect. 

During the heating cycle the opposite effect is observed. 

Initial heating from room temperature produces a linear de- 

crease in Young's modu1.u~ with temperature. As temperature is 

increased to above 500°C some deviation from linearity is 

again observed. Here the modulus begins to turn upward as 

microcracks heal. The curve shows the range of crack healing 

(500°C to 1300°C) and notes the temperature (1300°C) at which 

the crack free state is again attained. 

Data taken on the other sintered specimens support this 

description although microcracking is probably not as exten- 

sive since these specimens have greater porosity; porosity 

which provides space for the relief of anisntropic thermal 

expansion stresses. 

The Young's modulus versus temperature curves plotted in 

Fig. 4 and subsequent figures were found to be reasonably 



reproducible. However the room temperature moduli values 

obtained immediately after sintering or refiring were usually 

not consistent with those obtained after high temperature 

testing. Room temperature values for pure sintered europia 

were found to increase by as much as 10% after the first high 

temperature elasticity measurements. Similar increases were 

noted at other compositions where microcracking was evidenced. 

A plausible explanation for this effect can be made consider- 

ing the difference in cooling behavior found in the sintering 

and elasticity measurement furnaces. The rapid uncontrolled 

cooling from the sintering temperaturcs was quite different 

from the deliberate controlled temperature changes made during 

the elasticity study. Microcracking could easily have been 

intensified by the more rapid crystal contractions accompany- 

ing the faster cooling rates. These cracks would of course 

all heal during the first high temperature elasticity study 

allowing a different less severe microcrack system to develop 

on recooling. 

It has already been mentioned that an equation to express 

the effect of porosity on Young's modulus cannot be developed 

from the sintered specimens because of the microcracking 

' phenomenon. However an estimate of the effect o f  porosity 

can be made using the modulus value of the hot pressed speci- 

men. Several investigators (19,48) of the elastic properties 

of rare earth oxides have concluded that a linear equation 

fits the data and expresses the porosity effect as well as or 



b e t t e r  t h a n  t h e  n o n l i n e a r  e q u a t i o n  proposed by e i t h e r  Sp r iggs  

(44) o r  Hasselman (45 ) .  T h i s  l i n e a r  e q u a t i o n  i s  o f  t h e  form: 

where M i s  e i t h e r  e l a s t i c  modulus,  

Mo i s  t h a t  modulus a t  z e ro  p o r o s i t y ,  

P is  t h e ,  volume f r a c t i o n  p o r o s i t y , ,  and 

b  i s  an  e x p e r i m e n t a l l y  de te rmined  c o n s t a n t .  

Hasselman and F u l r a t h  (49) t h e o r e t i c a l l y  c a l c u l a t e d  a  v a l u e  of  

b  equa l  t o  2.0 from e q u a t i o n s  d e s c r i b i n g  t h e  e f f e c t s  of  s p h e r -  . 

i c a l  p o r o s i t y  on t h e  v a r i o u s  e l a s t i c  modul i .  Wachtman ( 5 0 )  

has  shown t h e  p o r o s i t y  e f f e c t  on a  v a r i e t y  o f  o x i d e s  t o  be  

c h a r a c t e r i z e d  by s l o p e s  of  n e a r  2 .0 .  More i m p o r t a n t l y ,  

Manning -- e t  a l .  (48) observed s i m i l a r l y  va lued  c o n s t a n t s  i n  

t h e i r  s t u d y  of  s e v e r a l  r a r e  e a r t h  o x i d e s .  

By 'assuming a  v a l u e  o f  2.0 f o r  t h e  c o n s t a n t  i n  t h e  l i n e a r  

e q u a t i o n  and u s i n g  t h e  room t empe ra tu r e  moduli  v a l u e s  (E = 

1301 Kbars,  G = 515 Kbars) o f  t h e  h o t  p r e s s e d  specimen (P  = 

0.0595) ,  e s t i m a t e d  v a l u e s  f o r  b o t h  Young's and ' s h e a r  modul.us 

o f  t h e o r e t i c a l l y  dense  c r a c k  f r e e  monoc l in ic  e u r o p i a  can  be  

c a l c u l a t e d .  Es t imated  v a l u e s  of  Eo  (1477 ~ b a r s )  and G o  (584 

Kbars) were t h u s  o b t a i n e d .  These v a l u e s  l i e  rough ly  midway 

between t h e  l i n e a r l y  e x t r a p o l a t e d  room t empe ra tu r e  moduli  

v a l u e s  o b t a i n e d  f o r  t h e  two a d j a c e n t  r a r e  e a r t h  o x i d e s ,  Sm203 

(Bo = 1450 Kbars,  G o  = 548 K b a r s )  ( 1 8 ) ,  and Gd203 (Eo = ,1503 

Kbars,  G o  = ,588 Kbars) ( 19 ) .  ' Such c o n s i s t e n c y  g i v e s  added  



significance and confidence to the 'crack-free moduli values 

estimated for Eu203. 

Elastic Properties of Eu203-Hf02 Compositions 

A number of specimens, all identically prepared but of 

varied compositions, were fabricated and tested in an effort 

to understand and control internal microcracking. The follow- 

ing plots.of Young's modulus, Figs. 5-10, show the conse- 

quences of doping Eu203 with small quantities of Hf02. Each 

successive figure illustrates the effect of increased.'dopant: 

Fig. 5, 0 mole % Hf02; Fig. 6, 2 mole % Hf02; Fig. 7, 4 mole % 

Hf02; Fig. 8, 6 mole % Hf02; Fig. 9, 8 mole % Hf02; Fig. 10, 

10 mole % Hf02. All moduli values determined in this study 

are tabulated in Appendix A .  

Each figure shows the elastic moduli of a single specimen 

tested after sintering (1800'OC) and again after the reheat 

tr'eatment (1900°C). Duplicate specimens were similarly tested 

for each composition except 8 mole % HfOZ and showed essen- 

tially the same results. 

Young's modulus of a pure Eu203 specimen is presented in 

Fig. 5. Both loops in Fig. 5 show similar hysteresis although 

the room temperature value is decreased after refiring of the 

specimen (bottom loop). This suggests . . microcracking to be 

more severe following the second heat treatment. The small 

discrepancy at very high temperature is in agreement wi.th'and 

explainable by the dens2fication which occurred during the . 



