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GRAIN GROWTH IN THORIA AND THORIA-BASE FUEL FELLETS' 

( L W ~  Development Program) 

R. J. Smid 

I. INTRODUCTION 

This inves t iga t ion  was undertaken by the  B e t t i s  Atomic Power Laboratory 

( ~ e t t i s )  t o  determine t h e  influence of powder and processing parameters on 

g ra in  growth i n  LWBR 0.53 inch diameter thor ia  and thor ia-urania  f u e l  .pe l le ts .  

Although t h e  overa l l  p e l l e t  manufacturing process incorpora tes  numerous 

spec i f i ca t ions ,  procedures, and controls ,  it i s  d i f f i c u l t  t o  determine what 

e f f e c t  any s i n g l e  parameter has on g ra in  growth s ince  t h e  v a r i a t i o n s  

observed i n  the  con t ro l  parameters a r e  t y p i c a l l y  small and f requent ly  wi th in  

t h e  e r r o r  of the  measurement. I t  was the re fo re  concluded t h a t  it was desir- 

ab le  t o  d e l i n e a t e  t h e  bas ic  mechanisms of g ra in  growth i n  thoria-base LWBR 

f u e l  p e l l e t s  s o  t h a t  g ra in  s i z e  v a r i a t i o n s  and t h e  s e n s i t i v i t y ' o f  the  c o n t r o l  

parameters could be evaluated. 

The r e s u l t s  of t h i s  inves t iga t ion  po in t  t o  the  presence of an a s  y e t  

unident i f ied  impurity ( o r  impur i t i e s )  i n  Thoe powder which i s  not  completely 

v o l a t i l i z e d  by conventional ca lc in ing  treatments.  The t r a c e  impurity is 

removed from t h e  e x t e r i o r  of the  p e l l e t  dur ing heat ing t o  s i n t e r i n g  tempera- 

t u r e s ,  r e s u l t i n g  i n  t h e  formation of a  "p ic tu re  frame" on t h e  outside of 

p e l l e t s  which has "normal" g ra in  growth c h a r a c t e r i s t i c s .  On t h e  . i n s i d e  of 

t h e  p e l l e t ,  some d i s t ance  from the  surface ,  t h e  t r a c e  impurity i n h i b i t s  

normal g ra in  growth and changes t h e  behavior t o  discontinuous g ra in  coars-  

ening. This leads  t o  ' large v a r i a t i o n s  i n  g ra in  s i z e  wi th in  a s i n g l e  p e l l e t  

or  between p e l l e t s  with only very small  changes i n  s i n t e r i n g  time, temperature, 

atmosphere, green densi ty ,  and impurity content ,  thereby expla in ing why 

defined con t ro l s  do not  always adequately .p red ic t  t h e  f i n a l  g ra in  s i z e .  The 

impurity can be v o l a t i l i z e d  by heating the  Tho2 powder t o  temperatures s m e -  
. . 

what a b w e  those i n i t i a l l y  u t i l i z e d  f o r  production powder; changes i n  powder, 

p a r t i c l e  surface  area and dens i ty  caused by t h i s  r eca lc ina t ion ,  however, 

d e t e r i o r a t e  ,granulat ion,  press ing and. densi f  ica  t i o n  p roper t i e s  using i n i t i a l  

LWBR production parameters ' f o r  these  operations. These r e s u l t s  suggested 

th ree  courses of ac t ion:  1 )  Blend calctned ( impuri ty f r e e )  and as-received 



( impur i ty  conta in ing)  powder t o  obta in  the  optimum c h a r a c t e r i s t i c s  of each. 

2)  Inc rease  t h e  g r a i n  boundary mobi l i ty  s o  t h a t  g ra in  growth proceeds i n  

s p i t e  of t h e  presence of t h e  i n h i b i t i n g  impurity. 3) Al te r  the  production 

of t h e  o r i g i n a l  s t a r t i n g  t h o r i a  powder s o  t h a t , , t h e  i n h i b i t i n g  impurity i s  

e i t h e r  not  p resen t  or  i t s  inf luence  on g ra in  growth reduced (may be 

accomplished by optimizing impurity removal and surface  a r e a ) .  

A f t e r  i n v e s t i g a t i n g  t h e  k i n e t i c  nature  of g ra in  growth and t h e  influence 

of ca lc in ing ,  t h e  f i r s t  two ac t ions  were examined because of '  t h e  potenti-a1 

immediate .i-esuits ' .  . It  was coxicluded t h a t  the  t h i r d  course of ac t ion  would 

no t  be undertaken s ince  it would r e q u i r e  a long range develupment e f f o r t .  
.. . . . .  . . .. . 

Two a d d i t i o n a l  ' v a r i a b l e s  which were i d e n t i f i e d  a s  having s i g n i f i c a n t  

inf luence  on g ra in  growth i n  Tho2 f u e l  were the  surface  area of the  s t a r t i n g  

powder and the  oxygen p a r t i a l  pressure  of t h e  s i n t e r i n g  furnace. 
. . 

11. SUMMARY. , . . - .  

A. Observations of. S in te red  P e l l e t s  With Uncontr.olled Mic.rostructure 

1. . S t r u c t u r a l  Nonuniformity . , 

A f e a t u r e  which i s  s t r i k i n g  t o  anyone :examining t h e  cross-  

s e c t i o n a l  micros t ructure  of a s i n t e r e d  Tho2 p e l l e t  with t h e  g ra in  growth 

v a r i a t i o n  t h a t  prompted t h i s  inves t iga t ion  i s  i t s  s t r u c t u r a l  n ~ ~ u n i f o r m i t y  

b e s t  described a s  a picture-frame s t r u c t u r e ;  poss ib le  even more unusual i s  

t h e  reproduc ib i l i ty  of t h i s  nonAiformity. '   he periphery of the  p e l l e t  t o  a 

depth which v a r i e s  with powder l o t  of 0.050 t o  0.100 inches c o n s i s t s  of . . 

gra ins  of s i z e  normally i n  the  range ASTM #5 t o  #8 whereas t h e  remainder of 

t h e  p e l l e t  normally has a g r a i n  s i z e  of ASTM #10 o r  f i n e r .  A s  p e l l e t s  a r e  

pressed t o  ever-higher green d e n s i t i e s ,  t h e  g ra in  s i z e  of t h e  periphery 
. . , . .  . , . . . .. ' . . .. .. . 

remains uncenged or, a t  most, reduces by one or  two ASTM g r a i n .  s i z e ,  numbers, . ... . . . 
. . 

while t h e  gra in  s i z e  of the i n t e r i o r  increases  t o  l e v e l s  e q u a l  o r  g rea te r  
, . . . . .  

than those  of t h e  p i c t u r e  frame. . . This  s t r u c t u r a l  nonunif oimity pe r s i s t ed  
- .  

dur ing . . i n i t i a l  f ab r ica t ion  operat ions i r r e s p e c t i v e  of powder source, 
, . . . 

o r  subsequent handling. s i g n i f i c a n t l y ,  t h e  borders of cracks which a r e  
. : I 

. . 

formed ' in green p e l l e t s  p r i o r  t o  s i n t e r i n g  have t h e  grain  size Characteristics 
. . .  . 

of t h e  periphery even when they pene t ra te  t o  t h e  center  of t h e  p e l l e t .  Two 

separa te  experiments, Sect ion V.B, one involving a l o w  temperature hold i n  

t h e  s i n t e r i n g  cycle ,  t h e  o ther  using mechanically d r i l l e d  holes i n  the  p e l l e t  



surface, proved t h a t  the  pi,cture-frame of the  s t ruc ture  nonuniformity was 

not i n  f a c t  some unique property of the  ex t e r i o r  of the  p e l l e t  (such a s  green 
I 

densi ty)  but  r a the r  access of the  p e l l e t  t o  the  atmosphere. 

2. S in te r ing  Kinetics of Tho2 Pe l le t s ,  0.53 rnch Diameter 

Observations of gra in  s i ze  development i n  i n i t i a l  production or  

development Tho2 p e l l e t s  were customarily confined t o  examination a f t e r  the  

normal 12 hour a t  1750'~ s i n t e r i ng  cycle; when gra in  s i ze s  were l e s s  than 

specif icat ion leve l s ,  the  p e l l e t s  would be re-examined a f t e r  each r epe t i t i on  

of the standard cycle. This p rac t ice  was premised not only upon production 

p r a c t i c a l i t y  but  a l s o  on the  assumption t h a t  the  various grain  growth 

mechanisms defined i n  Section 1V.B of t h i s  repor t  operated and t h a t  the  12 

hour ( o r  subsequent 24 hour) s t ruc tures  yere i n  f a c t  only extensions of t he  
1 

s t ruc tures  which w'ould be observed a t  shor te r  times a s  predicted from (time)T1/5 

re la t ionships .  Hbwever, t h e r e  were occasional observations of gra ins  

much l a rge r  than spec i f ica t ion  i n  the  center  of p e l l e t s  whose grain  s i z e  was 

otherwise "normal." Further, it was noted t h a t  r e s in t e r i ng  of ten resu l ted  i n  

gra in  s i ze s  f a r  coarser than could be explained by extrapolat ion of "normal" 

gra in  growth kinet ics .  These observations motivated a  more ca re fu l  and de- 

t a i l e d  study of s t r uc tu r e  development i n  Tho2 p e l l e t s  a s  a  function of 

s i n t e r i ng  time, temperature; atmosphere, powder compaction, e tc .  ( sec t ion  V )  . 
These s tud ies  revealed the  t r ue  di f ferences  between the  p ic tu re  frame and t he  

p e l l e t  core; spec i f i c a l l y  they i den t i f i ed  the  grain  growth cha rac t e r i s t i c s  of 

the  former t o  be "normal" and those of the  l a t t e r  t o  be ."discontinuous." 

I n  addit ion,  the  i den t i f i c a t i on  of exaggerated grain  growth a s  a  

r e s u l t  of t he  phenomena of secondary r ec rys t a l l i z a t i on  documented the  

existence of an i nh ib i t i ng  species. From t he  k ine t i c  s tud ies  alone it was 

not c l e a r  whether the  impurity exis ted a s  a second phase, remained i n  s o l i d  

solut ion,  or was present a s  a  gas trapped i n  pores. Nevertheless, the re  

appeared t o  be l i t t l e  doubt of i ts  presence. 

Based on the  conclusion t h a t  a  gra in  growth i nh ib i t i ng  impurity 

was present,  and review of several  a r t i c l e s  i n  t he  l i t e r a t u r e  ind ica t ing  

t h a t  under spec ia l  conditions CO-filled pores could i n h i b i t  gra in  growth, 

it was considered probable t h a t  res idua l  carbon, a s  CO gas - f i l l ed  pores, was 

the  prime impurity. Attention was d i rec ted  toward more e f f ec tua l  procedures 

f o r  i ts  removal from the  o r ig ina l  power and from the  green pe l l e t .  A s e r i e s  



of experiments where production Tho2 p e l l e t s  were heated t o  18>C1°~ i n  a 

vacuum ("solar iza t ion"  experiments, Section V .C, Figure 3-1) .without. increas ing 

the g r a i n  s i z e ,  causing pore growth, or  decreasing the  d e n s i t y  r a i s e d  con- 

s i d e r a b l e  doubt about t h e  presence o r  a t  l e a s t  t h e  importance of g a s - f i l l e d  

pores.  Even more conclusive were t h e  observations ( sec t ion  V I I  .B, Figure 44 ) 

where pore-f ree  g ra ins  bordered grain,s with extensive necklace porosi ty;  

t h e  g r a i n  s i z e  i n  both a r e a s  was i d e n t i c a l .  F inal ly ,  it was shown t h a t  the  

t h o r i a  p e l l e t s  when pulverized a s  p a r t  of the  standard procedure p r i o r  t o  
. . 

a n a l y s i s  adsorbed C02 from , t h e  atmosphere orlto the  Tho2. 'l'his adsorbed C02 

could be d r iven  off a t  r e l a t i v e l y  low temperatures, C 400Uc, and therefore  

could con t r ibu te  l i t t l e  t o  s t r u c t u r a l  development i n  Tho2 p e l l e t s .  It i s  

apparent  t h a t  l a r g e  amounts of carbon d e l i b e r a t e l y  introduced i n  p e l i e  t s  can 

a f f e c t  t h e  g ra in  s i z e ,  bu t  such observations a r e  not  germane t o  normal 

p r a c t i c e .  Thus, t h e  r o l e  of carbon and g a s - f i l l e d  pores i n  t h e  n o m l  Tho2 

p e l l e t  production process was determined t o  be unimportant t o  the  discon- 

t inuous  g r a i n  s i z e  problem. 

3.  R e c r y s t a l l i z a t i o n  Kinet ics  . . . .  . 

The d r i v i n g  fo rce  f o r  g r a i n  growth, namely gra in  boundary 

energy, i s  known t o  be ve ry  small. It ,was considered t h a t ,  i f  the  d r iv ing  . , 

fo rce  f o r  gra in  growth could be increased,  d i f fe rences  between p i c t u r e  

frame and core of s i n t e r e d  p .e l l e t s  or. between p e l l e t s .  s i n t e r e d  t o  8ifferen.l; . :  

g r a i n  s i z e  l e v e l s  or  d i f f e r e n t  ma te r i a l  l o t s  could be demonstrated i n  a.n 

independent manner. A method f o r  increas ing t h e  propensity f o r  g ra in  growth 

i s  t o  l o c a l l y  p l a s t i c a l l y  deform t h e  oxide by hardness indenxation. A 

volume of mate r i a l  underneath t h e  indenter  i s  p l a s t i c a l l y  deformed, ( ~ e f .  l), 

and t h e  deformation energy contained i n  t h a t  volume then causes r e c r y s t u l l i -  
j .  

z a t i o n  and gra in  growth upon rehea t ing  t h e  indented specimen. I t  was 

es t imated t h a t  t h e  deformation energy s tored i n  the  p l a s t i c  zone beneath a 

1 kg load Knoop inden ta t ion  i n  Tho2 i s  about 500 dyne-cm a s  compared with 

about 0.1 dyne-cm g a i n  boundary energy i n  the  same volume. ~ o i t  of t h e  

former s t r a i n  energy will be recovered by mechanisms other t h i n  r e c r y s t a l -  

l i z a t i o n  dur ing heating.  The experim=ntal method and r e s u l t s  a r e  described 

i n  Sect ion VI. These experiments showed t h a t  the  g ra ins  i n  t h e  p i c t u r e  

frame region r e c r y s t a l l i z e d  r e a d i l y  around t h e  indenta t ion whereas t h e  f i n e -  



grained core region was r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n  unless the  temperature 

was ra i sed  t o  1 8 0 0 ~ ~ .  Recrys ta l l i za t ion ,  even i n  the  core of t h e  p e l l e t s ,  

was noted when the  g ra in  s i z e  was increased t o  a  s i z e  g rea te r  than ~ s ~ ~ f i . 5  

i n  the  core region by increas ing green densi ty .  

These r e s u l t s  a r e  bel ieved t o  be i n t e r p r e t a b l e  only on t h e  b a s i s  

t h a t  a  g ra in  growth i n h i b i t o r  is present  i n  t h e  i n t e r i o r  of p e l l e t s  (bu t  is  

el iminated i n  the  p i c t u r e  frame region upon heat ing t o  s i n t e r i n g  temperature) 

which prevents r e c r y s t a l l i z a t i o n  around the  indenta t ion even wi th  t h e  added 

s to red  energy of p l a s t i c  deformation. The f a c t  t h a t ,  even i n  the  p e l l e t  

i n t e r i o r ,  r e c r y s t a l l i z a t i o n  i s  noted when the  g r a i n  s i z e  i s  increased i s  

in te rp re ted  a s  ind ica t ing  t h a t  the  i n h i b i t o r  i s  not  an  immobile d ispersed 

phase or  pore but  more probably an  impurity i n  s o l i d  so lu t ion  which r e t a r d s  

the  gra in  boundary but  i s  eventual ly  swept up by advancing g r a i n  boundaries 

by a  process analogous t o  zone r e f i n i n g  t o  an  ex ten t  t h a t  r e c r y s t a l l i z a t i o n  

around indenta t ions  is unhampered by t h e  presence i n  bulk of t h e  impurity. 

The f a c t  t h a t  both s i n t e r i n g  k i n e t i c  s t u d i e s  and r e c r y s t a l l i z a -  

t i o n  r e s u l t s  ind ica te  t h a t  g ra in  growth occurs m o r e  r e a d i l y  wi th  increased 

temperature a l s o  tends t o  favor  t h e  impurity d rag  hypothesis and hence t h e  

presence of an  impurity i n  s o l i d  solut ion;  however a s i g n i f i c a n t  increase  i n .  

the  se l f -d i f fus ion  r a t e s  with increase  i n  temperature may impart s u f f i c i e n t  

energy t o  gra in  boundaries t o  enable them t o  move p a s t  even immobile d i s -  

persed phases. 

4, Effec t s  of S i n t e r i n g  Temperature and Atmosphere and Th.09 
Composition 

I n  t h e  course of performing the  " so la r i za t ion"  experiments 

previously described,  t h e  observation was made ( repor ted  i n  Sect ion V.C) 

t h a t  g ra in  .growth i n ' a  conventional production Tho2 p e l l e t  made from powder 

containing about 100 ppm Ca and i n i t i a l l y  s i n t e r e d  1 2  hours a t  1750'~ was 

markedly enhanced by r e s i n t e r i n g  f o r  an  a d d i t i o n a l  12  hours i n  wet hydrogen 

a t  1 8 0 0 ~ ~ ,  but  unchanged by r e s i n t e r i n g  f o r  1 2  hours a t  1850'~ i n  a  high 

vacuum. An explanation was postula ted  f o r  t h i s  observation based on changes 

i n  the  d e f e c t  s t r u c t u r e  induced I n  Tho2 by e q u i l i b r a t i o n  with t h e  atmosphere. 

I t  i s  apparent t h a t  f a c t o r s  which increase  t h e  s e l f - d i f f u s i o n  r a t e  of Th02, 

such a s  e q u i l i b r a t i o n  with an oxidizing or l e s s  reducing atmosphere 



such as a i r  o r  wet .  hydrogen r a t h e r  t han  a .h ighly  reducing  atmosphere .such as 

p u r e  hydrogen, o r  h ighe r  tempera tures  o f  s l n t e r i n g  would i n c r e a s e  g r a i n  boundary 

mobil . i ty  and t h u s . p e r m i t  g r a i n  growth even i n  t h e  presence of  i n h i b i t i n g  phases 

o r  e lements .  

5. I m p u r i t i e s  Responsible  f o r  Grain Growth I n h i b i t i o n  

Various impurit ies have been postulated a s  being responsible 

f o r  g r a i n  growth i n h i b i t i o n .  The r e a s o n s  f o r  d i sca rd ing  carbon as a suspec t  

w e r e  p r e v i o u s l y  d iscussed .  Su l fu r  was a l s o  a prime candidate since, unlike 

carbon, i t s  presence i n  the  powder and not a s  a n  adsorbed gas i s  r e a l  and it 

i s  not  driven off a t  l o w  temperatures but requires high temperatures f o r  i ts  
removal (See Table 14). The presence of a thorium oxysulfide phase i n  an 

area where large idiomorphic grains were detected directed a t ten t ion  i n i t i a l l y  

t o  t h i s  impurity; however, the  absence of t h i s  phase i n  the areas where 

exaggerated grain  growth was observed cas t  considerable doubt on i t s  possible 

r o l e  a s  an inh ib i t ing  impurity. 

It w a s  a l s o  shown i n  Skc t ion  VII - t h a t  marked changes can be  

prodi.i.ced. i n  t h e  s i n t  e r i n g  c h a r a c t e r i s t i c s  of  Tho, p e l l e t s  by c a l c i n i n g  t h e  
L 

powder a t  tempera tures  which have l i t t l e  o r  no e f f e c t  on t h e  s u l f u r  conten t .  

For  t h e s e  r ea sons ,  s u l f u r  is  no longer regarded a s  a prime suspect. 

0 
33,~npl as oT ThoZ p u ~ d e r s  which have been c a l c i n e d  a t  1100 C i n  

a i r  and  hydrogen and which have shown corresponding changes i n  g r a i n  growth 

behav io r  upon subsequent compaction and s i n t e r i n g  have been examined by spark  

sou rce  mass spectrography t o  d e t e c t  d i f f e r e n c e s  i n  impur i ty  l e v e l s .  O f  t h e  

e lements  de t ec t ed ,  on ly  sodium and f l u o r i n e  a r e  p re sen t  i n  s u f f i c i e n t  q u a n t i t y  

and a r e  reduced by c a l c i n i n g  i n  a manner c o n s i s t e n t  wi th  t h e  p o s t u l a t e .  Cross  
. . 

s e c t i o n s  o f  f i ne -g ra ined  and coarse-grained Tho3 p e l l e t s  examined a t  t h e  

Westinghouse Research ~ a b o r a t o r y  us'ing an i o n  probe d e t e c t e d  N a  a& K as 
' . 

i m p u r i t i e s  i n  t h e  Tho - ~ ~ ~ ~ 0  s a m p l e s .  ~ow&rer, a t  t h i s  time pos i t i ve  iden t i -  2 2. 
f i c a t i o n  of the spec i f ic  grain  growth inh ib i t ing  agents i s  unavailabie. 

6 .  E f f e c t s  of  P a r t i c l e  S i z e  and P e l l e t  Green Densi ty 

I n c r e a s i n g  green d e n s i t y  h a s  been known t o  inc reaseag ra in  s i z e  

a t  Tho2 f u e l  p e l l e t  c e n t e r s  whereas a gene ra l  c o r r e l a t i o n  h a s  been noted 



between Tho2 powder p a r t i c l e  s u r f a c e  a r e a  and g r a i n  s i z e ,  t h e  l a t t e r  i n -  

c r e a s i n g  d i r e c t l y  w i t h  t h e  former. The l a t t e r  e f f e c t  was found t o  be even 

more prominent i n  t h e  ca l c ined  m a t e r i a l s  t han  i n  t h e  as - rece ived  powders, 

Sec t ion  V I I .  Poss ib l e  r e l a t i o n s h i p s  between p a r t i c l e  s i z e  and g r a i n  s i z e  

have been confounded by t h e  presence of i n t e r n a l  p o r o s i t y  i n  t h e  p a r t i c l e s .  