Figure 5. Elevated temperature Young's modulus (heating and cooling) of 
100 mole % Eu2O3-0 mole % Hf02 
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Figure 8. Elevated temperature Young's modulus (heating and cooling) of 
94 mole % Eu203-6 mole % Hf02 



Figure 9. Elevated temperature' young's modulus (heating and cooling) of 
92 mole % Eu203-8 mole % Hf02 





second h e a t  t r ea tmen t .  

Very l i t t l e  i s  d i f f e r e n t  i n  F ig .  6 .  Here,  w i t h  a  dopant 

l e v e l  of  2 mole % ,  h y s t e . r e s i s  i s  s t i l l  s een  a f t e r  bo th  f i r -  

i n g s .  Again i t  appears  t h a t  microcrack ing  i s  more s e v e r e  

a f t e r  t h e  second f i r i n g  s t e p  (bottom l o o p ) .  The d i sc repancy  

i n  va lues  a t  h igh  tempera ture  i s  a  r e s u l t  of  porosi ' ty  v a r i a -  

t i o n s  w i t h i n  t h e  specimen; t h e  d e n s i t y  was decreased  by shap- 

i ng  and g r i n d i n g  a f t e r  t h e  second h e a t  t reatment ' .  

F igure  7 ,  4 mole % Hf02,  d i s p l a y s  t h e  unusual  behav ior  of  

Young's modulus 'which was found a f t e r  t h e  specimen had been 

r e f i r e d  t o  1900°C. 'Before t h e  second h e a t  t r e a t m e n t  ( t o p  

l o o p ) ,  Young's modulus 'appeared t o  e x h i b i t  ' s ' l i g h t l y  l e s s  

h y s t e r e s i s  t han  was found a t  lower a d d i t i v e  c o n c e n t r a t i o n s  f o r  

s i m i l a r  f i r i n g  c o n d i t i o n s .  The very  l a r g e  h y s t e r e s i s  loop  

d e t e c t e d  a f t e r  t h e  second f i r i n g  (bottom loop)  i s  n o t  t y p i c a l ,  

however, of  behav ior  a t  o t h e r  composi t ions  a l r e a d y  d i s c u s s e d .  

In  o rde r  t o  f u l l y  d e s c r i b e  t h e  behav io r  two h e a t i n g  segments 

a r e  neces sa ry  i n  t h e  p l o t .  The lower h e a t i n g  curve  shows 

e l a s t i c  behavior  of t h e  specimen a . f t e r  i t  had been kep t  f o r  

s e v e r a l  days a t  room tempera ture .  E l a s t i c i t y  d a t a  ob t a ined  

whi le  h e a t i n g  and subsequent ly  c o o l i n g  of  t h e  specimen d i d  n o t  

combine t o  form a  c l o s e d  l oop ,  s o  a second h e a t i n g  segment was 

gene ra t ed .  This  p o r t i o n  of t h e  l o o p ,  t h e  h i g h e r  h e a t i n g  cu rve ,  

was made immediately a f t e r  the '  coo l ing  s e c t i o n  had been com- 

p l e t e d .  Th i s  second h e a t i n g  curve  d i d  merge wi:th ' t h e  othe'r 



d a t a  p o i n t s a t  h i g h  tempera ture  and t h e  second c o o l i n g  curve 

(no t  shown) was s i m i l a r . t o  t h a t  of  t h e  f i r s t .  

Room tempera ture  e l a s t i c i t y  measuremen.ts were made and 

recorded on t h i s  specimen f o r  a  p e r i o d  of t ime fo l l owing  t h e  

h igh  tempera ture  st i idy.  The modulus was found t o  dec rease  f o r  

s e v e r a l  days u n t i l  i t  s t a b i l i z e d  a t  a  v a l u e  approximately  

equa l  t o  t h e  i n i t i a l  v a l u e .  

Only a t  t h i s  compos i t ion ,  4 mole % Hf02,  and on ly  a f t e r  

t h e  1900°C r e h e a t  t r e a t m e n t  was such  an ag ing  e f f e c t  s een .  I t  

i s  c l e a r  t h a t  microcracks  d i d  n o t  form a s  r a p i d l y  d u r i n g  coo l -  

ing  of  t h i s  specimen. a s  t h e y  had i n  o t h e r s  a l r e a d y  d i s c u s s e d .  

In  t h i s  i n s t a n c e  equi l ibr ium and ' f i n a l  s t r e s s  r e l e a s e  were 

g r a d u a l l y  a t t a i n e d  a f t e r  a c o n s i d e r a b l e  t ime l a p s e .  Micro- ' 

c rack ing  was n o t  e l i m i n a t e d  by t h e  a d d i t i o n  of  4 mole % Hf02 

bu t  i t  was s i g n i f i c a n t l y  r e t a r d e d .  

Evidence of t h e  a c t u a l  e l i m i n a t i o n  of  microcracks  i s  

given by t h e  6 mole % Hf02 specimen. These d a t a a r e  p r e s e n t e d  

i n  F ig .  8 .  The specimen,  a f t e r  be ing  s i n t e r e d  t o  1800°C, 

showed none u f  t h e  c h a r a c t e r i s t i c s  of  i n t e r n a l  c r a c k i n g  ( t op  

l o o p ) .  A sma l l  h y s t e r e s i s  d i d  develop fo l l owing  t h e  1900°C 

r e h e a t  t r e a t m e n t  (bottom l o o p ) .  Apparent ly  a  c r i t i c a l  v a l u e  

i n  some s t r u c t u r a l  parameter  was exceeded d u r i n g  t h e  190OQC 

r e f i r e  which al lowed microcracks  t o  develop.  

' In  F ig .  9  no h y s t e . r e s i s  was seen  i n  e i t h e r  p l o t .  For 

t h e  p repara t i .on  and f i r i n g  condi t i .ons  used i n  t h i s  s t u d y  8 



mole 4 MfOZ was s u f f i c i e n t  t o  i n h i b i t  microcrack ing .  I f  

microcracks  have n o t  been t o t a l l y  e l i m i n a t e d ,  they  a r e  i n f r e -  

quent  enough s o  t h a t  t h e y  do n o t  a f f e c t  e l a s t i c i t y  perform- 

ance.  

Th i s  i s  confirmed by F i g .  10 i n  which t h e  e l a s t i c  behav- 

i o r  of  10 mole 4 HfOZ doped EuZOj i s  d i s p l a y e d .  A t  t h i s  com- 

p o s i t i o n  bo th  curves  show l i n e a r  t empera ture  dependency. 

Besides  de te rmin ing  Young's modulus, t h i s  s t u d y  a l s o  

i n v e s t i g a t e d  s h e a r  modulus and P o i s s o n ' s  r a t i o .  In format ion  

on s h e a r  modulus a c t u a l l y  adds l i t t l e  new i n s i g h t  t o  e i t h e r  

e l a s t i c  behav ior  o r  microcrack ing .  F igure  11 d i s p l a y s  t h e  

shea r  modulus d a t a  ob t a ined  from s e v e r a l  specimens.  One 

specimen, a  s i n t e r e d  pure  EuZ03 b a r  w i t h  4 . 7 1 %  p o r o s i t y ,  i s  

t h e  one f o r  which Young's modulus was.examined i n  F ig .  4 .  

The s h e a r  modulus d a t a  reconf i rms  t h e  e x i s t e n c e  o f  micro-  

c r a c k s .  Both t e l l t a l e  s i g n s ,  t h e  h y s t e r e s i s  I.oop and low 

room tempera ture  v a l u e ,  a r e  seen .  

The h o t  p r e s s e d  specimen i s  a g a i n  i nc luded  i n  t h i s  

l i g u r e  t o  show t h e  s i m i l a r i t y  between Young's and s h e a r  

moduli.  Like t h e  Young's modulus d a t a  graphed i n  F ig .  4 ,  t h e  

shea r  d a t a  of  F ig .  11 show t h e  r e v e r s i b l e  l i n e a r  behavior  o f  

a  mic roc rack - f r ee  body. 

Both of  t h e  specimens j u s t  d e s c r i b e d  were s i n t e r e d  a:t 

1800°C. The o t h e r  curve  i n  F i g .  l l ' g i v e s  s h e a r  d a t a  t aken  

from t h e  6 mole % HfOZ specimen fol.lowing t h e  secondary h e a t  
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Figure 11. Elevated temperature shear.modulus (heating and cooling) of three 
Eu203-Hf02 specimens 
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t r ea tmen t  a t  1900°C. A sma l l  hyst.e.resis l oop ,  a g a i n  s i m i l a r  

t o  t h e  s l i g h t  h y s t e r e s i s  r e p o r t e d  i n  F ig .  8 ,  i s  shown h e r e .  

A t  every  composi t ion t e s t e d  f o r  bo th  modul i ,  t h e  behav io r  of 

Young's and s h e a r  moduli was s i m i l a r .  

Seve ra l  o f  t h e  specimens had sma l l  p h y s i c a l  dimensions 

which produced unmeasurably h igh  t o r s i o n a l  f r e q u e n c i e s  and 

t h u s  p r o h i b i t e d  d e t e r m i n a t i o n  of s h e a r  modulus. I n  such c a s e s  

i t  was a l s o  imposs ib le  t o  compute P o i s s o n ' s  r a t i o  a s  b o t h  

moduli are r e q u i r e d  i n  t h e  c a l c u l a t i o n .  S ince  Sp inner  e t  a l .  -- 
(41) concluded t h a t  a  sma l l  (0.04) e r r o r  i n  P o i s s o n ' s  r a t i o  

would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  e l a s t i c i t y  c a l c u l a t i o n s ,  a  

c o n s t a n t  v a l u e  o f  0.26, t h e  v a l u e  ob t a ined  from t h e  h o t  

p r e s sed  Eu203 specimen, was used when s h e a r  modulus was 

i nde t e rminab le .  

I n t e r e s t i n g l y ,  whenever P o i s s o n ' s  r a t i o  was a v a i l a b l e  

f o r  microcracked specimens,  i t  was found t o  be dependent on 

tempera ture .  .For example, P o i s s o n ' s  r a t i o  f o r  t h e  s i n t e r e d  

monocl in ic  pure  eu rop ia  specimen d e s c r i b e d  i n  F igs .  4 and 11 

v a r i e d  from 0.25 a t  ruum tempera ture  t o  0.32 a t  1400°C. 

S c a t t e r  i n  t h e s e  d a t a  was such t h a t  curve  f i t t i n g  was n u t  

a t t empted .  For specimens i n  which t h e  moduli  e x h i b i t e d  l i n e a r  

h y s t e r e s i s - f r e e  behavior  Po i s son ' s  r a t i o  was found. t o  b e  con- 

s t a n t  and c o n s i s t e n t  w i t h  'va lues  f o r  o t h e r  r a r e  e a r t h  ox ides  

(19 ,43) .  ' 



Microstructural Analysis 

The previous section has established that the micro- 

cracking seen in pure monoclinic EuZ03 can be overcome by the 

addition of a sufficient quantity of Hf02 Certainly some 

structural property or properties must have been altered by. 

the presence of Hf02. To determine any structural changes 

X-ray diffraction and microscopic studies were made on each 

specimen. 

An X-ray diffraction study revealed that at low concen- 

trations Hf02 went into solid solution in the monoclinic Eu203 

but at higher concentrations formed a separate cubic phase. 

Figure 12, which summarizes this study, is not meant to be 

construed as a partial phase study but only to graphically 

display the phases present at.room temperature after sintering 

or refiring at the temperature indicated. 

The monoclinic form of pure sintered Eu203, identified by 

the'diffraction pattern given by Glushkova and Boganov (16), 

remained quite stable at room temperature. An X-ray diffrac- 

tion pattern taken nearly a year after sintering revealed only 

a faint cubic pattern. 

The exact structure of the cubic phase could not be 

determined fiu111 the X-ray diffraction patterns developed dur- 

ing this stu.dy.  I t  .is poss.ible that it is f3.uorite structured 

since Radzewitz. '.(l4) has identified a two phase. region, 

fluorite (cubic.) and B-type rare earth 'oxide (monoclinic), 



Figure 12. Phases present after sintering or reheating of 
sOme Eu203-Hf02 rompositions 



a t  t h e  composi t ion 82 mole % Eu203-18 mole % Hf02 a t  1500°C. . 
A more r e c e n t  s tudy1 sugges t s  t h a t  t h e  c u b i c  form seen  i n  t h i s  

s t udy  i s  a c t u a l l y  t h e  r a r e  e a r t h  .oxide C- type  (cub ic )  eu rop ia  

s t r u c t u r e .  Such an i d e n t i f i c a t t o n  would be c o n s i s t e n t  w i th  

t h e  s t r u c t u r e s  found by Spi r id inov '  'et '  ' a l .  (51) i n  t h e i r  i nves -  -- 
t i g a t i o n  of  a  s i m i l a r  sys tem,  H.f02-Gd203 

The in fo rma t ion  provided on phase s t a b i l i t y  w i t h  r e s p e c t  

t o  s i n t e r i n g  a t  1400°C i s  inc luded  because  it suppor t s  t h e  

r e l i a b i l i t y  of  t h e  o t h e r  d a t a .  I n  a d d i t i o n ,  it shows t h a t  a  

s i n g l e  phase cub ic  eu rop ia  form cannot  be produced b y . t h e  

a d d i t i o n  of up t o  1O.mole % Hf02. T h i s  t empera tu re ,  1400°C, 

was chosen a s  be ing  a  minimum tempera ture  f o r  a c c e p t a b l e  s i n -  

t e r i n g .  The X-ray i n f o r ~ n a t i o n  i n d i c a t e s  t h e n  t h a t  such a  

phase ,  which would pos se s s  i s o t r o p i c  thermal  expans ion ,  cannot  

be produced by s i n t e r i n g  i n  t h e  compos i t iona l  r e g i o n  of i n t e r -  

e s t .  