S ince  t h e  major e f f e c t  of f i n e r  p a r t i c l e s  i s  t h e  increased  s u r f a c e  a r e a ,  t h e  

parameter  of prime importance wi th  r ega rd  t o  g r a i n  growth i s  t h e  powder 

s u r f a c e  a rea  r a t h e r  t han  t h e  p a r t i c l e  s i z e .  The manner i n  which t h e s e  

observa t ions  t i e  i n  w i th  impur i ty  i n h i b i t i o n  of g r a i n  growth i s  d i scussed  

below. 

Increased  p e l l e t  green dens i ty 'may in f luence  g r a i n  growth i n  the 

fo l lowing  ways : 

( a )  With i n c r e a s i n g  green d e n s i t y  t h e  i n t e r p a r t i c l e  void volume 

obvious ly  decreases ,  and s i n t e r e d  d e n s i t i e s  a t  which g r a i n  growth can occur  

r a p i d l y  a r e  achieved e a r l i e r  i n  t h e  s i n t e r i n g  cyc le .  Th i s  e f f e c t  may b d k l a r g e  

a t  s h o r t  t imes  of s i n t e r i n g  b u t  i s  expected t o  decrease  . in .importance with 

s i n t e r i n g  t imes  approaching 1 2  hours .  

(b )  With b e t t e r  i n t e r p a r t i c l e  con tac t  i n  t h e  green p e l l e t ,  

d i scont inuous  g r a i n  growth can i n i t i a t e  e a r l i e r  i n  t h e  s i n t e r i n g  c y c l e  and 

proceed from more n u c l e i ,  Thus a g r a i n  s i z e  c o a r s e r  than  t h a t  achieved a t  

lower green d e n s i t i e s  bu t  f i n e r  than  t h e  g r a i n  s i z e  a t t a i n e d  a f t e r  g r a i n  

coarsening  has  occured i n  t h e  low green d e n s i t y  bod ie s  may occur.  

( c )  P e l l e t  d e n s i t y  may b e  h i g h e r  a t  t h e  p e l l e t  s u r f a c e  than  a t  t h e  

c e n t e r  a t  low green d e n s i t i e s  bu t  t h e  oppos i t e  a t  h ighe r  green d e n s i t y  l e v e l s .  

Thus g r a i n  s i z e  may r e f l e c t  d e n s i t y  v a r i a t i o n s  i n  t h e  green p e l l e t .  This  

explana t ion  i s  deemed i n c o n s i s t e n t  wi th  t h e  e a r l y  a t t empt s  t o  measure green  

p e l l e t  d e n s i t y  v a i a t i o n s  r e p o r t e d  i n  Ref. 2 which showed no c o n s i s t e n t  t r e n d s  

o r  showed a d e n s i t y  v a r i a t i o n  i n c o n s i s t e n t  with formation o f  a p i c t u r e  frame, 

no r  does it ag ree  with t h e  r e s u l t s  of t h e  experiment where g r a i n  growth was 

d e t e c t e d  a long  t h e  s u r f a c e  of h o l e s  d r i l l e d  i n t o  a p e l l e t  p r i o r  t o  s i n t e r i n g ,  

( d )  With i n c r e a s i n g  green d e n s i t y ,  p a r t i c l e s  may be  i n c r e a s i n g l y  

f r a c t u r e d  dur ing  compacting and t h e  g r a i n  growth p a t t e r n  and t r e n d s  with 

i n c r e a s i n g  green d e n s i t y  may r e f l e c t  p a r t i c l e  s i z e  - v a r i a t i o n s  i n  t h e  green  



p e l l e t .  Ava i l ab l e  r e s u l t s  r e p o r t e d  i n  Ref.  2 show on ly .  small - e f f e c t s  of . .  . . 

compacting o r  green  d e n s i t y  on p a r t i c l e  s i z e  ( o r  ' sur face  a r e a ) .  . . ... . . . .  . . . 

With i n ~ r e a a i n g l ~  f i n e  Tho p a r t i c l e s ,  g r a i n  growth i B  expected'  , . '  
2 

, . . . . . . . .  . . 
t o  b e  a f f e c t e d  i n  t h e  fo l lowing  manner.' 

.. . . .. , 

.. . . . . . 

( a )  A t  c o n s t a n t  green d e n s i t y ,  i n t e r p a r t i c l e  c o n t a c t s  a r e  more . . . . 
numerous and remnant v o i d s  smaller t h e  sma l l e r  . . .  t h e  s i z e .  . .. %is ' 

. ., . . .: . # '  
. - 

, . 
shou ld  r e s u l t  i n  more . . r a p i d  s i n t e r i n g  t o  l e v e l s  of  d e n s i t y  a t  which g r a i n  

.. , . . .  , . . . . ,. 

growth can  occur  unimpeded by t h e  presence of  voids.  Thus a sma l l  improve- 
4 .  

: . , . 
ment i n  g r a i n  s i z e '  i s  a n t i c i p a t e d  by t h i s  mechanism. 

. , 

( b') fl'he g r e a t e r  , t h e  number of' i n t e r p a r t i c l e .  c W t t l c t S  the. 
. / . . . . .  . 

sooner  n u c l e i  f o r  d i scon t inuous  g r a i n  growth can  form and t h e  grea$er  t h e  . . . . 
. :  . , , ,  

number, Thus a g a i n  g r a i n  s i z e s  w i l l  be i n t e rmed ia t e  between those  of 

i n h i b i t e d  and , those '  of cbarsened -compacts .. '. '.. 

, . .  
. ( c )  s u b s t r u c t u r e s  and sub-boindaricSk may fo& as .adjacent  

. . 
p a r t i c l e s  coa l e sce  and  grow. Such s u b s t r u c t u r e s ,  remnants of  t h e  o r i g i n a l  

' 

. . . . 
p a r t i c l e  s t r u c t u r e ,  & r e  expected. t o  erikiance s e l f - d i f f u s i o n  kates"and hence 

improve g r a i n  boundary mob i l i t y  as descri 'bed in' Sect ' ion  11.~. ~ l t e r n a t i v k l ~  

s u b s t r u c t u r e  boundar ies  may .en t rap  . inh i 'b i t ing  . impur i t i e s  and reduce.  t h e  

c o n c e n t r a t i o n  a t  mig ra t ing  boundaries  and t h u s  reduce t h e . i m p u r i t y  d rag  

e f f e c t .  These mechanisms a r e  completely s p e c u l a t i v e  and have no t  been 

demonstrated exper imenta l ly ;  tHey a r e ' a t t r a c t i v e  however i n  t h a t  t hey  a r e  

t h e  on ly  ones,  o f  a l l  t h e  preceding . specula t ions ,  .capable o f  . p r ed ic t ing  an 

e f f e c t  of. t h e  o r i g i n a l  . . .  powder size. ,( .surfac,e a r e a )  .and .green d e n s i t y  

p e r s i s t i n g  i n t o  t h e  ,very l a t e  s t a g e s  o f  s i n t e r i n g .  

. . .  It i~ convenient  Lo r e g a r d  t h e  e f f e c t s  u f  , increaqi~ag  green . . . .  ' 

d e n s i t y  and  of  f i n e r  p a r t i c l e  s i z e  ( q e a t e r  s u r f a c e  a rea ) .  i n  . t h e .  sam'e l ight: . .  . , 

as t h a t  o f  i n c r e a s i n g  ' t empera ture  on gra i -n  coarsening.  It h a s  be.en lshow-ri i n .  . . 

s t e e l s  . t h a t  g r a i n  s i z e  .is a maximufi .a;t .a temperature . j u s t  above %hat.  a t  .'which ... 

g r a i n  coarsening ' i 'n i t iar tes  and dec reases  with , increas ing  ,anneal ing tempera- 

t.1n-e a.s -more' n u c l e i  become ac.t . ivated, Ref,  3, S imi l a r ly ,  t h e  h.igher . t h e  .- .'. . . : 
green ,  d e n s i t y  and t h e  f i n e r  . . t he .  i n i t i a l  p a r t i c l e ,  s i z e  ( g r e a t e r  t h e  , sur face  

a r e a )  t h e  . lower s i n t e r l n g  tempera ture  at  wh,ich.pronounced g r a i n  coarsening 

may b e  noted ,  It i s  appa ren t  t ha t .  much. more experimentat ion and eva lua t ion  .. ' 



a r e  requi red  to .  s o r t  out  the  e f f e c t s  of a l 1 : t h e s e  va r i ab les .  I n  any case, 

the  s e n s i t i v i t y  of g r a i n  s i z e  t o  these  f a c t o r s  is  i n  i t s e l f  s t rong  evidence - 

of the  presence of i n h i b i t i n g  impur i t i e s ,  s ince  no mechanism f o r  such sens i -  

t i v i t y  has been devised f o r  a  very  pure powder. 

B. Effec t  of Powder Calcining on Grain Growth 

A s  described i n  Sect ion  II.A.2 c a l c i n i n g  of the  Tho2 powder was 

proposed t o  remove what was o r i g i n a l l y  considered t o  be t h e  p r i n c i p a l  

contaminant, namely carbon. For t h i s  reason t h e r e  was employed an  

extended time of '48 hours i n  a i r  a t  1 . 0 3 8 ~ ~ ~  the1.hilgh&st. ca lc in ing  tempera- 

t u r e  employed by the  ,powder producer, National  Lead o r  Ohio (NLO), with a  

th inner  bed depth accompanied by rabb l ing  t o  expose a  maximum amount of 

powder surface .  As repor ted  i n  s e c t i o n  V I I I ,  Westinghouse Research Labora - 
t o r y  ( ~ T R L )  found t h a t  i n  s i n t e r i n g  compacts from these  powders a  marked i m -  

provement i n  p e l l e t  g ra in  s i z e  r e s u l t e d  a s  compared with compacts made from 

w-calcined powders, Pven though by t h i s  time carbon was beginning t o  be 

;egsrc:.sd 3:  cr:.i~a;y t o  con t r ibu te  t o  g r a i n  growth inh ib i t ion .  

:In 3.: g h t  0;" t hese  promising r e s u l t s ,  a d d i t i o n a l .  Tho2 powder lo ts . ,  . 
996 azld 136, wkre c a ~ c f n e d  i n  a i r  a t  1 1 0 0 ~ ~  f o r  48 hours i n  2  kg batches: 

N:-Cr-Fe Alloy 600 boats  were used f n  the  hope t h a t  l i t t l e  a d d i t i o n a l  con- 

tamination would a r i s e  from t h e i r  use a t  a  60°c higher temperature; un- 

f o r t u n a t e l y  considerable contamination bccurred from oxidat ion  prod^,: of 
... .,, 

the  boats ,  al though t h e  g ra in  s i z e  r e s u l t s  obtained a r e  bel ieved t o  be un- 

a f f e c t e d  s ince  the  major a l l o y i n g  elements i n  t h i s  ma te r i a l  a r e  r e a d i l y  

reduced i n  s i n t e r i n g  and a r e  present, '  a l b e i t  t o  a  l e s s e r  ex ten t ,  i n .  the  

o r i g i n a l  powder. A s  noted it became apparent  t h a t  carbon .which would most 

r e a d i l y  be removed by oxidat ion was no t  t h e  c u l p r i t  element. Also a s  

evidenced by the  formation of normal g r a i n  - s i z e  p i c t u r e  frames on compact 

surfaces ,  the  impuri ty can be removed. by heat ing  i n  a  hydrogen atmosphere. 

Therefore s ince  production f e a s i b i l i t y  .of ca ld in ing  i s  enhanced by use of 

hydrogen atmosphere f a c i l i t i e s  p a r t i c u l a r l y  i f  temperatures higher than 

1 1 0 0 ~ ~  a r e  requi red ,  a  p a r a l l e l  s e t  of powders was ca lc ined a t  1 1 0 0 ~ ~  f o r  

40 hours i n  hydrogen. The a v a i l a b l e  g ra in  s i z e  r e s u l t s  from these  powders 

a r e  contained i n  Sect ion  V1I.B. 



. . .  
' f i ' o  d i f f e r e n t  l eve l s  of CaO i n  ~ h 0 2  were used i n  t h i s  invest igat ion.  

 dor ria - l o t  096 which was typicti l l$ used f o r  the  production of ~ h 0 i  

(no U O ~ )  p e l l e t s  contained 100 ppm'~a0.   he addi t ion o f  the  CaO was used a s  

a  s i n t e r i n g  a id  f o r  t he  thor ia  by increasing t he  d i f fus ion  coef f ic ien t  

of t he  thorium ion, ra ther ,  than the  usual  me.thod of inh.ib.iting- the  mobility 

of t h e .  higher .-energy gra in  boundaries (see  Section 1 V . c )  : Since the  

add i t i on  of U02 t o  Tho2 a c t s  a s  a  s i n t e r i ng  a id ,  the  Tho2 powder used i n  the  

production of t he  Th02-U02 p e l l e t s .  d id  not require  a CaO addi t ion (normal 

t ~ a c e . C a 0  i s  approximately .4 ppm). 
, . . . 

The pri*cipaf conclusions a r e  t h a t ,  with the  powder containing 
. .  . 

100 ppm CGO, ca lc ining both i n  a i r  and hydrogen improved p a i n  growth 

r e l a t i v e  t o  t he  as-received powder, with the  i a t t e r  l e s s  e f f ec t i ve  than the  

f&mei-. wi th  t h e  f'rek of CaO, again calc iding impr&ed grain  'growth 
. . 

over t h e  as-received powde;, bu t  here the  'hydrogen-ca l c  ining was more 
, . 

e f f e c t i v e  than a i r  calcining.' '  These ' r e i u l t s  concerning the  e f f e c t  of CaO 

a r e  t e n t a t i v e  s ince  t he  surface  areas  (and'hence p a r t i c l e  s i z e s )  of the  

var ious  pqwders were not  t he  same which made d i r e c t  comparison d i f f i c u l t ;  

however,, it .was c lea r . : tha t '  ca lc in ing  improved grain  growth. 

s ince  a  ' p i c tme  frame'was s t i l l  present i n  cross  sect ions  of the  

calc ined pellets ' ,  'it. i s  concluded t h a t  the  i m p & i t y  content was reduced, 

b u t  no t  however t o -  a' l e v e l  s u f f i = i e n t  t o  el iminate the  d i s con t i~uous  grain  

growth .behavi&r .of 'the p e i l e t .  ~ d '  attempt t o  en.sur& the  'removal of the  

impurity phase) CaO f r e e  pmder  was calcined &t 12000~  f &  8 and 24 hours 

and a t  1 4 0 0 ~ ~  'for 3 and 9 hours. The.resul.ting powders were subjected t o  

m u l t i - p i s '  mic$oiizati'on t o  normalize t he  very s t rong influence of the  powder 

surface  area .  The r e s u l t s  of these t e s t s  showed t h a t  it was extremely d i f f i -  

c u l t  t d  mechanically reduce t he  p a r t i c l e  s i z e  below about +. The grain  

growth r e s u l t s  indicated t h a t  shor te r  calc ining times a t  higher temperatures 

were e f f e c t i v e . i n  increas ing the  grain  growth. However, the  benef ic ia l  

e f f e c t s ' o f  increasing t he  calc ining temperature t o  promote addi t ional  

impurity removal were diminished by t h e  increased d i f fus ion  dis tance r e -  

s u i t i h g  .from p a r t i c l e  densi f icat ion.  It was therefore  concluded t h a t  .high 

temperature calc ining was not a  p r a c t i c a l  method of impurity removal 

because of t he  reduced powder surface area and increased contamination from 



the  calc ining crucible.  I t  i s  possible t h a t  long time calc ining a t  l o w  

temperatures , < 982OC, may be worthwhile , but fu r the r  experimentation would 

be required (see  Section M )  . . 
. 

I n  an e f f o r t  t o  overcome the  influence of t he  reduced surface area 

of the  calcined powders on grain  growth, calcined ( 1 4 0 0 ~ ~  - 3 hours) powder 

was blended with as-received (ca lc ine  of 1038'~ a t  vendor) powder. It  was . 

considered t h a t  the  pure, l a rge  coarse or higher dens i ty  p a r t i c l e s  of the  

'calcined powders would a c t  a s  nucleation s i t e s  and be ab le  t o  grow a t  the  

expense of the  smaller or lower dens i ty  impure pa r t i c l e s .  The gra in  growth 

r e s u l t s  obtained from these powder blends, Section VII .D, were d i f f e r e n t  

than expected. Grain growth i n  the  blended powder p e l l e t s  was consis tent ly  

g rea te r  than t h a t  observed i n  e i t h e r  p e l l e t s  fabr icated so l e ly  from the  

calcined or as-received powder. This synerg i s t i c  e f f e c t  was explained i n  

terms of a high pu r i t y  p a r t i c l e  with low surface energy ab le  t o  g r o w  a t  the  

expense of an inh ib i ted  p a r t i c l e  with high surface energy. 

used t o  :iieaaui.a- a s tng le  ps rsse te r ;  e k r l e f  suiimiry of the ve r iou .~  methccls 

with e t t en t i on  being focnssed sn the  differences between xetiods i s  given 
. . below. 

A. Powder Preparation f o r  Pressinq 

1. ~ i ~ u i d / ~ o l i d s  (L/s) Blending 

A l l  of the  p e l l e t s  studied i n  the  sect ion on grain  growth 

k ine t ics ,  Section V, and se lected p e l l e t s  fabr icated from powder calcined a t  

1230 and 1 4 0 0 ~ ~  were produced i n  the  thor ia  production f a c i l i t y  by t h e  

l iqu id / s  o l i c s  (L/s) blendiag groeess . Tie powder was mixed i n  6 vee-blender 

while 3 solut ion of irxylene an6 binder was spre,yed i n t o  the  blender. 

Appsoiimately 1.0 v/o Carbowex 5000 wes ,wed 3s the  binder f o r  the  kine ti.^ 

s.cudles and i.5 u/o Csrbowax 60Wwes used f u r  the  calclneg.powders. The 

~arbo'dax/Ox$~ene nzj.xture was ad6ed a+, such a. ' ra te  t h a t  the' p'owder i s  

dampened only s l i g h t l y  ( e  . g., tlre"powder should never become wet). The 

granules produced by t h i s  process were passed through a 16 mesh screen. 

After  screening, 0.2 W/G Sterotex ( -  100 mesh) lubr ican t  was dry blended 



with  t h e  granules.  

2. S lu r ry  Agglomeration 

The ~arbowax/Oxylene so lu t ion  was added t o  the  Tho2 powder i n  

l a rge  enough quan t i t i e s  t o  thoroughly wet the  powder t o  the  ex ten t  t h a t  the  

mixture was almost f l u i d .  Mixing was accomplished with a bladed paddle. 

When t h e  mixture was s u f f i c i e n t l y  d ry  t h a t  it was p l i ab l e  and may be formed, 
e 

it was mechanically forced through a 24 mesh screen thus forming granules. 

I n  t h i s  s tudy the  granules made by t h i s  process contained 1.75 w/o Carbowax. 

Many of the  calcined p e l l e t s  were fabr ica ted  from s l u r r y  agglomerated 

granules.  Like t h e  L/S blended granules 0.2 w/o Sterotex was d ry  blended 

with t h e  granules f o r  d i e  wal l  lubr ica t ion  during pressing. 

3. Dry Press ing  

The powder t o  be d r y  pressed was not  processed i n t o  granules. 

No binder or  l ub r i c an t  was added d i r e c t l y  t o  the powder. The d i e  walls  

and punch faces  were merely wiped c lean  with a 2 v/o so lu t ion  of Sterotex- 

Oxylene p r i o r  t o  hand f i l l i n g  of t he  d i e  with the  dry, b inder less  thor ia  

powder. I n  those cases when the  p e l l e t  broke upon e j ec t i on  from the  d i e ,  the 

p ieces  were put  back i n t o  the  d i e  a r~d  repressed.  Most press ing included a 1 

t o  2 minute hold a t  t h e  maximum load. Depending on the  powder pressing 

c h a r a c t e r i s t i c ,  t he  green d ry  pressed p e l l e t  had varying degrees of surface  

defec t s .  Geometric dens i t y  determinations of t he  green d ry  pressed p e l l e t s  

were l e s s  p rec i se  than the  green p e l l e t s  which contained a binder and l ub r i -  

cant. 

B. Presses 

1. Baldwin Lima Hamilton (BLH) Press 

The Baldwin Lima Hamilton (BLH) i s  a mechanical press  t h a t  

achieves a dua l  p r e s s i n g a c t i o n  of both top  and bottom punch by a pneumatic 

f l o t a t i o n  of the d i e  t ab le .  Eject ion of the  pressed p e l l e t  i s  accomplished 

by r a i s i n g  the  bottom punch. A wide v a r i e t y  of adjustments i s  poss ible  'with 

the  most des i rab le  condit ion being where both top  and. bottom' punches impart 

equal  loads t o  t he  p e l l e t .  A l l  of the  p e l l e t s  fabr ica ted from granules pro- 

duced by t he  L/S process .  were pressed on the  BLH Press. 