Photomicrographs of t h e  specimens,  t aken  bo th  b e f o r e  and 

a f t e r  t hey  were r e f i r e d  a t  1900°C, a r e  p r e sen t ed  i n  F i g s .  13-  

18 .  The,same magn i f i ca t i on  (161X) was used on each  photo  t o  

show t h e  r e l a t i v e  g r a i n  s i z e .  

Pure Eu203, Fig .  1 3 ,  s i n t e r s  t o  form ex t remely  l a r g e  

g ra ined  specimens. An average g r a i n  s i z e  of  117 pm b e f o r e  

t h e  rehea- t  t r ea tmen t  i s  en l a rged  t o  153 v m  a f t e r  t h i s  second 

f i r i n g .  These va,l.ues a r e  i n  t h e  range r e p o r t e d  by P l o e t z  e t  - 

'R. W .  Scheidec 'ker.  Ames ~ a b d r a t o r ~ ,  ERDA, Iowa' S t a t e  
U n i v e r s i t y ,  Ames'; Iowa. P r i v a t e  'communication. May 1 4 ,  1975. 

. . 



Figure 13a. Photomicrograph of a'polished section of a 
0 mole % Hf02 (100 mole % EuzOg) specimen 
after sintering at 1800°C. Arrow indicates 
unusual cracking. 

Figure 13b. Photomicrograph of a polished section of a 
0 mole % HfO2 (100 mole. % EuzOg) specimen 
after reheating at 1900°C. 
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Figure 13c. Scanning electron micrograph of a polished 
section of a 0 mole % HfO2 (100 mole % Eu2O3) 
specimen after sintering at 1800°C. 

Figure 13d. Photomicrograph of a polished section of 
hot-pressed pure Eu203. 
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a l .  ( 2 ) .  Their .specimens, which were a l s o  held a t  the  s i n t e r -  - 
ing temperature of 1800°C f o r  one hour, were found t o  have 

gra ins  i n  the  range of 180-360 ym. Ploetz. 'et  a l .  (2 )  a l so  -- 
found the  same twinning fea tures  a s  a re  evident i n  t he  photos 

of Pig. 13a and 13b. More importantly t h e i r  micrograph shows 

unusual cracking much l i k e  t h a t  seen i n  Fig. 13a. In t h e i r  

repor t  no mention was qade ~f t h i s .  cxac$ing although the  . *  ,5. r . - I  

photomicrographs they  -prekehted of the  08ther monoclinic r a r e  

e a r t h  sesquioxides displayed no such fea tures .  

In the  hope t h a t  these  cracks were ac tua l ly  the  i n f r e -  

quently observed bu t  much discussed microcracks, a scanning 

e lec t ron  microscope photo was made of the  polished sec t ion .  

This  photo i s  reproduced i n  Fig. 13c. After  an examination 

of  both types of photos c e r t a i n  fea tures  become apparent. 

The shor t  but  r a the r  cons i s ten t  length of these  cracks,  t h e i r  

jagged appearance, the  concentrat ion of these  cracks i n  some 

gra ins  and the  t o t a l  absence of them i n  o thers ,  and the  

observation t h a t  none of them cross  g ra in  boundaries a l l  

support the  hypothesis t h a t  they a r e  an i so t rop ica l ly  induced 

microcracks. Scanning e lec t ron  photomicrographs, when viewed 

s tereoscopical ly ,  show these cracks t o  be q u i t e  d i s t i n c t  from 

and deeper than o ther  surface  fea tures .  O f  course it can not  

bc conclusively s t a t e d  t h a t  these cracks were not produced 

during e i t h e r  the  grinding,  mounting, o r  pol ishing operations. 

Much smaller gra ins  (5-6 pm) were found i n  the' ho t  



pressed pure Eu203 specimen a s  would be a n t i c i p a t e d .  A photo- 

micrograph of t h e  s t r u c t u r e  of t h i s  specimen i s  shown i n  Fig. 

13d. Grains a r e  s o  small. t h a t  n e i t h e r  twinning nor micro- 

cracking can be observed. 

The next  four  f i g u r e s ,  Figs .  14-17, show t h a t  t h e  g r a i n  

s i z e  decreases  monotomically a s  l a r g e r  concent ra t ions  of Hf02 

a r e  added. Photomicrographs of t h e  10 mole % Hf02 specimen 

which a r e  given i n  Fig. 18 show a r e v e r s a l  i n  t h e  t r end  toward 

smal ler  s i z e d  g ra ins .  This composition is  t h e  only one i n  

which two phases a r e  c l e a r l y  evident .  The micrograph taken 

a f t e r  t h e  specimen was r e f i r e d  t o  1900°C shows i s o l a t e d  

pockets of one phase produced a s  g r a i n s  of t h e  second phase 

coarsened around them. P o s i t i v e  i d e n t i f i c a t i o n  of t h e  l a r g e r  

g ra ins  a s  e i t h e r  monoclinic o r  f l u o r i t e  s t r u c t u r e  was n o t  

attempted. 

The g r a i n  s i z e  information obtained from a l l  t h e  s p e c i -  

mens is  combined and presented i n  Fig. 19. Where p o s s i b l e  

the  average g r a i n  s i z e  of both  specimens of each composition 

i s  displayed.  This' f i g u r e  very  c l e a r l y  shows the t r e n d  of 

g r a i n  growth suppression a s  Hf02 i s  added t o  Eu203. 

The s e r i e s  of photos j u s t  presented  a l s o  shows t h a t  t h e  

pornqity af  a specimen changes wi th  composition and g r a i n  

s i z e .  Since phase diagram and o t h e r  information i s  n o t  a v a i l -  

a b l e  abso lu te  d e n s i t i e s  and p o r o s i t i e s  cannot be c a l c u l a t e d .  

However t h e  g r a i n  s i z e  and d e n s i t y  information t a b u l a t e d  i n  



Figure 14a. Photomicrograph of a polished section of a 
2 mole % HfO2 (98 mole % Eu2O3) specimen 
after sintering at 1800°C. 

Figure 14b. Photomicrograph of a polished section o f  a 
2 mole % HfO2 (98 mole % Eu2O3) specimen 
after reheating at 1900°C. 





Figure 15a. Photomicrograph o f  a polished sec t ion  o f  a 
4 mole % H f O 2  (96 mole % Eu2O3) specimen 
a f t e r  s inter ing a t  1800°C. 

Figure 15b. Photomicrograph o f  a pol ished sec t ion  o f  a 
4 mole % H f O 2  (96 mole % EuzO3) specimen 
a f t e r  reheating a t  1900°C. 
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Figure Ida. Photomicrograph of a polished section of a 
6 mole % HfO2 (94 mole % EuzO3) specimen 
after sintering at 1800aC. 

Figure I6b. Photomicrograph of a polished section of a 
6 mole % HfO2 (94 mole % Eu2O3) specimen 
after reheating at 1900°C. 
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Figure 16a. Photomicrograph of a polished section of a 
6 mole % HfO2 (94 mole % Eu2O3) specimen 
after sintering at 1800°C. 

Figure 16b. Photomicrograph of a polished section of a 
6 mole % HfQz (94 mole % Eu203) specimen 
after reheating at 1900°C. 





Figure 17. Photomicrograph of a polished section of an 
8 mole % HfO2 (92 mole % Eu2Og) specimen 
after reheating at 1900°C. 
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Figure 18a. Photomicrograph of a polished section of a 
10 mole % H f O z  (90 mole % Eu2O3) specimen 
after sintering at 1800°C. 

Figure 18b. Photomicrograph of a polished section of a 
10 mole % HfOz (90 mole % EuzO3.) specimen 
after reheating at 1900°C. 
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REHEATED AT 
19OO0C 

0 SIMTERED AT 
1800°C 

e HOT PRESSED AT 
13OO0C 

Figure  1 9 .  Average g r a i n  s i z e  of  specimens of va r ious  
Eu20i-Hf02 composi t ions  



Appendix B shows t h e  t r e n d .  For example, pure  Eu203 was 

s i n t e r e d  t o  an average d e n s i t y  of 7.6 gm/cm3 wh i l e  u s i n g  t h e  

same c o n d i t i o n s  compositi .ons wi.th 'only 4 mole % t o  8 mole % 

3 Hf02 were s i n t e r e d  t o  d e n s i t i e s  i n  e x c e s s  of  7.9 gm/cm . 
Addi t i ona l  Tes'ting 

Measurements of the rmal  expansion were made a t  each com- 

p o s i t i o n  of i n t e r e s t .  R e s u l t s  of  t h e  expansion runs  a r e  

d e t a i l e d  i n  Appendix C .  Values l i s t e d  i n  Table  3 show only  

t h e  mean c o e f f i c i e n t s  of  expansion.  

Table  3. . Mean c o e f f i c i e n t s  of  expanston from 25OC to .  1150°C 
f o r ,  s i x  Eu203 -Hf02 c,o,mpositio,n,s, , , . . . . . . . . . . . .  . 

Composition (mole % Hf 02 )  . . . . .  x106 . . . . .  ( o c - ~ )  . . . 

Other i n v e s t i g a t o r s  have determined s i m i l a r  thermal  ex-  

pansion c o e f f i c i e n t s  f o r  s i n t e r e d  monocl in ic  Eu203. C u r t i s  

and Tharp (4)  found a v a l u e  o f  1 0 . 3 0 ~ 1 0 - ~  OC" over  a range 

of 0°C-1200°C. Wilfong et' a l .  (52) r e p o r t e d  1 0 . 3 5 ~ 1 0  - 6  o c - 1  
-. -- 

from 25°C t o  100.O°C. S t i l l  ano the r  r e p o r t ,  by P l o e t z V e t a l .  -- 
-- ~ - .  

(2) l i s t e d  an expansion c o e f f i c i e n t  of 1 0 . 5 x 1 0 - ~  O C - ~  over  

' t h e  i n t e r v a l  from 30°C t o  840°.C.. 

Thes'e. publ ished '  va lues '  .agree f a i r l y  w e l l  wi.th ' t h e  c o e f f  i- 



c i e n t s . d e t e r m i n e d  i n  t h i s  s t u d y .  Over t h e  smal l  compos i t iona l  

range i n v e s t i g a t e d  h e r e ,  a  l a r g e  change i n  expansion r a t e s  

would n o t  be expected.  The somewhat lower v a l u e  ob t a ined  from 

pure  Eu203 i n  t h i s  s t udy  may be  r e a l  o r  on ly  a  s t a t i s t i c a l  

v a r i a t i o n .  The r e s u l t s  of t h i s  s t u d y  prove on ly  t h a t  t h e  

l e n g t h s  of  a l l  specimens i n c r e a s e  monotonical.2y wi-th tempera- 

t u r e .  A v i s u a l  a n a l y s i s  of p l o t t e d  thermal  expansion d a t a  

(A!?,/!?,, v e r s u s  t empera ture )  found t h e  s l o p e s  f o r  a l l  composi- 

t i o n s  t o  be c o n s i s t e n t .  However i f  t h e  c o e f f i c i e n t  of  pure  

Eu20J 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  doped s p e c i -  

mens, t h e  d i f f e r e n c e  cou ld  e a s i l y  be exp la ined  from a  c r a c k  

h e a l i n g  approach.  Microcracks ,  which were found t o  e x i s t  i n  

t h i s  p a r t i c u l a r  specimen a t  low t empera tu re ,  h e a l  a s  t h e  tem- 

p e r a t u r e  i s  i n c r e a s e d .  Such c r a c k  h e a l i n g  would n a t u r a l l y  

reduce t h e  n e t  expansion of t h e  specimen. Manning -- e t  a l .  (53) 

and Kuszyk and Bradt  (32) found such  h e a l i n g  t o  a p p r e c i a b l y  

a f f e c t  thermal  expansion behav io r .  