2,  S tokes  P r e s s  

The Stokes  p r e s s  i s  a l s o  a mechanical p r e s s  which o p e r a t e s  i n  

an i d e n t i c a l  f a sh ion  t o  t h e  BLH except  t h a t  t h e  d i e  i s  f l o a t e d  by d i e  support  

sp r ings .  Consequently t h e  t r a v e l  o f  t h e  d i e  i s  c o n t r o l l e d  by t h e  d i e  w a l l  

f r i c t i o n  f o r c e s .  I n  s p i t e  of t h i s  f e a t u r e ,  l o a d  d i s t r i b u t i o n  between t o p  and 

bottom punches w a s  r e l a t i v e l y  equal.  P e l l e t s  pressed  from t h e  same mix and t o  

t h e  same green d e n s i t y  on both t h e  S tokes  and BLH r e q u i r e d  about  t h e  same 

load.  The Stokes  p r e s s  was used f o r  t h e  product ion o f  a l l  t h e  p e l l e t s  f a b r i -  

c a t e d  from s l u r r y  agglomerated powder and t h e  dry  pressed  powder. 

C .  Dens i ty  Determinat ions 

1 ,  Geometric Densi ty  

The geometr ic  d e n s i t i e s  were determined by d i v i d i n g  t h e  dry  

p e l l e t  weight by t h e  c a l c u l a t e d  (measured h e i g h t  and diameter  excluding. 

0.0302 c c  f o r  both end d i s h e s  i n  t h e  s i n t e r e d  p e l l e t )  p e l l e t  volume. . A l l  of 

t h e  green  d e n s i t i e ~  were determined by t h i s  procedure as wel l  as t h e  s i n t e r e d  

p e l l e t s  from t h e  k i n e t i c  s tudy and t h e  p e l l e t s ' f a b r , i c a t e d  from t h e  s l u r r y  

agglomerated powder. The weight w a s  measured t o  f 0.0001 gm and t h e  dimen- 

s i o n s  t o  'f 0.0005 cm, The d e n s i t y  was t h e r e f o r e  a c c u r a t e  t o  f 0,.OC03 gm/cc. 

However, small c racks  o r  ch ips  i n  t h e  p e l l e t  s u r f a c e  would i n f l u e n c e  t h e  pre- 

c i s i o n  o f  t h e  measureolent. The geometr ic  d e n s i t y  i n c l u d e s  'both open and 

c losed  pores.  

2. Immersion Densi ty 
. . 

By d e t e r m b i n g  t h e  p e l l e t  weight d r y ,  water s a t u r a t e d ,  and 

s a t u r a t e d  suspended, t h e  d e n s i t y  o f  t h e  p e l l e t  both inc lud ing  and excluding 

t h e  open pores  w a s  c a l cu la t ed .  The accuracy o f  t h i s  tzchniqua i s  not  ha.mpered 

by s u r f a c e  imperfec t ions  and was t h e r e f o r e  used 't.0 d $ t e m i n e  t h e  s i n t e r e d  
. . I i . .  1 r .  

ileris1i;y o f  a i l .  the . ,. d r y  pressed  qe l?e . t s ,  0ccas. ionel ly a chip' would Isa ' l o s t  

from t h e  p e l l e t  dur ing  t h e  determinat ion o f  t h e  s a t m a t e d  weight,  there'by 

r e s u l t i n g  i n  t h e  clensity of t h e  p e l l e t  excluding +,he open pcrou'Lty t o  be l e s s  

than  t h e  d e n s i t y  i nc lud ing  t h e  Gpen po ros i ty ,  Table 12. 7n t i lose c a s e s  where 

t h i s  happensd, t h e  r e s u l t s  were f lagged .  Th i s  method is  a c c u r z t e  t o  approxi-  

mately f 0.00G2 gm/cc. 



D. P re t r ea tmen t  Furnaces 

1. Labora tory  F a c i l i t y  

P e l l e t s  p r e t r e a t e d  i n  t h e  l a b o r a t o r y  furnaces  were hea t ed  

(50°c/hr) t o  tempera ture  i n ' a  q u a r t z  c o n t a i n e r  which w a s  p a r t  o f  a c losed  

system. The carbon d i o x i d e  g a s  f low r a t e  was 8-10. l/min. Instrument  grade  

CO which conta ined  on ly  10-15 ppm,oxygen as measured a t  t h e  b o t t l e  and 2 
approximate ly  10-25 pprn as measured t n  t h e  fu rnace  ho t  zone at:temperature 

was used f o r  every l a b o r a t o r y  pre t rea tment  run .  -. , 

The t h o r l s ,  yruiluc Llul~ pi+e Lrcal;n~en+. cqrj-ipmcnt i c  a Harper batch 

t y p e ,  bell fu rnace  which u s e s  C02 con ta in ing  approximately 250 ppm oxygen as 

a n  i n - l i n e  contaminant.  A l l  o f  t h e  c a l c i n e d  powder p e l l e t s  f a b r i c a t e d  from 

L/S g r a n u l e s  were p r e t r e a t e d  i n  t h i s  fu rnace .  

S. int  e r i n g  Furnaces 

1 , Laboratory F'urnace 
. . 

A small r e s i s t a n c e  wound hycwogen Lube fur~lact! cap~lable u f  a, 
0 

maximum tempera ture  o f  I900 C f o r  a r e l a t i v e l y  s h o r t  t ime pe r iod  was used . f o r  . 

a l l  o f  t h e  k i n e t i c .  experiments ,  Sec t ion  V, and those  p e l l e t s  f a b r i c a t e d  from a 

b l e n d  o f  p r e t r e a t e d  c a l c i n e d  powder l o t  136  and  as - rece ived  powder l o t  096, 

Above 1 0 0 0 ~ ~  an o p t i c a l  pyrometer i s  used t o  determine t h e  tempera ture  by 

s i g h t i n g  on t h e  samples. The temperature i n  t h i s  range  is a c c u r a t e  t o  about  

f 25 '~ .  Below 1 0 0 0 ~ ~  a chromel-alumel thermocouple i s  used which i s  a c c u r a t e  

t o  approximat.ely f 5 '~ .  The fu rnace  dew p o i n t  i s  d i f f i c u l t  t o  con t ro l .  Tru ly  

d r y  hydrogen atmospheres were not  p o s s i b l e ,  The dew p o i n t  as measured by 

pumping a sample of t h e  g a s  i n t o  an Alnor wpe 7000 Dew Poin t  i n d i c a t o r  showed 

t h a t  a t  t h e  hydrogen b o t t l e  t h e  dew p o i n t  was approximately - 51'~ (- 60 '~ ) ;  

however, i n  t h e  h o t  zone o f  t h e  fu rnace  t h e  measured dew po in t  was 15 '~ (59'3'). 
The water  content  of  t h e  hydrogen inc reased  from " 40 ppm t o  18,000 ppm, 

Th i s  very  l a r g e  i n c r e a s e  i n  dew po in t  w a s  probably t h e  r e s u l t  o f  back stream- 

i n g  from t h e  f lame c u r t a i n  a t  t h e  fu rnace  tube  e x i t .  The furnace  e x i t  is only  

about  24 inches  away from t h e  furnace  hot  zone, The "wet" hydrogen condit ion 

w a s  produced by pas s ing  t h e  dry incoming hydrogen through a water bubbler. 



Thi s  method proved e f f e c t i v e  and t h e  measured h o t  zone dew p o i n t  o f  t h e  

hydrogen was 2 5 ' ~  (??OF), 3j.000 ppm H20. 

The ope ra t ing  procedure c o n s i s t e d  of i n i t i a l l y  l oad ing  t h e  

fu rnace  h o t  zone with p r e t r e a t e d  0.53 i n c h  diameter  p e l l e t s  while  t h e  dew p o i n t  

of  t h e  incoming hydrogen was e s t a b l i s h e d  as e i t h e r  wet o r  dry ,  depending on 

whether it was bubbled through a 2 5 ' ~  water  ba th  o r  passed d i r e c t l y  from t h e  

b o t t l e  t o  t h e  furnace.  I n  both  c a s e s  t h e  e n t i r e  hydrogen f low was t r e a t e d  

uniformly f o r  t h e  e n t i r e  du ra t ion  of  t h e  t e s t ,  and t h e  f low r a t e  w a s  g e n e r a l l y  

+ l/min. The p e l l e t s  were hea ted  a t  t h e  r a t e  o f  100~C/hr  t o  h e l d  t o  2.6 - 0 , 2  

1 . 7 5 0 ~ ~  o r  t o  t h e  p re sc r ibed  s i n t e r i n g  temperature.  A t  t h e  first d e s i r e d  t ime 

and temperature s e t t i n g ,  i. e .  1 6 0 0 ~ ~  - 0 hours ,  a p e l l e t  would be removed from 

t h e  fu rnace  ho t  zone as soon as a ho t  zone temperature r ead ing  o f  1 6 0 0 ~ ~  w a s  

achieved;  The r a t e  a t  which t h e  s e l e c t e d  p e l l e t  was removed from t h e  h o t  zone 

of  t h e  fu rnace  t o  a co ld  zone i n  t h e  fu rnace  d e t e r m h e d  t h e  coo l ing  r a t e .  The 

d i s t a n c e  t o  t h e  fu rnace  co ld . zone  w a s  p r ev ious ly  ca l - ibra ted  so t h a t  a coo l ing  

r a t e  o f  15o0c/hr could  be achieved with t h e  p e l l e t  being withdrawn while  t h e  

remainder of t h e  p e l l e t s  cont inued t o  i n c r e a s e  i n  tempera ture  a t  t h e  r a t e  o f  

100~C/h r .  once t h e  maximum tempera ture  w a s  a t t a i n d d ,  u s u i l l y  I 750°C, p e l l e t s  

were withdrawn from t h e  f i x n a c e  ho t  zone at  s e l e c t e d  t ime i n t e r v a l s  (0,  +, I*, 
0 5, 1 2  horns)  accord ing  t o  t h e  procedure desc r ibed  f o r  t h e  1600 C sample. . 

For example, f i v e  hours  @ 1 7 5 0 ~ ~  means t h e  p e l l e t  was heated from room 

temperature t o  1 7 5 0 ~ ~  a t  t h e  ' r a t e  o f  100~C/hr ,  h e l d  a t  1 7 5 0 ~ ~  f o r  5 hours ,  

and withdrawn from t h e  ho t  zone so  t h a t  t h e  cool ing  r a t e  w a s  150°c/hr from 

1 7 5 0 ~ ~  t o  room temperature;  

1 
'2,; . Thoria  F a c i l i t y  Development Furnace 

The ~ e ~ i - ~ u t ~ / ~ i n d b e r ~  fu rnace  #I w a s  used f o r  a l l  "dry" 

hydrogen s i n t e r i n g  r u n s  excluding t h o s e  of t h e  k i n e t i c  s t u d i e s ,  This i n c l u d e s  

a l l  of t h e  r u n s  with p e l l e t s  ma6e from ca l c ined  o r  blended po.wd.ers and t h o s e  

r u n s  made wi th  s l u r r y  agglomerated and L/S blended powders, t h e  one except ion 

. b+g. $he one' run made with blended powder, p r e t r e a t e d ,  ca l c ined  136/as-received 
. .  . - .  

. . . . . ,096 which 'was ' s i n t e r e d  i n  t h e  srnall l abo ra to ry .  furnace. 



'lhe' t empera ture  o f  t h i s  i u r n a c e  w a s  c o n t r o i l e d  by 2 t h & r m d . ~ o u p l ~  
. .  .. 

l o c a t e d  i n  t h e  f u r n a c e  ho t  zone; however, t h e  furnade  thermal p r o f i l d w a s  

mon i to red .wi th  an o p t i c a l .  pyrometer. The dew po in t  of  t h e  . . inlet  hydrogen from 
0 0 

t h e  bulk  s t o r a g e  f a c i l i t y  was determined t o  be  approximately .- 47 C (- 52.??.) 

which c o n t a i n s  50 ppm H20 by volume, However, t h e  dew p o i n t  o f  t he '  same ., 

hydrogen i n  t h e  h o t  zone a f u l l  s i x  hours  a f t e r  t h e , f u r n a c e  a t t a i n e d  a .. '. 

0 
tempera ture .  o f  I ~ C O O ~ C  w a s  approximately 11.5 '~ (+ 53 F). This. atmosphere ..: . :. 

c o n t a i n s  13,000 ppm H20 by volume. The h o t  zone is approximately 6  f e e t f r o m :  
0 

t h e  f u r n a c e  e x i t ; .  A t  a p o i n t  3. f e e t  f'rom- t h e  e x i t  t h e  dgw .pofnt was 10 C . :: .. : 

( - 1  65'~), 21,500 ppm H ~ O .  . , . . (. ,.. . a I 

. . . . ,  . . . . . .  . . . , 
Thi s  l a r g e  Harper fu rnace  was used f o r  on ly  a few p e l l e t s  

. , . . 
f a b r i c a t e d  from 1200 and' 1 4 0 0 ~ ~  c a l c . i n e d ~ / ~  blended p e l l e t s .  The d ry  

0 0 (- 60 F) hydrogen w a s  passed  through a 110 F . . bubbler  and, without  . . cool ing ,  . , , .., ,. 

p iped  i n t o  t h e  fu rnace .  . Although.not  measured i n  t h e  furnace  ho t  zone, t h e  
. .. 

water  c o n t e n t  a t  a dew p o i n t  o f  1 1 0 ~ ~  ( 4 7 ' ~ )  would be - 86,000 ppm H20, 
: . .. . .. . . 

. 4 4. Vacuwn Furnace 

' h' R: D: Brew vacuum furnace;  Model #420, . was used' f o r  t h e  ' ' . 

vacuum s i n t e r &  runs i n  S e c t i o h  V. C ," ~ i n e t i k  S i n t e r i n g  Series., and in.' 
. . 

S e c t i o n  V I  , ~ e c r ~ s t a l l i i a ' t i ~ n  Measurements. 'I'he sample is Surroun~ilell" 

t an t a lum $ e s . i s t a i c e  h e a t i n g  element which g e t t e r s  t h e  oxygen from t h e  f iknace  
. . .  .. . . -10 , . :  

atmosphere so  t h a t  t h e  oxygen 'p ressure  i s  very \'lbw, i r o 5 a b l y  < 
-6 , - . .  

t o m ,  even though t h e  o v e r a l l  fu rnace  p r e s s u r e  i s  - 1 U  t o m .  The teroyeriiLui& 

o f  t h e  p e l l e t  i n  t h e  vacuum fu rnace  . was . . ~ ~ ~ e a s u r e d  with an  optilctll py~ualelel- by 

s i g h t i n g  through a q u a r t z  winclow d i r e c t l y  on the p e l l e l ,  The  r e f l e ~ t i v i ~ y  of 

t h e  p e l l e t  w a s  compensated by. t h e  abso rp t ion  of  t h e  q u a r t g  window so t h a t  t h e  .. , 

t r u e  tempera ture  w a s  r e a d  d i r e c t l y  from t h e  pyrometer. The temperature 
0 

r e a d i n g  i s  a c c u r a t e  t o  f 10  C .  

. F. . Powder Ca lc in ing  

1. 1 1 0 0 ' ~  A i r  Ca lc ine  

0 The 1100 C a i r - c a l c i n e d  powder was hea ted  i n  a r e s i s t a n c e  element 

Glo-Bar box t y p e  fu rnace  t o  1 1 0 0 ~ ~  and h e l d  a t  tempera ture  f o r  48 hours .  



Powder ba t ches  of approximately 2 kg were hea ted  i n  Inconel  c r u c i b l e s  and 

r abb led  with an Inconel  r a k e  every 30 minutes.  ~ o G d e r  depth i n  t h e  c r u c i b l e  

w a s  approximately 2 inches  and the '  h e a t i n g  r a t e  t o  temperature was approxi-  

A mately 500°c/hr. The temperature w a s  determined by a c a l i b r a t e d  chromel- 
0 

alumel thermocouple. The temperature r e a d i n g . i s  a c c u r a t e  t o  * 5 C .  

2. 1 1 0 0 ~ ~  Hydrogen Calc ine  . - .  

The 1 1 0 0 ~ ~  hydrogen c a l c i n i n g  took p l ace  i n  a r e s i s t a n c e  wound 

tube  furnace .  The t h o r i a  powder l o t s  were ca ld ined  f o r  4.8 hour s  i n  a c losed  

f u r n a c e  system at 1 1 0 0 " ~  i n  f lowing d r y  (- 6 0 ' ~  dew p o i n t )  hydrogen. T$mpera- 

t u r e  w a s  c o n t r o l l e d  t o  *"2'C by a s e r i e s  of  thermocouples l o c a t e d  along'  t h e  
. . 

l eng th  of  t h e  fu rnace  ho t  zone, The e f f l u e n t s  were monitored wi th  a g a s  

chromatograph. Except f o r  t h e  i n i t i a l  r e l e a s e  o f  Adsorbed water ,  t h e  combined 

H 0 and 0 i n  t h e  e f f l u e n t  g a s  was l e s s  than  15 ppm. The maximum powder depth 
2 2 

i n  t h e  q u a r t z  c r u c i b l e s  was 2 inches .  S ince  it was a c losed  system, t h e  sample 

w a s  n o t  r abb led  as was t h e  a i r - c a l c i n e d  powder. The t o t a l  powder charge pe r  
. . ' .  

boat  was only  1100 gms and r equ i r ed  two s e p a r a t e  c a l c i n i n g  r u n s  pe r  composi- 

t i o n  t o  produce t h e  r e q u i r e d  amount o f ' m a t e r i a l .  The two 1100 gm ba tches  of  

each bornposition were mechanically blended p r i o r t o  rnicronizat ion.  Subsequent 

mass-spectrographic a n a l y s i s  o f  t h i s  powder showed it  t o b e  o f  h igher  p u r i t y  

than  t h e  s t a r t i n g  powder. 
. . 

3, 1200 and 1 4 0 0 ~ ~  Hydrogen Ca lc ine .  

. . The powder which w a s  c a l c i n e d  a t  1 2 0 0 ~ ~  f o r  . . 8 and 24 hours  and 

t h e  powder c a l c i n e d  a t  1 ~ 0 ~ ~  f o r  3 and 9 hour s  w a s  hea t ed  i n  t h e  l a r g e  
~ e v i - ~ u t ~ / ~ i n d b e r ~  furnace  #2 normally used i n  product ion f o r  s i n t e r i n g  of .- 
10% Tho2 p e l l e t s ,  The l i n e  hydrogen used f o r  t h i s  work had a dew p o i n t  of - 
- 55"~. Mo.lybdenum b o a t s  were f i l l e d  t o  a depth of  approximately 2 inches .  

. . 

Since  t h i s  Lindberg i s  a cont inuous furnade  and t h e  lowest  g e a r  r a t i o  would 

r e s u l t  i n  a hot  zone exposure of  on ly  1 2  hours ,  t h e  1 2 0 0 ~ ~ ' -  24 hour c a l c i n e  

was achieved by sending t h e  powder through t h e  fu rnace  twice.  

The h e a t i n g  r a t e  o f  a l l  f o u r  c a l c i n i n g  cond i t i ons  w a s  d i f f e r e n t  

s i n c e , t h e  t ime spent  i n  t h e  furnace  hot  zone was d i f f e r e n t .  The heating r a t e s  . . 

f o r  t h e  1 2 0 0 ~ ~  - 8 and 24 hour and . t he  1 4 0 0 ' ~  - 3 and 9 hour c a l c i n e s  were 

approximately .70°c/hr and 30~c/hr ,  l,MOc/hr and 60°c/hr, r e s p e c t i v e l y .  



Temperature c o n t r o l  w a s  achieved by a f i x e d  o p t i c a l  pyrometer 

and c a l i b r a t e d  by s i g h t i n g s  on a f l a g  boa t .  The tempera ture  was c o n t r o l l e d  
+-  40°C 

t o  T - 0 0 ~ '  

G ,  Grain S i z e  Measurements 

The ASTM c a l i b r a t e d  eyepiece w a s  used f o r  a l l  o f  t h e .  g r a i n  s i z e  

measurements except  some o f  t h e  measurements i n  K i n e t i c  Study No. 1 where an 

e l e c t r o n  microscope was used i n  a.d.di t,?.on. t o  t h e  o p t i c a l  microscope t o  r e s o l v e  

t h e  ve ry  f i n e  g r a i n s  i n  t h e  c e n t e r  o f  a few p e l l e t s ,  The ASTM c a l i b r a t e d  eye- 

p i e c e  y i e l d s  a n  average  g r a i n  s i z e  by s imultaneously comparing t h e  ma jo r i t y  - .  
of  t h e  g r a i n s  i n  a f i e l d  of view wi th  a c a l i b r a t e d  f i e l d  i n  t h e  eyepiece of 

t h e  viewer. The r e s u l t s  ob ta ined  by t h i s  technique  a r e  a c c u r a t e  t o  wi th in  one 

ASTM number and may b e  compared d i r e c t l y  wi th  va iues  obta ined  by t h e  l i n e  

i n t e r c e p t  method if .  t h e  ASTM numbers a r e  converted t o  t h e  number of  g r a i n  pe r  
N-1 u n i t  a r e a  accord ing  t o  t h e  equat ion  n = 2 where n = number of g ra ins / in .  2 

2 a t  100X and N = ASTM g r a i n  s i z e  number. The number o f  g r a i n s  p e r  i n .  may be 
1. . - 

used t o  c a l c u l a t e  t h e  average  d iameter  by t h e  equa.ti.on 100d/2 = ( n ~ ) - ~ ,  A 

t a b l e  wi th  t h e  d iameter  of t h e  average grain i n  mi l l imet ,e rs  a n d  i nches  as well  

as t h e  nominal g r a i n s  p e r  i n O 2  a t  I O O X  i s  g iven  i n  Ref .  4. The va lues  i n  t h i s  

r e p o r t  were obta ined  from t h e  t a b l e  f o r  g r a i n  sizes between ASTM 00 a n d  16.  

' ASTM g r a i n  s i z e  numbers g r e a t e r  than.  16 .  were ca l cu la t ed .  