Exposure of sper.imens t o  b o i l i n g  wa te r  p rov ided  no r e a l  

q u a n t i t a t i v e  measurement o f  t h e i r  s t a b i l i t y .  The c o n d i t i o n  

of  t h e  m a t e r i a l s  .was observed d u r i n g  t e s t i n g  and t h e  amount of  

t ime r e q u i r e d  f o r  complete l o s s  of i n t e g r i t y  and fo rma t ion  of 

s u b s t a n t i a l  powder was r e p o r t e d .  There  d i d  appear  t o  be  a '  

c o r r e l a t i o n  between g r a i n  si'ze. .and a t t a c k  r a t e .  a l t hough  'none 

of  t h e  specimens d i s p l a y e d  ex t remely  good a t t a c k  r e s i s t a n c e .  

S i n t e r e d  pure  E U ~ O , ~  specimens broke  ' a p a r t  a f t e r  on ly  one hour 



' i n  b o i l i n g  wate.r. Europia  specimens doped w i t h  2 mole % ,  4 

mole % ,  and 6 mole % HfOZ a l l  crumbled a f t e r  2 t o  2 1 / 2  hours .  

Afte.r 3  hours  of a t t a c k  t h e  specimens c o n t a i n i n g  10 mole % 

HfOZ a l s o  f a i l e d .  Of t h e  s i n t e r e d  composi t ions  t h a t  c o n t a i n -  

i ng  8 mole % Hf02 performed b e s t ;  i t  l a s t e d  f o r  ' o v e r  5  hours .  

Supe r io r  i n  performance t o  a l l  of t h e  ' s i n t e r e d  specimens,  

however, was t h e  h o t p r e s s e d  Eu203 m a t e r i a l .  Approximately 

8 hours  e l apsed  b e f o r e  i t  degraded t o  a  s i m i l a r  c o n d i t i o n .  

Without e s t a b l i s h i n g  t h e  e x a c t  r e l a t i o n  between s t r u c t u r e  

and r e s i s t a n c e  t o  b o i l i n g  wa te r  a t t a c k ,  i t  i s  c l e a r  t h a t  r e -  

duction o f  g r a i n  s i z e ,  produced e i t h e r  by doping o r  h o t  p r e s s -  

i n g ,  improved t h e  r e s i s t a n c e  of  monocl in ic  ~ ~ 2 0 ~ .  

An o b s e r v a t i o n  on t h e  s t o i c h i o m e t r y  o f  v a r i o u s  composi- 

t i o n s  was a l s o  made. A f t e r  h igh  tempera ture  e l a s t i c i t y  

measurements were made on t h e  p r i sms  w i t h i n  t h e  vacuum cham- 

b e r ,  specimens of each  composi t ion c o n t a i n i n g  Hf02 were b l ack -  

i s h  i n  c o l o r .  The pure  eu rop ia  specimens;  however, r e t a i n e d  

t h e i r  c h a r a c t e r i s t i c  t ann i sh -p ink  c o l o r .  Apparent ly  t h e  

a d d i t i o n  of  some HfOZ caused t h e  eu rop ia  t o  be even more s u s -  

c e p t i b l e  t o  r e d u c t i o n .  With t h e  atmosphere extremes ( < 1 x 1 0 - ~  

t o r r  a t  1500°C) used i n  t h i s  s t u d y ,  such re 'duc t ion  was minimal. 

Weight measurements. be.fore and a f t e r  h igh  tempera ture  e l a s -  

t i c i t y .  s t u d i e s  r evea l ed  t h a t  . the  l a r g e s t  we.ight .change, l e s s  

t han  0.01.5%, occur red  i n  a  10 .mole .'% specimen'. A t  .each com- 

pos i t i :on ,  th.e' c o l o r  o f  th.e 's.pec'imens rever te .d  to.  th.e o r i g i n a l  . . 



light tan after heating in air to 900°C. Elastic behavior of 

the specimens was not significantly affected by such reduction 

and reoxidation. 

Control of Microstructure and Microcracking 

From the experimental results already described it is 

clear that the addition of small percentages of HfOZ has 

significantly altered some of the properties of Eu203 While 

the thermal expansion coefficients remained relatively con- 

stant, both elastic behavior and microstructure were modified. 

This suggests that there may be a relationship between compo- 

sition, grain size, and elasticity. The effect on the elastic 

properties is directly attributable to microcracking so the 

relationship to be developed is between composition, grain 

size, and microcracking. 
1 

The effect of composition on grain size is most obvious. 

In this experiment, grain growth was suppressed to a degree 

proportional to the amount of Hf02 added. Suppression of 

grain growth by the addition of minor amounts of second phase 

is a widely used procedure in the fabrication of ceramics. 

Even at 2 mole % Hf02 where a second phase was not detected 

inhomogeneity within the solid solution would inhibit grain 

growth. 

At each of the compositions analyzed, regardless of 

whether a second phase was introduced, a monoclinic Eu203 

phase was det'er.'t.ed. Bec'ause' 'of the' the'rmal expansion aniso- 



t ropy inherent  i n  the 'monocl in ic  s t , r u c t u r e ,  mic ros t res ses  

must have developed wi th in  each specimen a t  each 'composi t ion.  

The essence o f , t h e  problem then i s  t o  expla in  t h e  r e l a -  

t i o n s h i p  of g r a i n  s i z e  and microcracking. This  i s  e x a c t l y  

t h e  ques t ion  discussed by Kuszyk and Bradt ( 3 2 ) .  Their  con- 

c e p t  of a  c r i t i c a l  g r a i n  si'ze f o r  microcracking should a l s o  

be app l i cab le  i n  t h i s  s tudy .  

In  t h i s  s tudy evidence of microcracking was discovered a t  

four  compositions. They were seen both  before  'and a f t e r  t h e  

secondary hea t  t reatment  i n  s in te . red  specimens conta.ining 

0 mole % ,  2 mole 4, and 4 mole % Hf02. Af ter  being r e f i r e d t o  . . 

1900°C specimens of the  composition 6 mole % Hf02 a l s o  d i s -  

played t h e  t r a i t s .  Evidence,of  microcracking was no t  found 

a t  6 mole % Hf02 p r i o r  t o  t h e  r ehea t  nor was it ever  observed 

a t  8 mole % o r  10 mole % Hf02. In a d d i t i o n  no i n d i c a t i o n s  of 

microcracking were found during t e s t i n g  of t h e  ho t  pressed 

pure europia  specimen. 