Those g r a i n s  which were f i n e r  t han  could be  determined o p t i c a l l y  

wi th  t h e  ASTM eyepiece  were, i n  a few cases ,  examined with t h e  e l e c t r o n  

microscope. Carbon r e p l i c a s  were e x t r a c t e d  Prom t h e  sample sur face  and 

examined with t h e  t r ansmis s ion  e l e c t r o n  microscope. I n  o r d e r  t o  determine 

t h e  exac t  l o c a t i o n  o f  a s p e c i f i c  g r a i n  formation,  t h e  r e p l i c a  had t o  extend 

fYom t h e  p e l l e t  s u r f a c e  s i n c e  t h i s  was t h e  po in t  of r e f e r e n c e  f o r  u se  of 

c a l i b r a t e d  microscope s t a g e .  While the,ASTM c a l i b r a t e d  eyepiece was used t o  

de te rmine  t h e  average  g r a i n  s i z e  d i r e c t l y  i n  t h e  o p t i c a l  de te rmina t ion ,  t h e  

number o f  g r a i n s  i n  a g iven  a r e a  as  determined by count ing  from a photographic 

enlargement was used t o  determine t h e  ASTM g r a i n  s i z e  f o r  t h e  e l e c t r o n  micro- 

scope examination. Considering t h e  d i f f e r e n c e s  i n  technique ,  p o s s i b l e  e r r o r s  

i n  magni f ica t ion  and photographic enlargement,  and v a r i a t i o n s  i n  g r a i n  s i z e  

as a f u n c t i o n  of  l o c a t i o n ,  t h e  agreement between t h e  o p t i c a l  and e l e c t r o n  

microscope was cons idered  reasonably  good. 



f 

H. Granular Segregation Rating System 

The, granular  segregation r a t i n g  system was devised a t  B e t t i s  t o  

quant i fy  t h i s  s i n t e r e d p e l l e t  a t t r i b u t e .  A ret 'ng of l . r e p r e s e n t s  a s t r u c t u r e  f r e e  

from granular  segregation.,  None of t h e  o r i g i n a l  'green powder granule mor-phology 

may be detec ted  i n  t h e  sample metallography. A r a t i n g  of 7 represen t s  the-.most 

severe granular  segregation.  The e n t i r e  perimeter  .of the  original .  granule ' is 

c l e a r l y  de l inea ted  when viewing a metallographic s e c t i o n  of t h e  s i n t e r e d  

p e l l e t .  A s e r i e s  of photomicrographs which' t y p i f y  these  two condi t ions  

and f i v e  intermediate degrees of granular  segregat ion  have been es tab l i shed  

and designated one through seven. This s e r i e s '  of photomicrographs. r ep resen t ing  

the  seven degrees of granular  segregat ion  ha* become the  standard by which 
1 .  

other  micros t ructures  a r e  c l a s s i f i e d .  

The. granular  segregation r a t i n g  of a  sample i s  determined by 

scanning wi th  a microscope t h e  long i tud ina l  and t r ansverse  axes of metal lo-  

g raph ica l ly  prepared p e l l e t s  and ass igning the  number of t h e  standard micro- 

s t r u c t u r e  which most c lose ly  r ep resen t s  the -  degree of granular  segregat ion  ob- 

served i n  t h e  sample. A granular  segregat ion  ra t i .ng  of g r e a t e r  than t h r e e  is  

considered unacceptable. 

I.. Scanning Electron Microscope (sEM), Elec t ron Microprobe (EMP), 

and Quantimet 

Samples examined with t h e  SEM, EMP, and Quantimet were prepared 

according t o  s tandard  ceramographic techniques (pol ish ing accomplished by 

using a progressively f i n e r  gr inding media) ; however, t h e  samples were not  

etched p r i o r  t o  examination when phase i d e n t i f i c a t i o n  o r  pore d i s t r i b u t i o n  was 

des i red .  Since t h e  Tho2 p e l l e t  is  a poor e l e c t r o n i c  conductor and carbon w a s  

an element of i n t e r e s t ,  a  t h i n  l a y e r  of  aluminum o r  gold  r a t h e r  than carbon 

was vapor deposi ted on t h e  sample su r face  p r i o r  t o  ana lys i s .  The compositional 

analyses  were f o r  t h e  most p a r t  q u a l i t a t i v e  o r  semi-quanti tat ive where t h e  peak 

height  was compared t o  the  peak height  from a known standard. No adjustments 

were made t o  t h e  peak h e i g h t ' t o  account f o r  absorption and f luorescence.  



J. P e l l e t  Desc r ip t ion  

The a s -p re s sed  t h o r i a  compact may be  approximated by a 0.610 i n .  

(1.55 cm) t o  0.635 i n .  (1.61 cm) d iameter  by 0.75 i n .  (1.90 cm) .hi,& r i g h t  

c . i r c u l a r . c y l i n d e r .  A d i s h  and chamfer were pressed  i n t o  each end such t h a t  

t h e  a s - s i n t e r e d  d i s h  had a. r a d i u s  o f  1,439 i n .  and t h e  chamfer was 

0'. 006 f 0.004 i n .  The a s - s i n t e r e d  d iameter  was 0.52 i n .  (1.32 cm) t o  - . 

0.53  i n .  (1.35 cm) wi th  an  o v e r a l l  he igh t  of  0.615 i n .  (1 .56 cm). 
. 

. . . . 



IV: SINTERING THEORY AS APPLIED TO Tho2 AND ThO2-Uo2 . . 
D 

A. I n t roduc t ion  t o  S i n t e r i n g  and Grain Growth 

S i n t e r i n g  and gr.ain growth a r e  two m a t e r i a l  p r o p e r t i e s  which have 

r ece ived  ex tens ive  i n v e s t i g a t i o n ,  Refs.  5-22. Most s t u d i e s  of  s i n t e r i n g  on 

an a t o m i s t i c  l e v e l  a r e  r e s t r i c t e d  t o  t h e  " i n i t i a l "  s t a g e s  s i n c e  neck growth 

i n  s p h e r i c a l  models, pure metal spheres  o r  w i re s  l e n d g . . i t s e l f  t o  a mathemati- 

c a l . a n a l y s i s ,  During t h e  i n i t i a l  s i n t e r i n g  s t a g e  necks a r e  formed a t  p o i n t s  

of con tac t  between a d j a c e n t  p a r t i c l e s  and grow u n t i l  t hey  begin t o  impinge on 

each o t h e r .  Approximately 3 t o  5 % l i n e a r  shr inkage  occu r s  dur ing  t h e  i n i t i a l  

s i n t e r i n g  s t a g e ,  Ref. 13, A major ob jec t ion  t o  t h e s e  mddel experiments is 

t h a t  t h e  predominant mechanism o f  m a t e r i a l  t r a n s p o r t  change& as a f u n c t i o n  o f  

p a r t i c l e  s i z e .    he‘ p a r t i c l e s  used i n  a powder compact a r e  not  on ly  o r d e r s  of  

magnitude sma l l e r  than  t h e  sphe res  and wi re s  used i n  t h e  model s t u d i e s ,  t hey  
. . 

a l s o  have an i r r e g u l a r  shape. F i n a l l y ,  i n  p r a c t i c e  it i s  d i f f i c u l t  t o  de t e r -  

mine when i n i t i a l  s t a g e  s i n t e r i n g  ceases  and in t e rmed ia t e  s i n t & r i n g  begins ,  

"Intermediate"  s i n t e r i n g  k i n e t i c s  a r e  c h a r a c t e r i z e d  by a pore 

s t r u c t u r e  having in t e rconnec ted  channel p o r o s i t y  wi th  po res  l y i n g  p r i m a r i l y  

a long  t h r e e  g r a i n  edges, Ref ,  14. The pore phase i s  cont inuous and t h e  pores  

a r e  i n t e r s e c t e d  by g r a i n  boundaries. During t h e  i n t e r m e d i a t e  s i n t e r i n g  s f a g e  

t h e  pores  cont inue  t o  s h r i n k  u n t i l  a s i g n i f i c a n t  amount o f  c lo sed  p o r o s i t y  i s  

formed. During d e n s i f i c a t i o n  i n  t h i s  i n t e rmed ia t e  s t a g e  t h e  average pore s ize  

may i n c r e a s e  as t h e  r e s u l t  of grain-boundary migra t ion  and pore coalescence;  

however, t h e . t o t a 1  p o r o s i t y  decreases .  The mechanism of  mass t r a n s p o r t  would 

. l i k e l y . i n c l u d e  vapor t r a n s p o r t ,  volume, grain-boundary and s u r f a c e . d i f f u s i o n ,  

and, unde r .ve ry  unusual c ircumstances,  p l a s t i c  deformation by d i s l o c a t i o n  

motion. The gene ra l  reduced shr inkage  w i t h  t h e  occurrence of  d i scont inuous  

g r a i n  growth has  been taken  by Coble, Ref. 21, as phenomenological evidence 

t h a t  a d i f f u s i o n a l  r a t h e r  than  p l a s t i c  f low process  t a k e s  p l a c e  dur ing  . 
dens i f ica t ' ion ,  The in t e rmed ia t e  s t a g e  u s u a l l y  cont inues  unt.+l a ~ p r o x i m a t e l g  

. . only  5 t o  7 % p o r o s i t y  remains,  Ref. 13, 
, 

F i n a l  . . s t a g e  s i n t e r i n g  i s  assumed t o  begin when t h e  pore- channels  

change from cont inuous t o  discont inuous.  The e n e r g e t i c a l l y  favored s t r u c t u r e  

.i& r e a l i z e d  when t h e  po res  occupy four-@sin c o r n e r s  r a t h e r  than  t h e  



i n t e r s e c t i o n  o f  t h r e e  g r a i n  boundaries  as is  t h e  case  i n  t h e  in t e rmed ia t e  

s t a g e  s i n t e r i n g .  The pore con f igu ra t ion  i n  f i n a l  s t a g e  s i n t e r i n g  can l e a d  t o  

t o t a l  po re  e l imina t ion  i n  a s t a b l e  f a sh ion .  The formation o f  d i scont inuous  

p o r o s i t y  may a l s o  r e s u l t  i n  g a s  be ing  t rapped  wi th in  t h e  po res  which may 

p r o h i b i t  t h e i r  complete c l o s u r e ,  Ref.  21. The " f i n a l "  s t a g e  of  s i n t e r i n g  and 

g r a i n  growth which may t a k e  p l ace  t o  some degree dur ing  a l l  t h r e e  s i n t e r i n g  

s t a g e s  i n  oxide  ceramics is p r a c t i c a l l y  important  bu t  geomet r i ca l ly  more com- 

p l e x  and  n o t  n e a r l y  as wel l  understood as e i t h e r  t h e  i n t e r m e d i a t e  o r  i n i t i a l  

s i n t e c i n g  s t a g e s ,  

To complicate  t h e  p i c t u r e  even f u r t h e r ,  an a l t e r n a t e  f i n a l  s t a g e  of  

s i n t e r i n g  e x i s t s .  T h i s  a d d i t i o n a l  f i n a l  s i n t e r i n g  s t a g e ,  va r ious ly  c a l l e d  

exaggera ted  o r  d i scon t inuous  growth o r  secondary r e c r y s t a l l i z a t i o n ,  occurs  

be fo re  a l l  t h e  p o r o s i t y  is removed and  i s  c h a r a c t e r i z e d  by a r e l a t i v e l y  few 

l a r g e  g r a i n s  growing very  r a p i d l y  a t  t h e  expense of  t h e  ma jo r i t y  of  t h e  remain- 

i n g  mic ros t ruc tu re .  The r e s u l t a n t  s t r u c t u r e  h a s  c lo sed ,  s p h e r i c a l  pores  

l o c a t e d  wi th in  t h e  g r a i n s  ( i n t r a g r a n u l a r  p o r o s i t y )  n o t  i n t e r s e c t e d  by any g r a i n  

boundar ies .  Continued h e a t i n g  a t  tempera ture  a f t e r  t h e  r e c r y s t a l l i z a t i o n  pro- 

c e s s  h a s  proceeded t o  completion can l e a d  t o  pore e l imina t ion  only  by d i f f u s i o n  

t o  t h e  g r a i n  boundar ies ,  l e a v i n g  a pore- f ree  r eg ion  nea r  t h e  boundaries  with 

g r e a t e r  p o r o s i t y  concen t r a t ion  i n  t h e  c e n t e r  o f  t h e  g r a i n  ( ~ e f .  23) ,  o r  by t h e  

mig ra t ion  of t h e  boundar ies  i n  a d i r e c t i o n  toward t h e  c e n t e r  of t h e  S a i n  

boundary cu rva tu re  and t h e  consequent sweeping ou t  of  pores .  These mechanisms 

a r e  g e n e r a l l y  slow and t h e  phenomenon of  exaggerated g r a i n  growth is g e n e r a l l y  

d e n s i t y  l i m i t i n g .  Exaggerated g r a i n  @owth occu r s  when t h e  s i z e  and volume 

f r a c t i o n  of  some d i s p e r s e d  second phase i s  capable  o f  prevent ing  t h e  movement 

of t h e  ma t r ix  g r a i n s  of  uniform s i z e ,  bu t  i s  mobile enough t o  a l low t h e  m i g r a -  

t i o n  o f  t h e  more sha rp ly  curved g r a i n  boundaries  o f  t h e  l a r g e  g r a i n s .  The 

presence  o f  an impur i ty  o r  pore  phase i s  a necessary  requirement  f o r  exaggerated 

g r a i n  growth, Ref,  22. 

B. Grain ~ r o w t h  Mechanism 

The o n l y  d r i v i n g  f o r c e  f o r  g r a i n  growth i n  a s i n t e r e d  s o l i d  such as 

a s t r a i n - f r e e  Tho p e l l e t  o r  i n  a  well-annealed metal  i s  t h e  min,im,ization o f  
2  

t h e  exces s  f r e e  energy t i e d  up i n  g r a i n  boundaries.  Th i s  energy i s  q u i t e  

minute.  Thus, i n  a Tho2 p e l l e t  0.53 i n .  (1.345 cm) dianieter  x  0.6 i n .  (1.524 cm) 



- - 4 .  
he igh t  with a uniform g r a i n  s i z e  o f  ASTM #13 (g ra in  di2meter  = &.YO cm), 

with a g r a i n  boundary energy of 1150 erg/cm2, Ref. 24, and a s p e c i f i c  h e a t  a t  

1 7 5 0 ' ~  of  0.076 ~ a l / ~  O C ,  Ref.  925, on ly  s u f f i c i e n t  energy would be  r e l e a s e d  by 

removal of  a l l  g r a i n  boundaries  and conversion o f  t h e  p e l l e t  t o  a s i n g l e  

c r y s t a l  t o  r a i s e  its temperature l e s s  t han  0.6'~: Hence, it is q u i t e  under- 

s t andab le  t h a t  minute d e v i a t i o n s  i n  composi;tion, po ros i ty ,  s i n t e r i n g  t ime 

temperature,  atmosphere, e t c . ,  a r e  adequate t o  upse t  t h i s  d e l i c a t e ,  ba lance  

and cause apparent '  l o s s  o f  g r a i n  s i z e  con t ro l .  

1. Normal Grain Growth 

I d e a l  g r a i n  growth i s  de f ined  as g r a i n  d iameter  change wi th  t ime 

such t h a t  t h e  d r i v i n g  f o r c e  f o r  minimization o f  g r a i n  boundary energy i s  l i m i t e d  

only  by base  m a t e r i a l  g r a i n  bound&y o r  volume s e l f  d i f f u s i o n  r a t e s ;  hence ,*  

accord ing  t o  Burke, Ref. 22, 

M = o  M exp 1% 1 
where Qb = i s  t h e  a c t i v a t i o n  energy f o r  g r a i n  boundary d i f f u s i o n  

M = g r a i n  boundary mobi l i ty .  

S ince  g r a i n  growth a l s o  i n v o l v e s  t h e  p rog res s ive  movement of  g r a i n  boundaries ,  

t h e  v e l o c i t y  of  a n  ind iv idua l '  g r a i n  boundary i given by 

V = MP 

where V ' g r a i n  boundary v e l o c i t y  

M = g r a i n  boundary ,mobi l i ty  

P = f o r c e  a c t i n g  on t h e  g r a i n  boundary. 

The f o r c e . a c t i n g  on a g r a i n  boundary causing t h e  a r e a  t o  decrease  by moving 

toward t h e  c e n t e r  of  cu rva tu re  is: 

where . . U = . t h e  i n t e r f a c i a l  energy of t h e  g r a i n  boundary 

. p1 and p 2  = p r i n c i p a l  radi i  o f  cu rva tu re .  

Subst i tu%.ing equat ion 3 i n t o  2  we have 

*An approximation o r i g i n a l l y  de r ived  by D r .  B. Lustman, 
Bettis Atomic Power Laboratory 



Making t h e  fo l lowing  assumptions Burke, Ref. 22, de r ived  an expression f n r  

t h e  r a t e  of g r a i n  growth r a t h e r  t han  t h e  v e l o c i t y  of an i n d i v i d u a l  g r a i n  

boundary : 

. .  ' 

1. The m o b i l i t y  .is cons t an t  f o r  a l l  g r a i n s ,  r e g a r d l e s s  o f  g r a i n  

s i z e .  

2 .  The s u r f a c e  energy o f  a l l  g r a i n  boundaries  i s  cons t an t ,  
. . . . 

r ega rd l e s s ,  o f  g r a i n  s i z e .  
. . . ,. . . 

3. The shape of t h e  grain s i z e  distribution curve is independent 

4. The p r i n c i p a l  r a d i i  o f  cu rva tu re  and P ~ )  of a . g r a i n .  

. .boundary a r e  p ropor t iona l  t o . t h e . . a v e r a g e  g r a i n  diameter  ( D ) .  

5, Grain growth. w i l l  cont inue  i n d e f i n i t e l y .  

 heref fore V' = K1 dii/dt and . . 

S u b s t i t u t i n g  i n t o  equat ion  4 g i v e s  

. .. . . 

I n t e g r a t i n g  equat lon  (5). we have t h e  well  known . . equat ion:  
. . 

where D = g r a i n  d iameter  a t  zero t ime 
0 

D = g r a i n  d iameter  a t  t ime,  t 

I< = geometr ica l  constarit 

~ x t e n d i n g  equat ion (6) t o  i nc lude  t h e  e f f e c t  o f  temperature we have -upon : . :' 

. . 

s u b s t . i t u t i n g  equat ion  (1 ) i n t o  (6) . .. , 

Equation (7) p r e d i c t s  t h a t  t h e  g r a i n  diameter  i n c r e a s e s  with 

t ime  t o  t h e  1/2 power and t h e  a c t i v a t i o n  energy o f  t h e  p roces s  i s  equiva len t  

t o  t h a t  o f  g r a i n  boundary d i f f u s i o n .  These va lues  can only  b e  achieved i n  

c r y s t a l l i n e  s o l i d s  o f  high p u r i t y  and nea r ly  t h e o r e t i c a l  dens i ty .  I n  p r a c t i c e ,  



as d i scussed  i n  u b s e q u e n t  s e c t i o n s ,  t h i s  s imple y e l a t i o n s h i p  i s  d i s t u r b e d  by 
. . . . 

a number of f a c t o r s  r e s u l t i n g  i n  an  kxponent of t h e  t ime varkable  o f  l e i s  
' ~. . . 

t han  0 .5  and t h e  a c t i v a t i o n  energy f o r  ' g rowth 'g rea t e r  t h a n  t h e  a&tt'ivation 

'energy 'o f  boundary d i f f u s i o n .  
. . . . 

2. Secondary R e c r y s t a l l i z a t i o n   isco continuous. Grain ~ r o w t h )  

Probably t h e  s i n g l e  most i n s i d t o u s  p e r t u r b a t l o n  o f  . the 

r e l a t i o n s h i p  f o r  un inh ib i t ed ,  normal g r a i n  growth . is .  t h e  . e f f e c t .  o f  i m p u r i t i e s .  

Un t i l  . r e c e n t l y  t h e  impur i ty  l e v e l  i n  most ceramic systems w a s  r e l a t i v e l y  h igh  

and t h e  i n t r i n s i c  behavior  of  t h e  h o s t  ma te r i a l  w a s  r a r e ly .obse rved . '  T h e '  

impiuT%'y. pBase "fre<iien2'ij; w a ~ n 6 t  homogeneously d i s t r i b u t e d ,  formed .an 

e u t e c t i c  wi th  t h e  hos t  matkrial o r  o t h e r  i m p u r i t i e s ,  and a l t e r e d  t h e  s i n t e r -  

i n g  k i n e t i c s  by p inning  g r a i n  boundaries ,  forming g a s - f i l l e d  pores ,  o r  low 

temperature .melting l i q u i d  phases.  Over t h e  p a s t  10-12 y e a r s  r e l a t i v e l y  high 

p u r i t y  ceramic powders have been manufactured.and t h e  phenomenon o f  secondary 

r e c r y s t a l l i z a t i o n  has  been d e t e c t e d  i n  A 1  0  MgO, Tho2, MgAl2Ok, F e r r i t e s ,  
2  3' 

U02, e t c .  What once was.a r a t h e r  r a r e  occurrence has  now become common i n  

many f i n e  p a r t i c l e  oxide- .powders .as .  wel l  as' i n  many metal  systems. Whether 

f i n a l  s i n t e r i n g  i s  c o n t r o l l e d  by un inh ib i t ed  g r a i n  boundary s u r f a c e  t ens ion  

f o r c e s  o r  e x h i b i t s  secondary r e c r y s t a l l i z a t i o n  is no t  r e a d i l y  p r e d i c t a b l e  

from t h e  ma te r i a l  p a r a m c t e r ~ .  

I n i t i a l  d e n s i f i c a t i o n  and g r a i n  growth depends a lmost  e n t i r e l y  

on volume d i f f u s i o n  w i t h  a lmost  no c o n t r i b u t i o n  from g r a i n  boundary d i f f u s i b n ,  

Ref. 26. The presence or a g r a i n  growth i n h i b i t o r  has l i t t l e  e f f e c t  on 

g r a i n  growth u n t i l  s u f f i c i e n t  p o r o s i t y  i s  removed t o  allow a n n i h i l a t i o n  

of pores  and t h e  beginning of f i n a l  s t a g e  s i n t e r i n g  because t h e  impur i ty  

o r  a d d i t i v e  seg rega te s  t o  t h e  g r a i n  boundary ( i t  may o r  may n o t  p r e c i p i t a t e  

.as a  s e p a r a t e  phase) and does n o t  i n f luence  t h e  volume d i f f u s i o n .  During 

f ina l , - s tage  s i n t e r i n g ,  d e n s i f i c a t i o n  i n c r e a s e s  only  s l i g h t l y  and "normal" 

grain growth i s  r e l a t i v e l y  slow. Pore shr inkage  and g r a i n  growth a r e  con- 

t r o l l e d  mainly by g r a i n  boundary d i f f u s i o n ,  Ref. 26. I n  s p i t e  of t h e  

presence  of numerous i m p u r i t i e s  g r a i n  growth may s t i l l  proceed by un inh ib i t ed  

g r a i n  boundary d i f f u s i o n  s i n c e  t h e  t r a n s f e r  r a t e  from t h e  source  t o  t h e  ,sink 
. . . . 

i s  s o  sl& t h a t  t h e  iml&diment caused by t h e  impur i t i e s ,  i s  n o t  enough t o  

i n f luence  t h e  normal rate of g r a i n  growth, ~ e f .  2'7. Consequently it is  



I. 

p o s s i b l e  t o  make an  ox ide  ceramic from impure powder and experience normal, 
1 - 1 - 

i . e .  t2  - t4, g r a i n  growth k i n e t i c s .  Increased  impur i ty  q u a n t i t i e s  o r  d i f f e r -  

e n t  impur i ty  t y p e s  may i n h i b i t  t h e  ma te r i a l  t r a n s f e r  down t o  t h e  po in t  t h a t  

g r a i n  boundary movement i s  stopped. I m p u r i t i e s  may, because o f  atomic s i z e  

d i f f e r e n c e s  o r  o t h e r  f a c t o r s ,  t e n d  t o  concen t r a t e  a t  g r a i n  boundaries  i n  quan t i -  

t i e s  o u t  o f  all p ropor t ion  t o  t h e i r  bulk concent ra t ion .  Hence g r a i n  boundary 

m o b i l i t y  r a t h e r  t han  o c c u r r i n g  by l o c a l  t r a n s f e r  o f  l i k e  atoms a c r o s s  t h e  

boundary r e q u i r e s ,  on a microscopic s c a l e ,  t h e  movement o f  r a t h e r  g r o s s  amounts 

of' t h e  s eg rega ted  m a t e r i a l .  I n  ionic-bonded ceramic m a t e r i a l s  such as Tho 2 
t h e  charge  d i f f e r e n c e  between an impur i ty  element di-ssolved i n  t h e  oxide  and 

t h e  thorium o r  oxygen i o n s  i s  an  a d d i t i o n a l  f a c t o r  l ead ing  t o  segrega t ion  of  

t h e  impur i ty  a t  g r a i n  boundaries  which i s  no t  p re sen t  i n  m e t a l l i c  systems, 

Ref. 28. An example of t h i s  g r a i n  boundazy seg rega t ion  i n  ceramic oxide  

system w a s  r e c e n t l y  r e p o r t e d  by Taylor ,  Coad, and Brook ( ~ e f .  29) who found 

i n  A 1  0 con ta in ing  an  MgO a d d i t i v e ,  a calcium content  o f  0 . 6  % at t h e  g r a i n  
2 3 

boundar ies ,  even though t h e  bulk  con ten t  of Ca w a s  on ly  0.001-0.0015 %. 
S i m i l a r l y ,  it can be e s t ima ted  t h a t  t h e  g r a i n  boundary s u r f a c e  o f  a Tho2 

p e l l e t  wi th  a g r a i n  s i z e  o f  ASTM #I3 can be completely covered with a two- 
+ - 

Gimensional network of  Na - 0- i o n s  a t  a sodium content  of  25 ppm. Under 

t h e s e  c i rcumstances ,  g r a i n  growth w i l l  be c o n t r o l l e d  by what i s  known as t h e  

"i mpi~ri t.y drag" e f f e c t  . 
If t h e  impur i ty  i s  p r e s e n t ,  no t  i n  s o l u t i o n ,  bu t  p r e c i p i t a t e d  as 

a d i s p e r s e d  phase, i n h i b i t i o n  of g r a i n  growth may a l s o  occur ;  i n  f a c t ,  g r a i n  

growth may be completely s topped  by t h e  presence of a d i spe r sed  phase and t h e  

s u r f a c e  t e n s i o n  f o r c e s  between t h e  phase and t h e  i n t e r s e c t i n g  g r a i n  boundary. 

A " l l m l t l n g "  @am s i z e ,  Um, may be reached and equat ion  (6) t h u s  modified t o  

- m - K  - ( k - )  , Ref. 22. 
d t, 

The amount and s i z e  of d i s p e r s e d  phase l ead ing  t o  such i n h i b i t i o n  was analyzed 

by Zener ( ~ e f .  30)  who de r ived  t h e  express ion  

where r i s  t h e  r a d i u s  of  t h e  d i spe r sed  phase p a r t i c l e s  (assumed immobile i n  

t h e  m a t e r i a l )  and f i ts  volume f r a c t i d n .  If pure ly  f o r  t h e  purpose of 



i l l u s t r a t i o n ,  sodium w , i l l  undoubtedly be s o l u b l e  i n  Tho2 a t  such l e v e l s ,  

t h e  25 ppm of  sodium previous ly  d i scussed  t o  be p re sen t  i n  Tho were p re sen t  2 
p r e c i p i t a t e d  as NapO wi th  a d e n s i t y  of 2.27 gm/cc and hence a volume f r a c t i o n  

-4 f of 1 .1*10  , t h e  d iameter  of  Na20 r e q u i r e d  t o  l i m i t  t h e  g r a i n  
-4 s i z e  of  Tho2 t o  ASTM #I0  ( D  " 10 10  cm) would, be about  1.6. cm, v a l u e  

approaching t h e  l i m i t  o f  r e s o l u t i o n  of even t h e  b e s t  t ransmiss ion  e l e c t r o n  

microscopy. 

Equation (9) does provide a  good explana t ion  f o r  t h e  f a , c t  t h a t  

coa r se  p o r o s i t y ,  such as t h a t  in t roduced  by S t e r o t e x  a d d i t i o n s ,  does not  

a f f e c t  g r a i n  s i z e .  Assuming voids due t o  S t e r o t e x  a d d i t i o n s  a r e  p re sen t  t o  a 

volume f r a c t i o n  o f  about  0.01 and t h e i r  diameter  t o  be 0.01 cm, t h e  l i m i t i n g  

g r a i n  diameter  i s  of  t h e  o r d e r  o f  2 cm; i . e . ,  vo ids  o f  such g ros sness  have no 

p r a c t i c a l  e f f e c t  on g r a i n  growth i n  agreement with observa t ion .  For a l l  

p r a c t i c a l  purposes t h e s e  l a r g e  voids  a r e  not  removed by extended t ime a t  

t emperat w e .  

Grain boundary segrega ted  impur i ty  phases which may not  be 

present  i n  s u f f i c i e n t  q u a n t i t y  t o  i n h i b i t  i n i t i a l  'g ra in  growth when t h e  g r a i n s  

a r e  small and t h e r e  a r e  numerous g r a i n  boundaries  o r  when t h e  impur i ty  i s  not  

o f  an  adequate  s i z e  t o  anchor a g r a i n  boundary, inay be  swept a long  b y  t h e  

g r a i n  boundary movement du r ing  g r a i n  growth. Boundary movement may t h e r e f o r e  

concen t r a t e  t h e  impur i ty  so t h a t  g r e a t e r  energy i s  r e q u i r e d  f o r  cont inued 

g r a i n  boundary movement. I n  a d d i t i o n ,  as g r a i n s  grow t h e  number of  g r a i n  

boundaries decreases  and t h e  number of impurity anchors  necessary  t o  s t o p  

g r a i n  growth a l s o  decreases .  Consequently normal g r a i n  growth may proceed 

f o r  s pe r iod  of t ime p r i o r  t o  being i n h i b i t e d ,  

STnce d i f f e r e n t  impur i ty  t ypes ,  s i z e ,  number and l o c a t i o n  have 

d i f f e r e n t  c a p a c i t i e s  t o  i n h i b i t  g r a i n  growth, and s i n c e  t h e  g r a i n  boundaries  

i n  a t y p i c a l  ceramic compact a r e ,  con t r a ry  t o  t h e  s imp l i fy ing  assumptions of 

Sec t ion  1V.B above, no t  a l l  t h e  same s i z e  and energy, it i s  almost t h e  r u l e  

r a t h e r  than  t h e  except ion t h a t  c e r t a i n  s i z e  g r a i n s  with similar g r a i n  boundary 

e n e r g i e s  w i l l  be i n h i b i t e d ,  s topped completely o r  t h e  boundary mob i l i t y  

reduced t o  some degree ,  while  o t h e r  g r a i n s  wi th in  t h e  same compact w i th .h ighe r  

energy g r a i n  boundaries  w i l l  no t  be i n h i b i t e d  a t  a l l .  Th i s  s k t u a t t o n  can 

d i r e c t l y  r e s u l t  i n  secondary r e c r y s t a l l i z a t i o n .  The few g r a i n s  which have 



s u f f i c i e n t  energy t o  overcome t h e  i n h i b i t i n g  in f luence  o f  t h e  impur i ty  grow 

ext remely  r a p i d l y  because they  may consume t h e  i n h i b i t e d  g r a i n s  and do not  

have t o  compete with bo rde r ing  g r a i n s .  Th i s  e n t i r e  p roces s  depends on t h e  

presence  o f  g r a i n  growth i n h i b i t o r s  ( t h e r e  i s  no reason  why more than one 

i n h i b i t o r  could no t  be o p e r a t i n g  s imul taneous ly) .  

That d i scon t inuous  g r a i n  growth has  been noted i n  Tho p e l l e t s  2  
is of importance not  on ly  i n  t h a t  g r a i n  s i z e s  may be  t h u s  achieved which 

exceed maximum g r a i n  s i z e  s p e c i f i c a t i o n  va lues  but  a l s o  t h a t  t h e  phenomenon 

p o i n t s  t o  t h e  presence  o f  g r a i n  growth i n h i b i t i o n  under normal circumstances 

which may r e s u l t  a l s o  i n  f a i l u r e  t o  meet minimum grain size speri f i r a t i o n .  

Boonucc d o n ~ i ~ i o n t i o n  c ~ c c n t i a l l y  ccaaca a f t e r  exw~era t ed  a-a,in 

growth, s i n c e  t h e  po res  a r e  t rapped  i n s i d e  th.e i n d i v i d u a l  g r a i n s  a f t , e r  t h e  

g r a i n  boundar ies  sweep p a s t  them, s e v e r a l  i n v e s t i g a t o r s  ( ~ e f s .  31, 1 2 ,  and 32) 

have exper imenta l ly  shown t h a t  exaggerated g r a i n  growth i n  s i n t e r e d  Tho 
2  

compacts can be a c t u a l l y  e l imina ted  by t h e  a d d i t i o n  of  s i g n i f i c a n t  q u a n t i t i e s ,  

0.5 t o  1 0  m/o, o f  s i n t e r i n g  a d d i t i v e s ,  e .g .  CaO o r  Y 0  t o  Tho2. The s i n t e r -  
2 3 

i n g  a d d i t i v e  o r  dopant a c t s  as a g r a i n  growt,h i n h i b i t o r  by seg rega t ing  t o  t h e  

g r a i n  boundar ies  where it may remain i n  sol.iitj.on and reduce t h e  r a t e  of g r a i n  

boundary migra t ion  by e x e r t i n g  a d rag  on t h e  g r a i n  boundary motion and/or 

p r e c i p i t a t e s  as a second phase and p i n s  t h e  g r a i n  boi.~.ndary, The e x p l o ~ i v e  

growth of' i s o l a t e d  g r a i n s  a s s o c i a t e d  with t h e  phenomannn, nP seconda.ry r e c r y s t a l -  

l i z a t i o n  i s  r e s t r i c t e d  due t o  t h e  presence o f  t h e  i n h i b i t o r ,  Grain growth may 

still cont inue ;  however, t h e  r a t e  o f  g r a i n  boundary movement would be q u i t e  

slow compared t o  t h e  r a p i d  movement a s s o c i a t e d  with secondary . r e c r y s t a l l i z a t i o n ,  

The presence  of  t r a c e  amounts o f  i m p u r i t i e s  which i n h i b i t  normal g r a i n  boundary 

m o b i l i t y  i s  t h e  cause o f  secondary r e c r y s t a l l i z a t i o n .  The d e l i b e r a t e  a d d i t i o n  

o f  l a r g e r  q u a n t i t i e s  o f  s p e c i f i c  a d d i t i v e s  which i n h i b i t  t h e  r a p i d  movement 

o f  t h e  h i g h e r  energy g r a i n  bounda r i e s ; i s  a p o s s i b l e  cu re  f o r  secondary r ec rys -  

t a l l . i z a t . i o n .  (Obviously t h e  b e s t  cu re  would be t o  produce a s t a r t i n g  powdkr 

wi thout  any g r a i n  growth . i n h i b i t i n g  i m p u r i t i e s . )  The a d d i t i o n  o f  a dopant t o  

e l i m i n a t e  . t h e  poss . ib . i l , i ty  of  secondary r e c r y s t a l l i z a t i o n  may a l s o  a c t  as a 

s i n t e r i n g  a i d .  S ince  t h e  g r a i n  boundary movement i s  r e t a r d e d ,  t h e  d i s t a n c e  

f o r  vacancy d i f f u s i o n  from t h e  remaining pores  t o  t h e  g r a i n  boundary i s  s h o r t  

and t h e r e f o r e  t h e  vacancy f l u x  from t h e  po res  t o  t h e  g r a i n  boundaries  



and consequent ly d e n 5 i f i . c a t i o n . a r e  maintained at  a h igh  l e v e l .  Whether t h e  

impur i ty  a d d i t i o n  : a c t u a l l y  a c c e l e r a t e s  e t h e . d i f f u s i o n  of  t h e  vacancies., thereby  

a l s o  inc reas ing .  . the  s i n t e r i n g  r a t e ,  is not  e n t i r e l y  c l e a r .  I n v e s t i g a t o r s  i n  

t h e  f i e l d  o f  s i n t e r i n g  k i n e t i c s  a r e  not  i n  agreement whether t h e  s i n t e r i n g  

k i n e t i c s  a r e  a c t u a l l y  i nc reased  o r  t h e  reduced g r a i n  boundary mob i l i t y  r e s u l t s  

i n  a. pkeudo-increase r e s u l t i n g  from t h e  r e s t r i c t e d  d i f f u s i o i -  d i s t a n c e s ,  It 

appears  t h a t  during t h e  e a r l y  s t a g e  o f  s i n t e r i n g  when t h e  amouit o f  p o r o s i t y  

i s  s ign i f i can t . ,  impur i ty  a d d i t i o n s  which remain in '  Solu t ion  r e t a r d '  d e n s i f i c a -  

t i o n  by reducing t h 6  s u r f a c e  energy and t h e  bulk d i f f u s i o n  coe f f i c i ' en t  o f  t h e  

rate c o n t r o l l i n g  spec i e s .  I n  t h e  l a t e r  s ' t ages  of s i n t e r i n g  an i n c r e a s e  i n  t h e  

s i n t e r i n g  r a t e  may be  r e a l i z e d  because of  t h e  reduced g r a i n  s i z e  of  t h e  doped 

sample r e l a t i v e  t o  t h e  undoped sample which r e s u l t s  i n  s h o r t e r  d i f f u s i o n  p a t h s  

f o r  t h ~  vacancies  ( ~ e f .  11). I n  a d d i t i o n ,  t h e  vacancy concen t r a t ion  g r a d i e n t  

formed dur ing  t h e  i n i t i a l  s t a g e s  would a c t  as a d r i v i n g  f o r c e .  

In  summary, f o r  pressed and s i n t e r e d  powdered oxide p e l l e t s ,  g ra in  

growth i n h i b i t i o n  must r e s u l t  e i t h e r  from an element i n  s o l i d  s o l u t i o n  which 

r e t a r d s  g ra in  growth by t h e  impurity drag e f f e c t  or  from an immobile d ispersed 

phase or  g a s - f i l l e d  pore, unl ikely  a s  t h e  l a t t e r  i s  t o  be immobile throughout 
. .  '. . . 

t h e  e n t i r e  s , in ter ing process. 



Another f a c t o r  which 'may a l s o  cause d e v i a t i o n s  from t h e  normal 

g r a i n  growth k i n e t i c s  b u t  which i s  o f  l i t t l e  importance f o r  Tho2 (0 .53  inch  

d i ame te r )  p e l l e t s  is i n t e r f e r e n c e  wi th  e x t e r n a l  sur;faces of  t h e  specimens. 

3. Pore-Control led Grain Growth 

A s p e c i a l  c a s e  o f  g r a i n  growth i n h i b i t i o n  by d i spe r sed  phases i s L  

a f f o r d e d  by t h e  presence  o f  pores  i n  s i n t e r e d  ceramic o r  m e t a l l i c  bodies .  

Nichols  ( ~ e f .  33) h a s  ana lyzed  t h e  k i n e t i c s  o f  g r a i n  growth where g r a i n  bound- 

ary m o b i l i t y  is  l i m i t e d  by pore  mob i l i t y ;  t h e  k i n e t i c s  o f  g r a i n  growth a r e  

L k r ~  a func t ion  o f  t h e  p roces ses  f o r  pore migrat ion.  Equation (7) thcn  t a k e s  

t h e  f o l l o w i n g  forms. 

4 D' - D = K t  f o r  volume d i f f u s i o n  o r  vapor 
0 

t r a n s p o r t  when p re s su re  wi th in  pores  

is cons t an t  

D~ - D ' = K t  f o r  s u r f a c e  d i f f u s i o n  o  ,(lob) 

3 D - D = K t  f o r  vapor t r a n s p o r t  where pore 
o  ( 1 0 ~  

s i z e  a d  gas pressure are c o n t r o l l e d  

by s u r f a c e  t e n s i o n  

where I( = kexp - Q/RT; Q being t h e  ac t iva t i .on  m e r c y  f o r  volume, F.IIT~;~,C.C o r  

vapor t r a n s p o r t ,  r e s p e c t i v e l y .  
1 

It w a s  t h e  conclus ion  o f  t h i s  work tha t  t h e  cubic  r a t e  l a w  

b e s t  exp la ined  t h e  exper imenta l  evidence observed f o r  U02 and A 1  0  Tn a 2 3' 
subsequent  paper  Nichols  ( ~ e f .  34) examined t h e  e f f e c t  nf pores on g r a i n  

boundary mob i l i t y  and concluded t h a t  some s c a t t e r  about  a cubic  growth l a w  

should b e  expected 'but t h a t  cubic  k ine t i c s  p r0v ided . a  good model f o r  "average" 

behav io r ,  Cohen (Ref, 35) found f o r  Tho2 p e l l e t s  with a D o f  " 44 p (ASTM #6) 
0 

g r a i n  growth t o  f o l l o w  equat ion  (10a)  with a temperature dependence o f  K 

c o n s i s t e n t  with volume d i f f u s i o n .  



. . . . 

1  hat p o r o s i t y  a f f e c t s  t h e  g r a i n  growth k i n e t i c s  o f  Tho 2  p e l l e t s  

i s  'unquestiona%le and '-is v i v i d l y .  i l l u s t r a t e d  by t h e  "necklace" p o r o s i t y  

s p o r a d i c a l l y  p re sen t  i n  Tho2 p $ l l e t s  f a b r i c a t e d  without  b inde r  a d d i t i o n s ,  

r e g a r d l e s s  o f  degassing p r i o r  t o  s i n t e r i n g ,  as wel l  as I n  Tho2 and b i n a r y .  

p e l l e t s  f a b r i c a t e d  with binders up t o  1.75 w/o organic binder. 

This porosity i s  charac te r i s t ica l ly  strung along grain boundaries, 

pa r t i cu l a r ly  a t  t r , ip le  p o i n t ,  j h c t i o n s  between grains. The la rger  

t h e  g r a i n  s i z e ,  t h e  c o a r s e r  the . .pores  a n d , t h e  g r e a t e r  t h e  f r ac t ion  l o c a t e d  

a long  g r a i n  .boundaries  o r  t r i p l e  po in t s .  S ince  t h e  p e l l e t  d e n s i t y  remained 

cons tan t  o r  i nc reased  s l i g h t l y ,  t h i s  i m p l i e s  t h a t  t h e  po res  have grown as they  

migrated a long  with t h e  g r a i n  boundary by sweeping up po res  which were encoun- 

t e r e d  dur ing  migrat ion.  The s t a b i l i t y  o f  . pores  . a t  g r a i n  boundaries  implies 

. t h a t  t hey  a r e  f i l l e d  with a g a s , h a v i n g  l i m i t e d  s o l u b i l i t y  i n  t h e  p e l l e t ;  
, 

otherwise  t h e  . po res  would c o l l a p s e  by normal d e n s i f i c a t i o n  as vacancies  escape 

t o  t h e  g r a i n  boundaries.  The pore s i z e - l i m i t i n g  g r a i n  size-volume f r a c t i o n  

r e l a t i o n s h i p  Dm = 8r/3f de r ived  by. Zener appeared t o  reasonably  p r e d i c t  t h e  

l i m i t i n g ,  g r a i n  s i z e  i n  t h e  . . few c a s e s  where t h i s  e f f ec , t  w a s  .examined, Sec t ion  V1I.D. 