Tt can be seen by reviewing Fig.  1 9 ,  t h e  p l o t  of g r a i n  

s i z e  versus  composition, t h a t  microcracking was evident  only 

i n  specimens which had an average g r a i n  s i z e  l a r g e r  than 8 

microns. Whenever the  g r a i n  s i z e  was kept  below 8 microns,  

n e i t h e r  Young's . . nor shear  moduli suggested abnormal behavior .  

For the  only except ion t o  t h i s  l i m i t ,  a t  10 mole % Hf02, t h e  

g r a i n s  we.re no t  ,posi 'ti .vely i d e n t i f i e d .  . The l a r g e r  g ra ins  of 

t h i s  specimen may have 'had an i s o t r o p i c  cubi.c s t m c t u r e  

r a t h e r  than1 an a n i s o t r o p i c  monoclinic s t r u c t u r e . '  



CONCLUSIONS 

1 )  Monoclinic Eu203 has  a s t r o n g  tendency toward g r a i n  

growth du r ing  s i n t e r i n g .  When it i s  cooled from t h e  

s i n t e r i n g  tempera ture  t h e  l a r g e  g r a i n e d  s i n t e r e d  Eu203 

undergoes e x t e n s i v e  microcrack ing .  

2) Small g r a i n  s i z e d  h o t  p r e s sed  monocl in ic  Eu203 does n o t  

develop s u f f i c i e n t  s t r e s s e s  t o  form microcracks  a s  it 

i s  cooled from t h e  t h e  h o t  p r e s s i n g  tempera ture .  

3) T h e a d d i t i o n  of smal l  c o n c e n t r a t i o n s  o f  Hf02 t o  Eu203 

suppre s se s  g r a i n  growth du r ing  s i n t e r i n g .  Hafnia  a l s o  

a c t s  a s  an  a i d  i n  s i n t e r i n g ,  reduc ing  t h e  r e s i d u a l  

p o r o s i t y .  Th i s  dec rease  i n  p o r o s i t y  o f f s e t s  some of 

t h e  l o s s  i n  n u c l e a r  worth caused by t h e  s u b s t i t u t i o n  of  

hafnium f o r  europium. 

S u f f i c i e n t l y  smal l  s i z e d  a n i s o t r o p i c  g r a i n s  i n  a ,specimen, 

p r o h i b i t  t h e  development o f  s t r a i n , e n e r g i e s  neces sa ry  f o r  

microcrack ing .  A c r i t i c a l  g r a i n  s i z e  of  'approximately 

8 pm i s  neces sa ry  t o  produce microcrack ing  i n  monocl in ic  

Eu203. 

5 )  Microcracked specimens pos se s s  unusual  e l a s t i c  behavior .  

Both Young's and s h e a r  moduli o f  such Specimens have 

abnormally 1,ow .room tempera ture  v a l u e s  and d i s p l a y  a 
. . 

h y s t e r e s i s  be.tween he 'a t ing and c o o l i n g  v a l u e s  : 

6) Hot p re s sed  Eu203 and s i n t e r e d  compositi .ons w i thou t  . 

microcracks .shciw normal e1'ast.i.c be'havior.  



7) Young's and shear moduli of theoretically dense micro- 

crack free monoclinic Eu203 are projected to be 1477 

Kbars and 584 Kbars, respectively. 

8) Thermal expansion coefficients in the range of 9.9 to 

i0.4~10'~ O C - ~  are not significantly affected by com- 

positional changes over the range of this study. 

9) Even through the use of sintering temperatures as low as 

1400°C, a single phase cubic structure cannot be formed 

by the addition to Eu203 of up to 10 mole % Hf02. 
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APPENDIX A: ELASTICITY DATA 



Table Al. Identification of elasticity data used in text 
figures 

Figure data is plotted 
Composition in 

Specimen Mole % Hf02 Mole % Eu203 Young s Shear 
modulus modulus 



Table A 2 .  Elevated temperature elastic moduli of hot pressed 
s.pec.imen 0 - 1 

Temp. Young s modulus Shear modulus 
("c) (Kb.ar5) (.Kb.ar s.) 



Table A3.  Elevated temperature elastic moduli of sintered 
specimen 0-2 

Temp. Young's modulus Shear modulus 
("c) (Kba.rs ) (Kbars) . 



Table A 4 .  .E l eva t ed  tempera ture  e l a s t i c  moduli of  s i n t e r e d  
s.p.ecimens 0.- 3. and 0 - 4 

Temp. Young's modulus Temp. Young's modulus 
("C) (Kb.a.rs.) . . . . . . . . ("C) (.Kbars) 



Table  AS. Ele.vated tempe.r.ature. e l a s t i c  moduli  .of specimen 0-A 

S i n t e r e d  a t  1800°C Reheated a t  1900°C 

Temp. Young s modulus Temp. Young's modulus 
I0C) (Kbars) ("'3 (.Kb.a.r s ) 



Table A6 . Elevated. .t.emp.e.r.at.ur.e. .e.l.a.s.ti.c. moduli o f  specimen 0 - B 

S in te red  a t  1800°C Rehea ted ' a t  1900°C 

Temp. Young's modulus Temp. Young's modulus 
("c) ( Kb a.r s.) . . .  ("(3 (.Kb.ar.s ) 



T a b l e  A7. E l e v a t e d  t e m p e r a t u r e  e l a s t i c  modu l i  o f  spec imen 2 - A  

S i n t e r e d  a t  1800°C Rehea ted  a t  1900°C 
Temp. Young1 s modulus Temp. Young's modulus 
( " c )  (Kbars )  ( " c >  (Kbars )  

20 1350 19 935 

119  1306 184 887 

276 1260 351 853 

384 12 4 0  512 845 

499 1219 654 840 

610 1207 809 854 

715 1191  964 891  

814 1180 964 903 

912 1169 1111 943 

1015 1162 1266 972 

1115 1152 1374 988 

1222 1 1 4 1  1512 969 

1319 1125 1377 1015 

1420 1100 1235 1055 

1525 1056 1 1 0 1  1093  

1416 1102 951  1132 

1318 1134 787 1144 

1214 1162 673 1148 

1113  1 1 9 1  540 1130 

1009 1219 361 1100 

903 1247 1 6  1032 

813  1267 2 5  9 6 1  

710 1292 



Table A8. Elevated temperature elastic moduli of specimen 2-B 

Sintered at 1800°C Reheated at 1900°C 
Temp. Young ' s modulus Temp. Young's modulus 
( 0.C) (Kb.ars.) . . . . . . . . . . .(.O.C) . . . . (.Kb.a.r.s ) 



Table  A9 . Eleva ted .  .t.emp.e.r.a.tur.e. .e.l.a.s.t.i.c moduli  of sp.ecimen 4 - A  

S i n t e r e d  a t  1800°C Reheated a t  1900°C 
Temp Young's modulus Temp. Young's modulus 
("c)  (Kb,ars ) ("c)  (.Kb a.r s.). , 



Table  A10. E l eva t ed  t empe ra tu r e  e l a s t i c  moduli  of  specimen 
.4.- B . . . . .  