The es tab l i shment  of a p o s s i b l e  r e l a t i o n s h i p  between pore s i z e ,  dens i ty ,  and 

l i m i t i n g  g r a i n  s . ize  would b e .  bene,fickal.  even though t h e  observa t ion  of  "necklace" 

p o r o s i t y  i n d i c a t e s  t h a t  t h e  g a s - f i l l e d  p o r e s .  a r e .  no t  immobile. Burke, Ref. 22, 

among o t h c r e ,  h a s  i n d i c a t e d  tha t ,  pores  , a r e  capable . . of  i n h i b i t i n g  g r a i n  growth 

and may even. r e s u l t  i n  exaggerated g r a i n  growth o r  secondary r e c r y s t a l l i z a t i o n  

when, the vo lwne~f rac t . i on  of  t h e  d i spe r sed  phase is s u f f i c i e n t  t o  prevent  o r  . - 

r e t a r d  movement. of t .he  r e l . a t i ve ly  f la t  boundaries  between g r a i n s  o f  uniform s i z e ,  

bu t  i n s u f f i c i e n t  t o  prevent  t h e  migcat ion of s t r o n g l y  curved boundaries  o f  t h e  

l a r g e  g r a i n s .  Hoge and Pask ( ~ e f .  17)  a l s o  i n d i c a t e ,  based on a thermodynamic 

a n a l y s i s ,  t h a t  t h e  presence of  a l e n t i c u l a r ' p o r e  with any d i h e d r a l  ang le  on a 

p l ana r  g r a i n  boundary w i l l  always p i n  t h e  g r a i n  boundary o r  t h e  pore w i l l  move 

M i t h  t h e  boundary. A curved g r a i n  boundary can move away from a pore i f  t h e  

cu rva tu re  Is above a c r i t i c a l  va lue ,  Experiments w.ith Tho3 p e l l e t s  have shown 
u 

t h a t  t h e  cu rva tu re  and t h e r e f o r e  t h e  mob i l i t y  of  g r a i n  boundaries  a r e  i n f luenced  

by' powder p u r i t y  and s i n t e r i n g  t ime,  Sec t ion  VI1.D. 

A gore  phase may a l s o  be  capable of r e t a r d i n g  o r  i n h i b i t i n g  g r a i n  

growth d u r i r ~ g  Lhe i i ~ t e n n e d i a t e  and p a r t  o f  t h e  f i n a l  etages n f  a i n t e r i n g ;  

however, t h e  growth i n h i b i t i n g  pores  may d i sappea r  by a combination o f  d i f f u s i o n  



o f  t h e  t r apped  g a s e s  and subsequent vacancy d i f fus ion .  Under t h e s e  circumstances 
4 

pore- f ree  r e g i o n s  may-appear  t h a t  a l low s e l e c t  g r a i n s  t o  grow. . If t h e s e  . s e l e c t  . 

g r a i n s  have t h e  r e q u i r e d  number o f  s i d e s  and t h e  r e q u i r e d  g r a i n  boundary curva- 

t u r e  f o r  movement p a s t  t h e  i n h i b i t i n g  pores ,  di 'scontinuous o r  exagge ra t ed .  
, 

g r a i n  growth may r e s u l t .  . . 

The presence  o f  .'carbon i n . . t h e  form o f  t rapped  CO.gas 'could poss ib ly  

l i m i t  g r a i n  growth as de f ined  by the '  Zener equat ion ( 9 )  i f  t h e  pores  w e r e .  . - 

immobile o r  reduce  g r a i n  boundary mob i l i t y  t o .  t h e  e x t e n t  t h a t  growth of  g r a i n s  

of  a g i v e n  s i z e  i s  r e t a r d e d .  Using equat ion  (g'), . and assuming f u r t h e r .  t h a t  t h e  

p r e s s u r e  of CO i n  po res  (assumed p re sen t  t 0 . a  volume f r a c t , i o n  - o f  0.02)  is con- - -  

t r o l l e d  by s u r f a c e  t e n s i o n  by t h e  'equktion P = 2 ~ / r ,  where Y i s  t h e  s u r f a c e  : 

t e n s i o n  (1150 dyne/cm), r, t h e  g a s  pore r a d i u s ,  and P, t h e  p re s su re ;  t h e  carbon" 

con ten t  o f  a p e l l e t  r e q u i r e d  t o  l i m i t  g r a i n  s i z e  t o  ASTM #I0 (10 CL g r a i n  dfame- 

t e r )  i s  about  45 ppm C and t h e  pore r a d i u s  about  1500 A. U .  O f  course  i f  po.res 

a r e  swept up and a r e  c o l l e c t e d  a t  p a i n  boundaries  t h e  pore s iz 'es  may be g r e a t e r  

t han  t h o s e  c a l c u l a t e d  above, t h e  wi th in  t h e  po res  w i l l  b e  lower than  

t h a t  d i c t a t e d  by s u r f a c e ' t e n s i o n  r e s t r a i n t ,  t h e  number o f  pores  r e q u i r e d  t o  be 

v i s i b l e  on meta l lographic  examination, w i l l  be less" ,  and t h e  carbon con ten t s  

r e q u i r e d  f o r  th 'e appearance. of  g r a i n  boundary p o r o s i t y  may be much lower than  

t h e  l e v e l s  e s t ima ted  above f o r  immobile pores .  S ince ,  as evidenced by t h e  

fo rma t ion  o f ' n e c k l a c e  p o r o s i t y ,  gas-f ' . i l led po res  a r e  not  immob.ile, and, hence, 

may r educe  but  no t  s t o p  g r a i n  growth, it w a s  concluded' t h a t  t h e  carbon"con- 

t amina t ion  hypothesfs  a 5  d i scussed  l a t e r '  was of  secondary importance and t h a t  

carbon i n  t h e  p e l l e t s  a t  t h e  normal p2oduction l e v e l s  (< 100 ppm.) wag :cUapable 

o f  r e t a r d i n g  'but n o t  of' s t opp ing  g r a i n  growth. 

4. Grain Growth i n  t h e  Presence of  a Liquid Phase 

A s p e c i a l  ca se  o f  d i scont inuous  g r a i n  growth i s  a f fo rded  by t h e  

o b s e r v a t i o n  of  t h e  format ion  i n  ThoE (0.53 inch  d iameter )  p e l l e t s  of coa r se  . 

idiomorphic g r a i n s ,  Such s t r u c t u r e s ,  a l though very unusual ,  have been noted  

p r e v i o u s l y  i n  ceramics  s i n t e r e d  o s t e n s i b l y  i n  t h e  s o l i d  s t a t e .  W.  Kingery,  

( ~ e f .  36)  . included . in  h i s  t e x t  book a photograph of a ceramic micros t ruc t~u-e  . , 

c o n t a i n i n g  idiomorphic g r a i n  boundaries;  he t h e r e  i n t e r p r e t e d  t h e i r  formation 

as r e q u i r i n g  a c r i t i c a l  concen t r a t ion  o f  a g r a i n  boundary contaminant. 
. . 

Subsequently, D r .  Kingery, and D r .  R. Coble, have indicated a ref'inernept. 
. . 



of  t h i s  p o s t u l a t e  t o  r e q u i r e  t h e  presence of a l iquid phase i n  o r d e r , , t o  form 
B . .. 

idiomorphic boundaries  r a t h e r  than  t h e  non-crys ta l lographic  g r a i n  boundar ies  
> .  

customari ly  produced by normal g r a i n  growth processes .  Jorgensen  . . and Westbroak 

( ~ e f .  11) have proposed an a l t e r n a t e  explana t ion  t o :  t h e  requirement  of a l i q u i d -  

phase t o  s a t i s f y  t h e  energy requi rements  o f  idiomorphic c r y s t a l l i n e ' m i c r o -  
,. . 

s t r u c t u r e .  The p r e f e r e n t i a l -  ad, rp , t ion  a<,, so lu , te ,  ,,e,i.ther i m p ~ , i , t y .  . o r  dopant ,  
, , , ; , . , . . , 

. , , , , . . i ': . 5. I . , - ;  , ... . , J , ,  .. , .  . . .  

on s e l e c t e d  'boundary t y p e s  o r  o r i en t a . t i ons  ,could poqsibly, encobrage grp.wth i n  . '  . 
. < I '  . . ,( ' . '  . . .  I . " .  . . . .  

8 .  
1 . . '  , . . . , . .  

a '  p a r t i c u l a r  d i r e c t i o n  and/or . . i n h i b i t  growth i n  o t h e r  d i r e c t i b n s .  , .-., , , ,.; 

. . The i d e n t i f i c a t i o n . ' o f  a thorium s u l f i d e  a r  oxy&ul.fi.de phake . . .  

( s ec t ion  V.B) which probably forms an  e u t e c t i c  with Tho du r ing  s i n t e r i n g ;  2 .  
Ref, 37, i n d i c a t e s  t h a t  .liquid phase' postulate is. the applicable ' ' ' 

mechanism i l i  Tho - b a s & ' f u e l  p e l l e t s  w i t h ' t r a c e  o f  s u l f w  50-100 ppm. ~ 2 ... 
The s u l f i d e  r e s u l t s  from s u l f a t e  ,impur.iti&s i n  o x a l i c  a c i d  and i s  not  removed 

dur ing  normal caldin5ng ope ra t ions  .' Even e l e v a t e d  temperature &l cina t i 'dns '  .. , 

\ ( 1 2 0 0 ~ ~ )  i n  .hydrogen 6 r  a i r  were not  adequate  t d  completely remove all '  o f  t h e  
' . 

. . .  . , 
s u l f u r  phase, Sec t ion  V . C .  ' 

Idiomorphic g r a i n  formation i s  be l i eved  r e l a t e d  t o  t h e  d i scon t inuous -  

g r a i n  growth i n  Tho2 p e l l e t s A i n  t h e  following manner. When d iscont inuous  g r a i n  
. . .. . . . 

gmwth occu r s  i n  T ~ O ;  p e l l e t s  upon prolonged s i n t e r i n g ,  t h e  advancing G a i n  

boundaries  sweep up i s o l a t e d  pools  ' o f  T~os-"AIo eu ' tec t ic .  These spread  a l o n g  
2 ,  

t h e  advancing g r a i n  boundary. A s  a r e s u l t  of. t h e  h igh  g r a i n  .bound& mob i l i t y  

confer red  by t h e  rab.i'd d i f f u s i o n  i n  t h e  l i q k i d  phase as w e l l - a s  s a t i s f a c t i o n  of  

s u r f a c e  t e n s i o n  f o r c e s  a f fo rded  by i ts  presence,  low energy c r y s t a l l o g r a p h i c  

faces caa develup 011 ,the .growing grains, r e s u l t i n g  in t h e  appearanc'e 'of i d i o -  

morphic g r a i n  s t r u c t u r e s  i n  th.e s i n t e r e d  compact.. Where two g r a i n s  with 

idiomorphic boundaries  i n t e r s e c t ,  t h e  r e s u l t i n g  g r a i n  boundary i s  f r e e  o f  t h e  

su lph ide  phase and is non-crys ta l lographic  i n  shape, f u r t h e r  confirming t h e  

p o s t u l a t e d  mechanism. . . ~. 

Based on t h e  preceding a n a l y s i s  o f  t h e  mechanism requ i r ed  f o r  

t h e  product ion of  idiombrphic g r a i n s ,  as wel l  as subsequent '  experimen'tal ev i -  
. . 

dence; it has  beer, concluded t h a t  t h e  s u l f u r  impur i ty  does no t  kignif ' . icant ly 

i n h i b i t  g r a i n  growth, no r  i s  i t , t h e .  cause o f  exaggerated g r a i n  growth, 1.t h a s  

been concluded. t h a t  s u l f u r  does form a l i q u i d  e u t e c t i c  .phase wh.ich,under 

s p e c i f i c  cond i t i ons .  promotes idiomorphic c r y s t a l l i n e  growth. The"exact r o l e  



o f  s u l f u r  as wel l  as o t h e r  common contaf i inants ,  C ,  Fe, N i ,  C r ,  e t c . ,  on. 

dens.if ' icat. ion and g r a i n  growth was no t  pursued; such work may be worthy 

of add i t i ona l  invest igat ion.  

C . Atmosphere and  Add i t ives  

Much.has been w r i t t e n  about t h e  v a r i a b l e  valence of  UO and t h e  2  
p o s s i b l e  d e f e c t  s t r u c t u r e s  r e s u l t i n g  from t h e  s i n t e r i n g  atmospheres and 

v a r i o u s  a d d i t i v e s ,  Refs. 38, 39, and 27. Thor ia ,  on t h e  o t h e r  hand, has  been 

cons ide red  very s t a b l e ,  t he reby  prompting l i t t l e  i n t e r e s t  i n t o  t h e  inves t iga -  

t i o n  of' p o s s i b l e  d e f e c t  s t r u c t u r e s .  Th i s  changed once R. 1;. Coble made known 

h i s  r e s u l t s  on t h e  e f f e c t s  o f  adding small q u a n t i t i e s  of  MgO t o  A 1  0  Ref. 9. 
2  3' 

Soon o t h e r s  i n v e s t i g a t e d  t h e  e f f e c t  o f  adding Y203 and C a O  t o  Tho,, and t h e  
L- 

ensuing  t h o r i a  d e f e c t  s t r u c t u r e s ,  Refs.  12 ,  32, 4.0, and 41, Based on a few 

of  t h e s e  obse rva t ions  and o t h e r  more gene ra l  in format ion ,  a d e f e c t  s t r u c t u r e  

caused by t h e  atmosphere .is hypothesized.  The p e r t i n e n t  obse rva t ions  i n  Refs.  

42, 43, and 32 which b e a r  on t h e  proposed l a t t i c e  s t r u c t u r e  a r e  t h e  follow,ing. 

1. Oxygen-deficient, f l u o r i t e  s t r u c t u r e  c r y s t a l s  (such as 

ZrO2 - .) produced by h e a t i n g  i n  very dry  hydrogen o r  i n  

con tac t  wi th  zirconium metal  a r e  b lack  i n  c o l o r  and, 

become whi te  as they  a r e  oxid ized .  On t h e  o t h e r  hand, 

oxygen-deficient  f l u o r i t e  c r y s t a l s  such as Tho2 o r  

Z r O  produced by a l l o y i n g  with C a O  r e t a i n  t h e  white  
2 

co lo ra t ion .  

. 2. P-type e l e c t r i c a l  conduc t iv i ty  ( i . e .  e l e c t r o n  h o l e  

conduct.iv.i ty) is  predominant i n  Tho e q u i l i b r a t e d  a t  2  
high oxygen p re s su res ,  n-type ( e l e c t r o n  conduc t iv i ty )  

i s  I n f e r r e d  (al though never  a c t u a l l y  measured) a t  low 

oxygen preoourec, Ionic e l e o t r f o a l  conduct1 v i t y  (.due 

t o  oxygen i o n  conduct ion)  would be observed at 

in t e rmed ia t e  oxygen p re s su res ,  is probably very 

l i m i t e d  i n  pure Tho b u t  is enhanced by C a O  additions. 2 '  . 

3. A t  h igh  oxygen p r e s s u r e ,  e l e c t r i c a l  conduc t iv i ty  o f  

pure Tho i n c r e a s e s  with i n c r e a s i n g  p a r t i a l  p re s su re  
2  

of oxygen. 



P u t t i n g  t h e s e  obse rva t ions  toge the r ,  t h e  d e f e c t  s t r u c t u r e s  o f  

F igure  1 a r e  pos tu l a t ed .  Figure l a  shows t h e  l a t t i c e  s t r u c t u r e  p o s t u l a t e d  f o r  
-10 at " s to i ch iome t r i c "  Tho,, i . e .  e q u i l i b r a t e d  with an  oxygen p r e s s u r e  = 10 

L. 

a t  1 8 5 0 ~ ~ .  The l a t t i c e  is hypothesized t o  show a small concen t r a t ion  of  

"Schottky" d e f e c t s ,  i . e .  compensating concen t r a t ions  o f  Th and 0 i o n  sub- 

l a t t i c e  vacancies .  Because of  t h e  charge equal izat ion,  no c o l o r  change i s  
. I . ,  .. :,,? :... 

,! ! '. ' a n t i c . i p a t ~ d  Grid s e l f - d i f f u % i v i t y f ' o f  bo th  Th,'&d 0 " i s  &$&tly enhghcdd by t h e  

presence o f -  t h e  l a t t i c e  vacancies .  A "s to ich iometr ic"  oxide  con ta in ing  C a O  i s  

. not  shown; . bu t  would demonstrate a d e f e c t  complex s i m i l a r  t o  t h a t  shown on t h e  

l e f t  o f  F igure  I d  where t h e  Ca i o n  on t h e  l a t t i c e  s i t e  i s  charge-compensated 

by a vacancy i n  t h e  oxygen s u b - l a t t i c e .  I n  t h e  s to . ich iometr ic  l a t t i c e ,  t h e  

presence of  C a O  will g r e a t l y  enhance oxygen i o n  d i f f u s i o n  r a t e s ,  bu t  would not  

be p r e d i c t e d  t o  have much o f  an  i n f l u e n c e  . . on t h e  thorium i o n  d i f f u s i o n  r a t e .  

S ince  t h e  r a t e  of a l l  atom t r a n s p o r t  which invo lves  t h e  movement o f  boundaries  

i s  c o n t r o l l e d  by t h e  slower-moving spec i e s ,  and t h e  thorium i o n  is the. ' s lower 

moving s p e c i e s  by many o r d e r s  of  magnitude, t h e  i n c r e a s e  i n  oxygen ion'vacan- 

c i e s  by i t s e l f  would not  i n c r e a s e  t h e  g r a i n  boundary mob i l i t y ,  However, it is 

p o s s i b l e  t h a t  t h e  thorium ion  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e s  as t h e  r e s u l t  o f  

t h e  C a O  a d d i t i o n  i n  a manner similar t o  t h e  i n c r e a s e  in .U-ion d i f f u s i o n  r a t e s  

when t h e  U02+x i s  e q u i l i b r a t e d  with an 'oxidizing atmosphere, ~ e f .  39. ;Addi- 

t i o n s  o f  C a O  t o  Tho, over  t h e  r ange  of  0 .2  ,w/o t o  8.8 w/o showed a reducti0.n 
L. 

i n  t h e  r e s u l t i n g  g r a i n  s i z e ,  Ref. 41. I n  a vac~ium o r  an atmosphere wi th  a 

very low p a r t i a l  p re s su re  of 'oxygen,  it  i s  hypothesized t h a t  t h e  thor ium'oxide  

becomes sub-s to ich iometr ic  i n  oxygen content  by f i l l i n g  o f  thorium l a t t i c e  

vacancies ,  t h u s  g r e a t l y  reducing  s e l f - d i f f u s i v i t y  o f  thorium, Because o f  t h e  

charge imbalance, f r e e  e l e c t r o n s  a r e  a s s o c i a t e d  wi th  t h i s  s t r u c t u r e ,  l e a d i n g  

t o  t h e  b lack  c o l o r a t i o n  due t o  f r e e  e l ec t ron / l i gh t  i n t e r a c t i o n s .  A s  i n d i c a t e d  

i n  f i g u r e  i d ,  i t  would appear  reasonable  t h a t  Ca i o n s  would t e n d  t o  a s s o c i a t e  

with t h e s e  d e f e c t s ,  caus ing  a r educ t ion  i n  t h e  f r e e  e l e c t r o n  concen t r a t ion ;  

such a complex d e f e c t  may l e a d  t o  even f u r t h e r  reduced s e l f - d i f f u s i o n  r a t e s  

and subsequent g r a i n  boundaqj mobi l i ty .  Upon wet-hydrogen t rea tment ,  a n  oxygen 

enr iched  s t r u c t u r e  i s  hypothesized t o  form by i n c r e a s e  i n  thorium i o n  l a t t i c e  

vacancy concent ra t ion .  The charge imbalance i s  compensated by t h e  forriation o f  

e l e c t r o n  ho le s ,  which empi r i ca l ly  a r e  no t  observed t o  absorb  vis ible '  l i g h t ,  



The i n c r e a s e  i n  Th and 0  s u b - l a t t i c e  vacancy concen t r a t ions  l e a d s  t o  t h e  

observed  i n c r e a s e s  i n  s e l f - d i f f u s i v i t y .  The C a O  l a t t i c e  d e f e c t s  probably 

would n o t  a s s o c i a t e  with t h e s e  p o s t u l a t e d  d e f e c t s  as shown i n  Figure l e  

because o f  t h e  i n c r e a s e d  r e s u l t i n g  charge imbalance and i n  t h e  low concen t r a t ions  

used i n  t h i s  r e p o r t  (100 ppm) t h e  C a O  would have no d e t e c t a b l e  i n f luence  on 

g r a i n  growth. 

T h i s  sequence of de fec t  s t r u c t u r e s  i s  p o s t u l a t e d  r a t h e r  than  f i r m l y  

suppor ted  and i s  p resen ted  p r i m a r i l y  t o  r e c o n c i l e  obse rva t ions  i n  p a r t  I11 on 

g r a i n  growth as a f f e c t e d  by atmosphere and C a O  content .  

D. Su r face  Area 

'P robab ly  t h e  most confus ing  a spec t  of' g r a i n  growth is  t h e  r o l e  of  t h e  

s t a r t i n g  p a r t i c l e  s i z e  o r  s u r f a c e  a r e a .  A s  shown i n  Sec t ion  IV.B, t h e  d r i v i n g  

f o r c e  f o r  g r a i n  growth i s  t h e  minimization o f  t h e  excess  f r e e  energy t i e d  up 

i n  g r a i n  boundaries .  Consequently,  t h e  sma l l e r  t h e  s t a r t i n g  p a r t i c l e  s i z e ,  

and  hence t h e  sma l l e r  t h e  i n i t i a l  g r a i n  s i z e ,  t h e  g r e a t e r  t h e  energy a v a i l a b l e  

f o r  g r a i n  growth. I n  p r a c t i c e  it is observed t h a t  t h e  f i n e r  t h e  p a r t i c l e  s i z e ,  

t h e  more r a p i d  t h e  i n i t i a l  d e n s i f i c a t i o n  and i n i t i a l  g r a i n  growth ( a  bulk 

d i f f u s i o n  model p r e d i c t s  t h e  r a t e  o f  s i n t e r i n g  should be i n v e r s e l y  p ropor t iona l  

t o  t h e  t h i r d  power o f  t h e  d iameter ) .  I n  p r a c t i c e ,  it i s  a l s o  f r e q u e n t l y  

observed  t h a t  t h e  compact wi th  t h e  s m a l l e r  i n i t i a l  p a r t i c l e  s i z e  and/or g r e a t e s t  

s u r f a c e  a r e a  r e s u l t s  i n  t h e  compact with t h e  l a r g e s t  s i n t e r e d  g r a i n  s i z e .  Th i s  

i s  a d i f f i c u l t  obse rva t ion  t o  understand based on simple s u r f a c e  cons ide ra t ions .  

Kingery, Ref.  36, sugges t s  t h a t  secondary r e c r y s t a l l i z a t i o n  is  t h e  only  mechan- 

i s m  by which t h i s  could occur .  It i s  a l s o  reasonable  t h a t  secondary r e c r y s t a l -  

l i z a t i o n  would occur  more f r e q u e n t l y  i n  compacts with f i n e r  p a r t i c l e s  s i n c e  

t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of  t h e  very f i n e  p a r t i c l e s  would probably be 

wider  t h a n  t h e  c o a r s e r  p a r t i c l e s  ( p a r t i c l e s  0.01 p t o  1 p have a 100/1 spread  

whereas p a r t i c l e s  5-25 p only  have a 5/1 spread) .  The wider t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  t h e  g r e a t e r  t h e  p r o b a b i l i t y  of  secondary r e c r y s t a l l i z a t i o n  

p rov id ing  a n  i n h i b i t i n g  phase is p resen t .  

The s i n t e r i n g  k i n e t i c s  of  a c t i v e  powders, < 0 .5  p diameter ,  s u r f a c e  
2  a r e a  > 1 . 2  m /gm, a r e  c u r r e n t l y  r e c e i v i n g  cons ide rab le  a t t e n t i o n  throughout t h e  

. . 

ceramic i n d u s t r y .  It i s  an t i c ipa t ed  t h a t  t h e  l i t e r a t u r e  w i l l  soon r e f l e c t  t h e  

i n c r e a s e d  a c t i v i t y  i n  t h i s  a r e a ,  



. . V. KINETIC SINTER1,NG SERIES 

A. In t roduct ion  

Observations of g ra in  s i z e  development i n  product i  on o r  development 

Tho2 p e l l e t s  have usua l ly  been confined t o  examination a f t e r  t h e  normal 1 2  
0 hour a t  1,750 C s i n t e r i n g  cycle;  when g ra in  s i z e s  were l,es,s tha-n s p e c i f i c a t i o n  

. , 
. . 

$ .  . .. . 
(. I .  s ' . "  "' ' .  

, , .  . *.'. : , . .. , . : , .  
l e v e l s ,  th p e l l e t s  would be re-eiamined ' a f t e r  each, r e p e t i t i o n ,  o f  2 the  

* . . , . . 

standard cycle. This  p r a c t i c e  was based on production p r a c t i c a l i t y  and a l s o  

on the  assumption t h a t  the  normal g ra in  growth mechanisms def ined ip 
1 . 1 .  , ' 

. ! , r  , i.. . 
' s e c t i o n  IV of t h i s  r e p o r t  operated and' t h a t  ' t h e  12  hour ( o r  subsequent 24 hour) 

s t r u c t u r e s  were, i n  f a c t ,  only extensions of t h e  s t r u c t u r e s  which.would be 

observed a t  s h o r t e r  time a s  predic ted  from ( t ime)  1/2-1/5 r e l a  t i&hips .  

Occasional observations were made of  g ra ins  much l a r g e r  than s p e c i f i c a t i o n  

i n  the  cen te r  of p e l l e t s  whose g r a i n  s i z e  was otherwise "normal." Fur ther ,  

it was noted t h a t  r e s i n t e r i n g  r e s u l t e d  o f t en  i n  g r a i n  s i z e s  far coarser  than 
. ' . I  ;., . . . . 

could be explained by ex t rapo la t ion  of "normal" g ra in  growth k i n e t i c s .  These 

f a c t s  motivated a more c a r e f u l  and d e t a i l e d  s tudy of s t r u c t u r e  development i n  

Th02. p.elXg$.s.. as. ,&,$unction of s i n t e r i n g  time, temperature, atmosphere, powder 

compaction, etc .  .. 

S i n t e r i n g  K i n e t i c s  

1. Laboratory Pre t rea tment  and S i n t e r i n g  Procedures  

The ? . i d t i a l l y  e s t ab l i shed  pretreatment and s i n t e r i n g  schedules f o r  

t h e  production of Tho2 and T ~ o ~ / u o ~ ,  0.53 inch diameter,  p e l l e t s  a r e  shown i n  

Tables  1 and 2, r e s p e c t i v e l y .  The procedures  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

with t h e  s i n t e r i n g  t ime and temperature being t h e  on ly  parameters  cons t an t  

t o  both proceddres ,  The i n l e t  dew.point  of t h e . " w e t W  hydrogen used du r ing  

t h e  s i n t e r i n g  o f  Tho2 p e l l e t s  is  a p p ~ o x i m a t e l y  45'~ (- l l o °F) ,  while  t h e  

i n l e t  dew po in t  'of t h e  "dry" hydrogen used wi th  t h e  b ina ry  p e l l e t s  was . . 

approximately - 48 '~  (- 55'~). The r e s p e c t i v e  water  c o n t e n t s  . of  . t h e  atmos- . 

pheres  a r e  70,000 and 50 ppm, r egpec t ive ly .  Because o f  t h e  n a t u r e  of  t h e ,  

equipment, it was d i f f i c u l t  t o  d u p l i c a t e  t h e s e  atmospheric cond i t i ons  i n  t h e  

l abo ra to ry .  ' For example, t h e  1.arger s i z e  o f  t h e  product ion s i n t e r i n g  furnace  

a more e f f e c t i v e  purging of water  back-diffusing from t h e  f lame'  

cu r t a i r i s  at t h e  charging and exit ends.! The w e t  and dry hydrogen used 
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d u r i n g  t h e  l a b o r a t o r y  s i n t e r i n g  r u n s  had dew p o i n t s  i n  t h e  h o t  zone of  t h e  

f u r n a c e  of  approximately 2 5 ' ~  (77 '~ )  and 1 5 ' ~  (59'~), r e s p e c t i v e l y ,  33,000 pprn 

and  17,000 pprn H20. Consequently t h e  atmosphere w a s  r e l a t i v e l y  wet evenwhen 

a "dry" hydrogen run  w a s  a t tempted.  

Heat ing r a t e s  and maximum tempera tures  were c l o s e l y  dup l i ca t ed  i n  

t h e  l a b o r a t o r y  However, samples which were p r e t r e a t e d  i n  t h e  l a b o r a t o r y  

g e n e r a l l y  r e s u l t e d  i n  h i g h e r  r e s i d u a l  carbon con ten t s  than  those  p r e t r e a t e d '  

i n  t h e  t h o r i a  o r  b i n a r y  f a c i l i t i e s .  Caution must be exe rc i sed  i n  comparing 

carbon c o n t e n t s  i n  Tho2-base p e l l e t s  s i n c e  t h o r i a  powder r e a d i l y  adsorbs  

carbon from t h e  atmosphere i n  t h e  form of CU2. The carbon content  o f  a 

g iven  sample may vary  by 150 t o  300 pprn depending on t h e  exposure t o  t h e  

atmosphere and t h e  s u r f a c e  a r e a  o f  t h e  sample. Never the less ,  t h e  d i f f e r e n c k s  
: i n  carbon contehys 'between t h e  l a b o r a t o r y  and product ion p r e t r e a t e d  p e l l e t s  

were of such a magnitude t h a t  s imple adso rp t ion  of  C02 could not  r e a d i l y  

account  f o r  t h e  d i f f e r e n c e  de t ec t ed .  Typical  r e s i d u a l  carbon a f t e r  t h e  

425'~-3 h o b  p re t r ea tmen t  i n  t h e  t h o r i a  f a c i l i t y  v a r i e s  between 1200 pprn and 

3000 ppm. The 2800 pprn va lue  observed i n  t h e  l a b o r a t o r y  experiments is high 

b u t  s t i l l  wi th in  range.  The b ina ry  f a c i l i t y  925%-3 hour pre t rea tment  t y p i -  

c a l l y  r e s u l t s  i n  r e s i d u a l  p e l l e t  carbon con ten t s  of  150 ppm. The 464 ppm- 

925 pprn observed from t h e  l a b o r a t o r y  experiments i s  wel l  above t h i s  range. 

S i n c e  t h e  l a b o r a t o r y  experiments  were performed under r e l a t i v e l y  s t r i n g e n t  

c o n d i t i o n s  with new f u r n a c e  muf f l e s ,  ins t rument  grade  C02 (15 pprn o r  l e s s  

oxygen), and an a i r - t i g h t  b a t c h  fu rnace ,  i t  was concluded t h a t  t h e  l a c k  of  

impurity oxygen i n  the. system may have been p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  

h igh  r e s i d u a l  carbon. The b ina ry  f a c i l i t y  t y p i c a l l y  h a s  contamihation a t  

l e v e l s  s u f f i c i e n t l y  h igh  t o  ox id i ze  t h e  U02. Typica l  O/U va lues  a r e  2.15 t o  
f .- 

2.5. I n  a d d i t i o n  t o  o x i d i z i n g  t h e  UO t h e  oxygen impur i ty  a l s o  o x i d i z e s  2 ' 
t h e  carbon,  forming CO gas .  The oxygen is a more e f f i c i e n t  r eagen t  f o r  remov- 

i n g  carbon than  t h e  C02. The l a c k  o f  oxygen i n  t h e  p r e t r e a t i n g  atmosphere i s  

r e f l e c t e d  i n  h ighe r  r e s i d u a l  carbon contents .  
..:. 

> 

2, R e s u l t s  of  Laboratory K i n e t i c  S t u d i e s  

Nine 0 .53  inch  d iameter  p e l l e t s  f a b r i c a t e d  from powder l o t  088 

(- 100 pprn c ~ o ) ,  l i q u i d / s o l i d s  agglomerated wi th  1 . 0  w/o Carbowax 6000 and 

0 .2  w/o S t e r o t e x ,  p re s sed  t o  a green d e n s i t y  of 55 %, :and p r e t r e a t e d  a t  4.25'~ 



2' f o r  3 hours ,  were obta ined  from t h e  Tho2 f a c i l i t y ,  These p e l l e t s  were 

s i n t e r e d  i n  t h e  l a b o r a t o r y  fu rnace  according t o  t h e  schedule shown i n  

Table 3. The d e n s i t y  ve r sus  temperature and t ime p l o t ,  F igure  2,  shows on ly  

nominal d e n s i f i c a t i o n  up t o  1 0 0 0 ~ ~  a f t e r  which d e n s i f i c a t i o n  proceeds r a p i d l y  

up t o  1 7 5 0 ~ ~ .  Extended t ime a t  1 7 5 0 ' ~  inc reased  t h e  d e n s i t y  only  an addi -  

t i o n a l  0 .4  % abso lu t e .  The f l a t  i n i t i a l  po r t i on  of  t h e  curve (below 1 2 0 0 ~ ~ )  

r e p r e s e n t s  t h e  i n i t i a l  s i n t e r i n g  s t a g e ,  while  t h e  r a p i d l y  changing p o r t i o n  

c e n t s  t h e  l a t t e r  s t a g e s  o f  t h e  i n i t i a l  s i n t e r -  between 1 2 0 0 ~ ~  and 1 7 5 0 ~ ~  rep re -  

i n g  k i n e t i c s  and in t e rmed ia t e  s t a g e  s i n t e r i n g  k i n e t i c s .  F i n a l  s t a g e  s i n t e r i n g .  

begins  a t  some po in t  a f t e r  t h e  r a p i d  d e n s i f i c a t i o n  t y p i c a l  o f  t h e  in t e rmed ia t e  

s t a g e  moderates. F i n a l  s t a g e  s i n t e r i n g  k i n e t i c s  a r e  t y p i f i e d  by t h e  small 
0 

i n c r e a s e  i n  d e n s i t y  observed i n  Figure 2 ,  with i n c r e a s i n g  t ime a t  1750 C .  It 

i s  d i f f i c u l t  t o  d e l i n e a t e  each s i n t e r i n g  s t a g e ,  e s p e c i a l l y  s i n c e  they  ove r l ap  

and more than  one mechanism might be ope ra t ing  a t  any given time. Never the less ,  

Figure 2 r e p r e s e n t s  what might be termed a t y p i c a l  d e n s i f i c a t i o n  curve.  

The metallography of t h e  i n d i v i d u a l  p e l l e t s  shows t h a t  t h e  s i n t e r i n g  

process  was not  n e a r l y  as c l a s s i c a l  as t h e  d e n s i t y  ve r sus  t ime curve i n d i c a t e d .  

Examination of  t h e  1 0 0 0 ~ ~  s i n t e r e d  p e l l e t  showed t h a t ,  a l though i t  was i n i t i a l l y  

completely black a f t e r  pre t rea tment  because of i t s  h igh  carbon content  ( s e e  

Table 3) it now had a white e x t e r i o r .  A s e c t i o n  through t h e  c e n t e r  of  t h e  

p e l l e t  showed t h a t  t h e  c e n t e r  w a s  s t i l l  b lack;  however, t h e  p e l l e t  cracked 

through t h e  c e n t e r  dur ing  s i n t e r i n g  and t h e  p e l l e t  w a s  white  on each s i d e  of  

t h e  c rack ,  even i n  t h e  middle po r t ion  of t h e  p e l l e t .  This  i n d i c a t e s  t h a t  t h e  

wet hydrogen atmosphere which was e f f e c t i v e  i n  removing carbon from t h e  ex te r -  

i o r  of  t h e  p e l l e t  a l s o  removed carbon from t h e  m a t e r i a l  on each s i d e  o f  t h e  

c rack .  A t  ~ ~ C O O ~ C  t h e  p e l l e t s  were completely white ,  i n t e r i o r  and e x t e r i o r .  

The g r a i n  s i z e  o f  t h e s e  two p e l l e t s  w a s  extremely f i n e ,  C ASTM #I&, and could  

not  be measured by o p t i c a l  metallography. A t  1 6 0 0 ~ ~  t h e  p e l l e t  shbwed v i s i b l e  

darkening on t h e  e x t e r i o r  s u r f a c e s ,  forming a f a i n t  p i c t u r e  frame when viewed 

from t h e  mid-plane sec t ion .  This  p i c t u r e  frame darkened and became l a r g e r  

( t h e  dark  c o l o r  proceeded inward) as the '  temperature and t ime a t  tempera ture  

i nc reased .  Metal lographic examination o f  t h e s e  samples showed t h a t  g r a i n  

growth i n i t i a l l y  took p l ace  at t h e  p e l l e t  s u r f a c e  and proceeded toward t h e  

i n t e r i o r  i n  a p a t t e r n  similar t o  t h e  dark picture-frame e f f e c t .  The g r a i n  s i z e  



was measured a s  a funct ion of the dis tance from the  p e l l e t  surface f o r  

s eve ra l  of the  condit ions invest igated,  Figure 3. It becomes apparent from 

Figure 3 t h a t  a f ine-grained p e l l e t  cen te r  may e x i s t  even though a r e l a t i v e l y  

high dens i t y  has been achieved which i s  not s i gn i f i c an t l y  changing with 

increas ing  time a t  temperature. The center  gra in  s i ze  of the  samples 

s i n t e r ed  f o r  1/2, 1-1/2, and 12 hours a t  1750'~ was considerably f i n e r  than 

could be determined o p t i c a l l y  with t he  ASTM eyepiece. Replicas were 

ex t rac ted  from these  two samples and examined with the  e lec t ron  microscope 

and a r e  included i n  Figure 3 fo r  comparison. A difference.  of approxi- 

mately one t o  two ASTM numbers e x i s t s  belween Lhe g r a i n  s i z e  number as 

determined by t h e  e l e c t r o n  and  o p t i c a l  microscopes. Th i s  d i f f e r e n c e  may 

a r i s e  froril t h e  f a c t  t h a t  t h e  g r a i n  s i z e  was deteymfned by t h e  Lwu n~ellivlls 

a t  s l i g h t l y  d i f f e r e n t  l o c a t i o n s  on t h e  same sample and t h e  g r a i n  s i z e  d i d  

vary  as a f u n c t i o n  of  p o s i l i o n .  I n  a d d i t i o n ,  an  ASTM c a l i b r a t e d  eyepiece  was 

used t o  determine t h e  average  g r a i n  s i z e  i n  t h e  o p t i c a l  de te rmina t ion  whi le  

t h e  number of  g r a i n s  i n  a g iven  a r e a  as determined by count ing  from a photo- 

g r a p h i c  enlargment was used t o  determine t h e  ASTM g r a i n  s i z e  number f o r  t h e  

e l e c t r o n  microscopy examination. F i n a l l y  t h e  magni f ica t ion  o f  t h e  e l e c t r o n  

microscope i s  known wi th  l e s s  c e r t a i n t y  than  t h e  o p t i c a l  microscope. I n  any 

c a s e ,  t h e s e  r e s u l t s  show t h a t  even though t h e  c e n t e r  g r a i n  s i z e  o f  t h e  p e l l e t  

w a s  cons ide rab ly  f i n e r  t han  t h e  e x t e r i o r  po r t ion ,  t h e  g r a i n s  d i d  show growth 
. . 

with i n c r e a s i n g  time a t . t e m p e r a t u r e .  S ince  t h e  h e a t i n g  and coo l ing  r a t e s  of  
. .. , 

t h e s e  samples were 'no t  as c l o s e l y  c o n t r o l l e d , a s  d e s i r a b l e ,  t h e  p e l l e t s  f r e -  

q u e n t l y  were cracked. Those c racks  which occurred  dur ing  t h e  i n i t i a l  

o f  t h e  s i n t e r i n g  experiment showed a darkening and g r a i n  growth on e i t h e r  s i d e  
+ 

of t h e  c r ack ,  even i f  t h e  c rack  extended through t h e  c e n t e r  o f  t h e  p e l l e t ,  

S ince  t h i s  type  o f  behavior  i s  i n d i c a t i v e  o f  d i f f u s i o n - r e l a t e d  . . phenomena, t h e  

d.ist.a.nce from t h e  p e l l e t  s u r f a c e  a t  which t h e . @ a i n  s i z e  could be r e a d i l y  
. . .  .. . 

measured (ASTM #14) w a s  p l o t t e d  a s  a f u n c t i o n  o f  t ime on a log-log p l o t ,  
. . 

Figure  4. A s t r a i g h t  l i n e  prov.ided an  e x c e l l e n t  f i t  f o r  t h e  d a t a .  Subkti-  

t u t i n g  f o r  t h e  v a r i a b l e s  i n  t h e  equat ion ,  t h e  fo l lowing  r e l a t i o n s h i p  was . . . . 
de r ived :  - 

d  = ~t~ 
. . 



where K = cons tan t  of 8.1 (dependent on t h e  u n i t s  o f  t h e  .variables.)  

m = 0.45 

t = t ime i n  seconds 

d  = d i f f u s i o n  d i s t a n c e  from t h e  p e l l e t  s u r f a c e  i n  cent imeters .  

F igure  5 .is a p l o t  o f  t h e  a c t u a l  g r a i n  diameter  i n  mic rons . a s  a f u n c t i o n . o f  ". 

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

g r a i n  growth i s  "well  behaved" i n  t h a t  it grows as t h e  squa re  r o o t  o f  t ime ' 

i n d i c a t i n g  g r a i n  growth c o n t r o l  by un inh ib i t ed  g r a i n  boundary s u r f a c e  t ens ion  

f o r c e s .  The g r a i n  growth toward t h e  i n t e r i o r  o f  t h e  p e l l e t  .depar t s  from t h e  

c l a s s i c a l  t ime r e l a t i o n s h i p  and a c t u a l l y  shows t h e  p re sence .o f  di ,scont inuous 

g r a i n  growth, m > 1,. implying g r a i n  boundary mob i l i t y  i s . . i n i t i a l l y  l i m i t e d  by 

pinning o b s t a c l e s  and then  breaksdaway. A t  a d i s t a n c e  o f  0.20 .inch from t h e  . 
, . . . -. . - -  . , . .  

p e l l e t  e x t e r i o r ,  t h e  l o g  g r a i n  diameter  versus  l o g  t ime p l o t  i s  no longe r  a 
n  s t r a i g h t  l i n e ,  . i n d i c a t i n g  . t h e  s i m p l i f i e d  equat ion  D = K t  i s  n.0 longe r  a good 

approximation of t h e  data.. Th i s  l a c k  of  f i t  was a n t i c i p a t e d  s i n c e  , the  con&i- 

t i o n  of  t h e  approximation f o r  t h e  .equation of  Figure 5 w a s  t h a t  t h e  f i n a l  . 

g r a i n  d iameter ,  D,  is consi ,derably l a r g e r  t han  Do, t h e  i n i t i a l  g r a i n  diameter .  

Using t h e  equat ion D~ - D = K t  so t h a t ,  t h e  r e , s u l t s  w i l l  b e  c o r r e c t e d  f o r  t h e  
0 . . 

i n i t i a l  g r a i n  s i z e ,  and a va lue  f o r  D 0 . 5  P:,? t h e  average  diamet.er p f  t h e  
. .  . .  0 

i n i t i a l  powder &.,rticle, Ref: 44, a p l o t  ( ~ i g u r e  6 )  i s  obtained k h i c h  shows 

th'it, e v e n  making t h i s  co r rec t ion ,  t h e  exponent of t is  s t i l l  n o t  one, . 

corresponding to normal g r a i n  growth, but r a t h e r  1.84 which i s  c lose  t o  two, 

i n d i c a t i v e  of discontinuous gra'in growth. 