S i n t e r e d  a t  1800°C Reheated a t  1900°C 

Temp. Young ' s modulus Temp. Young's modulus 
( "c )  (Kb.a.r.s.). . . . . . . . . . . (." C.). . . . . . . . . . . (.Kb.ar.s.) . 



Table A l l .  E leva ted  tempera ture  e l a s t i c  moduli of  speciman 
6 - A  

S i n t e r e d  a t  1800°C Reheated a t  1900°C 

Temp. Young ' s Temp. Young ' s Shear  
(" c )  modulus ("c> modulus 

(Kbars) 
. . .  

(Kbars) 



Table  A 1 2 .  E leva ted  tempera ture  e l a s t i c  moduli of  specimen 
. .6-B 

S i n t e r e d  a t  1800°C Reheated a t  1900°C 

Temp. Young's modulus Temp. Young s modulus 
. . .  . . . . .  . . .  ("c) (.Kb.a.rs ) .(.O.C). (Kb.a.rs.) 



Table A13. E l eva t ed  t empe ra tu r e  e l a s t i c  moduli o f  specimen 
.8 -A . . . . 

Sintesed  a t  1800°C Reheated a t  1900°C 

Temp. Young's modulus Temp. Young's modulus 
("c) (Kbars) ("c)  (Kb ar.s ) 

. . . . . . . . . . . . . .  . . . .  . . . . . .  . . . 



Table A14. Elevated temperature elastic moduli of specimen 
10 - A  

Sintered at 1800°C Reheated at 1900°C 
Temp. Young's modulus Young's modulus 
( OC) . . . . . (.K.b.a.r.s.). . . . . . . . . . . . . . . ( . O C .  . . . . . . . . . . .(.K.b.a.r.s.). . . 

24 1559 20 1483 
92 1536 169 1437 



Table  A15. E leva ted  t empe ra tu r e  e l a s t i c  moduli of specimen 
10-B 

S i n t e r e d  a t  1800°C Reheated a t  1900°C 

Temp. Young's modulus Temp. Young ' s modulus 
(." c . (.Kb.a.rs.). . . . . . . . . .(.".C). . . . . . . . '. . (Kb.ars.) 



APPENDIX B. DENSITY AND GRAIN SIZE DATA 



Table B1. Mass, dimensions ,. den'si ty , and average g r a i n  s i z e  
o.f each. spe.c.imen. 

Specimen Mass Thickness Width Length ' Densit Average 
(gm) (cm) (cm) (cm) (gm , c ~ n - ~ ~  , grain 

s i z e  
. . . . . . .  . . . . .  (vm) 

As ho t  pressed 
. I 7 2 1  1 .4412  3 . 7 1  7.49 

A s  s i n t e r e d  

.2103  .8328 5 .07  7 .55  

. I 4 7 5  .6086  4 .92 6 .89  

. I 6 6 2  .6425  5 .56 6 . 5 1  

.2180 .7470 5 .45  7 .56 

.2209 .6812 5 .48  7 .59  

. I 7 8 8  . 6 7 8 1  5 . 5 1  7 .76 

.2352 .7655  5 .09  7 .81  

.2341  .6719 5 .34 7 .90 

. I 9 4 5  .6608 5 .20  7 .90 

.2505 .7432  5 . 6 3  7 .92  

.2435 .7917 5 .16  7 .92  

.2402 . 7661  5.09 7 . 8 1  

. I 8 8 0  . 6505  5 .24  7 .94  

. 2 7 4 1  .7558 5 .16  7 . 1 1  

As reheated 

.2072 . 7441  5 .12  7 .62  

. I 9 6 2  .6743  4 .98 7.62 

. I 6 2 8  .6763  4.10 7 .53  

.2173  . 7591  5 .09  7 .72  

.2113 , 6 6 7 1  5 .12 7 .82 

. I 4 9  5  .6267 4 . 9 5  7 .81  

.2260 .7370 5 .27  7 .89  

. I 700  .7862 4 . 0 3  7 . 8 5  

.2145  . 7 5 3 1  5 .07 7.87 

. I 6 0 1  .6370 4 .88 7 . 8 1  

.2248 .7120 4 . 8 1  7 .68  



APPENDIX C. THERMAL EXPANSION DATA 



Table C1. Percent linear thermal expansion of sintered specimens at six Eu2O3-Hfo2 
cmmpositions 

Temp. 0 mole % 2 mole % 4 mole % 6 mole % 8 mole % 10 mole % 
("c> Hf02 HfG2 Hf02 Hf02 Hf02 Hf02 

R.T. .OOO .OOO .OOO .OOO , 000 .OOO 
50 .023 .019 . .024 .022 .024 .021 

100 .069 .065 .070 .068 .069 .065 
150 .I18 .113 .I17 .I22 ,116 -112 
200 .I70 .167 .I71 .I73 .I69 .I64 
250 ,215 .2P3 .217 .223 .214 .210 
300 ,265 .262 .266 .274 .262 .258 
350 ,313 .312 .317 .325 .316 -306 
400 ,362 .364 .369 .375 .365 .356 
450 -409 .417 .421 .424 .417 .412 J 

SO0 a -455 .468 .475 :475 .471 .464 a 
550 -505 .520 .526 .524 .523 .515 
600 -552 .570 .577 .574 .573 .563 
650 .600 .620 .626 .626 ,624 .611 
700 .651 .672 .678 .677 .675 .664 
750 .702 .725 .730 .729 .727 .709 - 

BOO .754 .7?6 .780 .783 . .778 .761 
850 .805 .826 .831 .837 .829 .813 
900 .856 .8?8 .884 .892 .882 .865 
950 .909 .930 .935 .946 .934 .919 
1000 .959 .981 .987 1.002 .988 .972 
1050 1.012 1.034 1.039 1.057 1.043 1.027 
1100 1.066 1.089 1.094 1.115 1.098 1.083 
1150 1.120 1.146 1.147 1.171 1.153 1.140 
1200 1.172 1.202 1.207 1,210 1.195 