'l'hese r e s u l t s  i n d i c a t e  t h a t  g r a i n  growth a t  t h e  p e l l e t  'edge grows 

as t h e  square r o o t  o f  t ime,  i n d i c a t i n g  growth by u n i n h i b i t e d  s u r f a c e  t e n s i o n  

f o r c e s  whereas,as  t h e  c e n t e r  is approached, a d i f f e r e n t  mode of  g r a i n  growth 

c o n t r o l s .  S ince  t h e  h e a t i n g  r a t e  is r e l a t i v e l y  &ow (- 100°c/hr) and t h e  

thermal  conduc t iv i ty  of even a p a r t i a l l y  dense Tho compact is r e l a t i v e l y  
2  

0 high (0.5 ~ t u / h r - f t -  F),  t h e  temperature d i f f e r e n t i a l  between t h e  p e l l e t  

i n t e r i o r  and e x t e r i o r  would be  only  2 ' ~ .  It appears  t h a t  t h e  delayed 

c e n t e r  g r a i n  growth i s  not  t h e  r e s u l t  o f  a temperature d i f f e r e n t i a l - o r  l a g .  

The temperature d i f f e r e n t i a l  from t h e  e x t e r i o r  t o  t h e  i n t e r i o r  o f  t h e  p e l l e t  

i s  qu ick ly  e l imina ted  (- 5 min) a t  t h e  s t eady  s t a t e  tempera ture  o f  1 7 5 0 ~ ~ ;  

however, t h e  g r a i n  s i z e  duplex s t r u c t u r e  remains f o r  extended t imes  a t  
+ 

temperature (- 1 2  h r s  ). The step-wise f u n c t i o n  o f  t h e  g r a i n  growth coupled 



with  t h e  increas ing .zone  of.norina1 g r a i n  growth a t  t h e  s u r f a c e  a r e  good 

i n d i c a t i o n s  t h a t  some contaminant phase o r  impurity s eg rega t ion  i n  t h e  p e l l e t  

i n t e r i o r  r e s u l t e d  i n  t h e  abnormal o r  d i scont inuous  g r a i n  growth. 

The p re t r ea tmen t  and s i n t e r i n g  schedules  of  K ine t i c  Study #1 

c l o s e l y  p a r a l l e l  t h e  s t a n d a r d  condi t ion?  o f  t h e  t h o r i a  f a c i l i t y .  K ine t i c  

Study #2 w a s  an a t t empt  t o  d u p l i c a t e  t h e  pre t rea tment  and s i n t e r i n g  schedules  

used i n  t h e  b ina ry  f a c i l i t y  ( s ee  Table 4).  It should be  noted,  however, t h a t  

no u2j5 a d d i t i o n  w a s  made t o  t h e  Tho2 powder and t h e  Tho powder contained 2 
100 ppm C a O ,  a c h a r a c t e r i s t i c  o f  t h e  powder u s u a l l y  used i n  t h e  Tho2 f a c i l i t y  

r a t h e r  t h a n  t h e  b i n a r y  f a c i l i t y .  S ince  g r a i n  s i z e  problems were common t o  

both  f a c i l i t i e s ,  t h e s e  d i f f e r e n c e s  were not  considered s i g n i f i c a n t  t o  t h e  

s u c c e s s  o f  t h e s e  i n i t i a l  s i n t e r i n g  s t u d i e s .  

The p e l l e t s  o f  K i n e t i c  Study #2 were i n i t i a l l y  p r e t r e a t e d  a t  

4 5 0 ~ ~  i n  f lowing  Cog and then  a t  925% i n  flowing COZ,  The carbon content  

a f t e r  t h e  4 5 0 ' ~  p re t r ea tmen t  w a s  2000 t o  3000 ppm wi th  r a d i a l  and a x i a l  

s h r i n k a g e s  o f  approximately 0 . 3  and 0 .03  %, r e s p e c t i v e l y .  The t o t a l  shr inkage  

a f t e r  t h e  9 2 5 ' ~  p re t r ea tmen t  i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s  was approxi-  

mately 1.4 and 1 .12  %, r e s p e c t i v e l y  ( a c t u a l  p e l l e t  va lues  i n  Table 4 ) ,  with 

a carbon content  o f  800 ppm. The shr inkage  a f t e r  pre t rea tment  w a s  r e l a t i v e l y  

g r e a t e r  t h a n  t h a t  which could  be compensated f o r  by t h e  weight l o s s  of t h e  

Carbowax. The d e n s i t y  of  t h e  p r e t r e a t e d  p e l l e t  i s  approximately 1.7 % g r e a t e r  

t h a n  t h a t  o f  t h e  green  p e l l e t  and may i n d i c a t e  t h a t  i n i t i a l  s i n t e r i n g  may be 

i n  process .  D e n s i f i c a t i o n  du r ing  s i n t e r i n g  is p r a c t i c a l l y  complete when t h e  
0 

maximum tempera ture  o f  1750 C i s  reached,  Figure 7.  

Examination o f  t h e  s i n t e r e d  p e l l e t s  showed - t h a t  a darkening took 

p l a c e  a t  t h e  s u r f a c e  and proceeded toward t h e  p e l l e t  i n t e r i o r ,  However, a t  a 
g iven  t ime  a t  temperature t h e  darkening was cons iderably  more ex tens ive  than 

was observed i n  t h e  first k i n e t i c  s tudy .  I n  f a c t ,  a t  t h e  end of  f i v e  hours ,  

t h e  p e l l e t  w a s  completely gray.  The g r a i n  growth aga in  proceeded from t h e  

e x t e r i o r  inward, F igure  8. Samples examined a t  t h e  end of  0 ,  *, I*, and 53 
hour s  a t  tempera ture  had r e l a t i v e l y  coa r se  g r a i n s  a t  t h e  s u r f a c e  and f i n e -  

g r a i n e d  i n t e r i o r s .  The sample s i n t e r e d  f o r  13 hours  a t  1 7 5 0 ~ ~  had a unique 

mic ros t ruc tu re .  S e l e c t e d  g r a i n s  i n  t h e  p e l l e t  i n t e r i o r  grew extremely l a r g e ,  

Fig-ure 8 ,  I n  .addi t ion ,  s e l e c t e d  g ra ins '  nea r  t h e  very c e n t e r  o f  t h e  p e l l e t  



were idiomorphic i n  e x t e r n a l  shape, F igure  9. . Figures  10  through 16 a r e  

h ighe r  magn, i f icat ion photomicrographs showing t h e  s t r u c t u r e  a t  v a r i o u s . l o c a -  

t i o n s  i n  t h e  sec t ioned  p e l l e t  of F i g k e  9. 

F igures  10 ,  11, and 16 ( a r e a s  1, 2, and 7 a long  t h e  p e l l e t  ' su r f ace )  

show normal s i z e  and shaped g r a i n s .  F igures  1 2  and 15 ( a r e a s  3 and 6) show a 

t r a n s i t i o n  from normal g r a i n  growth t o  exaggerated g r a i n  growth. Extens ive  

exaggerated g r a i n  growth i s  shown i n  a r e a  4, Figure 13. Almost a t  t h e  c e n t e r  

of t h e  p e l l e t  t h e r e  a r e  l a r g e  idiomorphic g r a i n s ,  F igure  14. (a.rea.5) which a r e  

border ing  on very  f i n e  idiomorphic .g ra ins ,  F igure  1 7  ( a r e a  8). 

Exaggerated g r a i n  growth i s  a n  i n d i c a t i o n  t h a t  t h e  normal g r a i n  

boundary mob i l i t y  was i n h i b i t e d  t o  some degree. The e x a c t  i n h i b i t i n g  media, - 
e.g. p o r o s i t y ,  secondary phase, s o l i d  s o l u t i o n  segrega t ion ,  e t c . ,  may be 

open f o r  d i scuss ion;  however i t s  presence i s  not .  Exaggerated- g r a i n  growth 

i s  considered t o  be t h e  d i r e c t  r e s u l t  of g r a i n  boundary i n h i b i t i o n  and i s  

no t  a t t r i b u t e d  t o  v a r i a t i o n s  i n  temperature,  p r e s s i n g  s t r e s s e s ,  o r  d e n s i t y .  
\ The presence of idiomorphic g r a i n  growth i s  a n  i n d i c a t i o n  of a  l i q u i d  phase - 

e x i s t i n g  a t  t h e  g r a i n  boundaries.  The exaggerated g r a i n  growth and t h e  

idiomorphic g r a i n  growth may be a t t r i b u t e d ,  t o  t h e  same mechanism, b u t  t h e y  

could both  c o - e x i s t  a s  a  r e s u l t  of s e p a r a t e  mechanisms, e.g. l i q u i d  phase and 

s o l i d  s o l u t i o n  segrega t ion .  , .:I 

.~ . 
Since  t h e  presence of  a second phase c o n s i s t i n g  of  a sp ;c i f ic -  

j .  " . I '  * - 
quan t i t y '  of a l i q u i d  phase, g e n e r a l l y  l o c a t e d  along % h e  g r a i n  boundaries ,  i s  

,. . , ..... ,; : ,  
! r 1 

r e p i i r e d  fL'or t h e  fon?a t ion  of  idibmorphic.  &rains, t h e  sample. khownin  Figure  9 
1 . L ,  4 ,  . ) ! . ' -  - i . :  , , - 4 ,  ' " '" , 

. \  . . 
was i n v e s t i g a t e d  , - .  ..' . in* more d e t a i l ,  b p t h ' ~ p t i ~ a i i y  and with t h e  scanning e l e c t r ~ n  

, :  - .  . . 
d' '1 j 

microscope and t h e  e l e c t r o n  probe. Examination o f  t h e  unetched sample showed 

what appeared t o  be t h r e e  sepa ra t e  phases i n  t h e  t h o r i a  matr ix.  A l l  t h r e e  

were p re sen t  i n  t h e  a r e a  where t h e  idiomorphic g r a i n s  were de t ec t ed ,  b u t  only 

one of  t h e  phases w a s  d i spe r sed  throughout t h e  e n t i r e  sample. 

. A h igh ly  r e f l e c t i v e  phase which was comm'on'to both t h e  r e g u l a r  

and idiomorphic s t r u c t u r e  was i d e n t i f i e d  as a t r a n s i t i o n  metal  su l f ide .  

Chromium was most f r e q u e n t l y . a s s o c i a t e d  with t h e  s u l f u r ;  however, Fe and N i  

were a l s o  d e t e c t e d . .  T h i s  phase w a s  p r ev ious ly  d e t e c t e d  by SEM techniques  

i n  t h o r i a  mic ros t ruc tu re s  a t .wh ich  time it was concluded t h a t  it had no 

in f luence  on gi-ain growth. . . 



A l i g h t  g ray  phase which f r e q u e n t l y  had one o r  more s t r a i g h t  s i d e s  

w a s  determined t o  be composed of  Th, S,  and poss ib ly  02, F igu res  18 and 19. 

The p re sence  of C r ,  Fe, N i ,  o r  Co w a s  no t  de t ec t ed .  The r e f l e c t i v i t y  of  t h i s  

phase w a s  cons ide rab ly  l e s s  t han  t h e  previous ly  d e t e c t e d  Cr-S phase. The 

morphology of  t h e  two su l fu r - con ta in ing  phases a l s o  d i f f e r e d .  The Th-S phase 

w a s  a lmost  always longe r  t han  i t  w a s  t h i c k  and a t  l e a s t  one s i d e  w a s  s t r a i g h t .  

The Cr-S o r  t r a n s i t i o n  metal  s u l f i d e  w a s  g e n e r a l l y  b u l k i e r  and l e s s  i d i o -  

morphic i n  appearance. 

Altl?ougli t h e  thorium s u l f i d e  phase was d e t e c t e d  i n  t h e  a r e a  where 

idiomorphic g r a i n s  were p r e s e n t  and both t h e  idiomorphic g r a i n s  and t h e  Th-S 

phase  have s t r a i g h t  s i d e s ,  t h e  Th-S phase d i d  not  e x i s t  exc lus ive ly  a t  t h e  

g r a i n  boundaries .  I n  f a c t ,  t h e r e  appeared t o  be as many Th-S a r e a s  wi th in  

t h e  idiomorphic g r a i n s  as t h e r e  were a long  t h e  g r a i n  boundaries.  It is t h u s  

appa ren t  t h a t ,  whi le  t h e  thorium s u l f i d e  phase w a s  a s s o c i a t e d  with t h e  forma- 

t i o n  o f  idiomorphic g r a i n s  ( s i n c e  t h i s  phase could be d e t e c t e d  only  i n  p e l l e t  

a r e a s  showing idiomorphic g r a i n s ) ,  t hey  were no t  a permanent b a r r i e r  t o  g r a i n  

growth s i n c e  g r a i n  boundar ies  could grow around them. I n  a d d i t i o n ,  t h i s  phase 

w a s  a s s o c i a t e d  o n l y  with t h e  formation o f  idiomorphic g r a i n s  and was not  

d e t e c t e d  where t h e  g r a i n  growth was i n h i b i t e d  o r  where exaggerated g r a i n  

gruwC11 Luuk place .  

The t h i r d  phase i n  t h i s  sample wasi:also ,present  where idiornorphic 

g r a i n  growth had r e s u l t e d  and i t s  morphology- wg,s: very, g i m i l a r  . to t h e  Th-SA , 

phase,  except  t h e  r e f l e c t i v i t y  w a s  still l e s s  and i t  appeared: somewhat da rke r ,  

F igure  20. The,same. q u a n t i t a t i v e  e l e c t r o n  microprobe a n a l y s i s  of t h i s  phase 

showed it t o  a l s o  be composed of  Th and S with a s l i g h t l y  h ighe r  oxygen con- 

t e n t  t h a n  t h e  previous  Th-S phase,  F igure  21, It was concluded t h a t  t h e  

d i f f e r e n c e  between t h e  two Th-S phases was probably only  t h e  degree of 

e x s o l u t i o n  from t h e  h o s t  phase. 

K ine t i c  Study #3 ex able 5)  w a s  similar t o  #2 except  t h a t  t h e  
0 

maximum s in t . e r ing  tempera ture  w a s  1800 C .'"-' In-  t h i s  ca se ,  idiomorphic g r a i n s  
0 ' 

were d e t e c t e d  a f t e r  on ly  hours  a t  1800 C :an?il.exagge?ated g r a i n  growth 

began a f t e r  6 hours  a t  temperature,  F igure  22. A f t e r  .i 2 h b G s  st 1 8 0 0 ~ ~  t h e  

l a r g e  idiomorphic g r a i n s  had impinged on each o t h e r  and then  appeared on ly  - 

as g r a i n s  t y p i c a l  of  exaggerated g r a i n  growth. Only a few very small a r e a s  



of idiomorphic g r a i n s  remained. The occurrence of  idiomorphic g r a i n s  

independent ly o f  exaggerated g r a i n  growth s t rengthened  t h e  hypothes is  t h a t  

t h e  s u l f u r  conten t  infl .penced t h e . f o r m a t i o n  of  idiomorphic g r a i n s ,  bu t  

when uniformly d i spe r sed  i n  q u a n t i t i e s  t y p i c a l l y  found i n  t h e  s t a r t i n g  powder, 

< 120 ppm, d i d  not  i n h i b i t  g r a i n  growth and was not  r e s p o n s i b l e  f o r  t h e  

picture-frame s t r u c t u r e .  Subsequent c a l c i n i n g  experiments f u r t h e r  s t rengthened  

t h i s  b e l i e f  ( s ec t ion  VII). It was t h e r e f o r e  concluded t h a t  as a consequence of 

t h e  r a p i d  growth of  t h e  l'axge g r a i n s  r e s u l t i n g  from secondary r e c r y s t a l l i e a -  

t i o n  t h e  s u l f u r  was swept toward t h e  p e l l e t  cen te r .  A c r i t i c a l  concen t r a t ion  

o f  a l i q u i d  phase, presumably a e u t e c t i c  of T ~ ( o , s ) ~  with Tho2, l e d  t o  t h e  

formation o f  idiomorphic g r a i n  s t r u c t u r e .  The T ~ ( o , s ) ~  phase, however, was 

not  t h e  g r a i n  &owth i n h i b i t i n g  phase which r e s u l t e d  i n  t h e  i n i t i a l  secondary 
0 .  > .. : , d l :  I>,-., .  b . . ... . r e c r y s t a l l i z a t k o n ;  ..; ' * 

The s t r u c t u r e  nonuniformity f r e q u e n t l y  desc r ibed  as p i c t u r e  

framing which r e s u l t s  i n  g r a i n s  of s i z e  normally i n  t h e  range  of  ASTM #5 t o  

#8 i n  a band approximately 0.050 t o  0.100 inch  around t h e  per iphery  o f  t h e  

p e l l e t  wi th  t h e  remainder of  t h e  g r a i n s  ASTM #I0  o r  f i n e r  h a s  been reproduced 

i n  t h e s e  i n i t i a l  experiments.  A comparison of t h e  g r a i n  s i z e  d a t a  o f  K i n e t i c  

S t u d i e s  #1 and #2 shows t h a t  i n c r e a s i n g  t h e  green d e n s i t y  o f  t h e  p e l l e t  from 

55 t o  almost  64 %, r e s p e c t i v e l y ,  has  l i t t l e  e f f e c t  on t h e  g r a i n  s i z e  o f  t h e  

pe r iphe ry  (it  should a l s o  be noted t h a t  K ine t i c  S t u d i e s  #I and #2 use p e l l e t s  

from d i f f e r e n t  powder l o t s ) ;  however, t h e  t h i c k n e s s  o f  t h e  "normal" g r a i n  

growth r eg ion  i n c r e a s e s  f o r  a given t ime a t  temperature as wel l  as t h e  g r a i n  

s i z e  i n  t h e  p e l l e t  i n t e r i o r .  

A s  a r e s u l t  of t h e  preceding k i n e t i c  s t u d i e s  it was shown t h a t  t h e  

t h i c k n e s s  o f  t h i s  border  of normal g r a i n  growth is dependent on t ime as we l l  

as " p e l l e t  green dens i ty .  I n  f a c t ,  t h e  per iphery  of normal g r a i n  growth appears  

t o  be  a d i f f u s i o n - r e l a t e d  phenomenon with a squaxe r o o t  o f  t ime dependence of 

i t s  th i ckness .  Again t h e  bo rde r s  of  c r acks  which a r e  formed i n  green p e l l e t s  

p r i o r  t o  s i n t e r i n g  have t h e  g r a i n  s i z e  c h a r a c t e r i s t i c  of  t h e  per iphery  even 

when th'ey extend t o  t h e  p e l l e t  cen te r .  Based on t h i s  in format ion  it was 
. . 

p o s t u l a t e d  t h a t  a n  .inipurity element o r  phase w a s  a d t i n g  as a g r a i n  growth 

i n h i b i t o r  dur ing  s i n t e r i n g .  To determine i f  t h e  normal g r a i n  growth a t  t h e  

p e l l e t  e x t e r i o r  was t h e  r e s u l t  o f  r e s i d u a l  s t r a i n  imparted dur.ing t h e  p r e s s i n g  

ope ra t ion  ( t h e  added energy i n  t h e  form o f  r e s i d u a l  s t r a i n  be ing  enough 



t o  overcome t h e  r e t a r d i n g  e f f e c t s  o f  t h e  impur i ty  phase) o r  t h e  r e s u l t  o f  

reduced  impur i ty  l e v e l s  due t o  impur i ty  removal r e s u l t i n g  from a r e a c t i o n  

wi th  t h e  p re t r ea tmen t  o r  s i n t e r i n g  atmosphere, 1/8 inch  diameter  h o l e s  were 

d r i l l e d  1/4 inch  deep i n t o  t h e  ends o f  s i x  0 .53  inch  diameter  p e l l e t s ,  

088-1-11. Three of  t h e  p e l l e t s  were d r i l l e d  a f t e r  they  were p r e t r e a t e d  i n  

C02 a t  9 2 5 ' ~  f o r  3 hours ;  t h e  remaining t h r e e  p e l l e t s  were, d r i l l e d  i n  t h e  
0 as -preased  candibion and <were p r e t r e a t e d , . i n  CO ' at,. ,925 C . f o r  3  hour.^:;^ . Con- 2 

sequen t ly ,  be fo re  s i n t e r i n g ,  both s e t s  of were sub jec t ed  t o  i d e n t i c a l  

p re t r ea tmen t s ;  'however, one s e t  of p e l l e t s  was d r i l l e d . b e f o r e  pre t rea tment  

and t h e  o t h e r  s e t  a f t e r  p re t r ea tmen t ,  
. . 

The p e l l e t s  were s i n t e r e d  a t  1 6 5 5 ' ~  i n  nominally "dry" hydrogen. 

The a c t u a l  dew p o i n t  w a s  no t  measured. The measured dew p o i n t  of  t h e  incom- 
0 

i n g  hydrogen was - 60 F; however, t h e  dew p o i n t  i n  t h e  fu rnace  hot, zone was 

cons ide rab ly  h i g h e r  and is es t ima ted  from subsequent measurements under 

similar c o n d i t i o n s  t o  be  approximately + 6 0 ' ~  (15 '~ ) .  One of  each s e t  of 

p e l l e t s  was removed from t h e  fu rnace  a f t e r  19, 9,  and 1 6  hours ,  r e s p e c t i v e l y .  

The p e l l e t s  from both s e t s  were sec t ioned  l o n g i t u d i n a l l y  through t h e  mid-plane 

o f  t h e  p e l l e t  and d r i l l e d  end holes .  

Normal g r a i n  growth was d e t e c t e d  a long  t h e  p e l l e t  s e c t i o n  c l o s e s t  

t o  t h e  w a l l s  of t h e  d r i l l e d  h o l e  a s  wel l  a s  a long  t h e  e x t e r i o r  po r t ion  of  

t h e  pe l le$ :sur face , : 'F igure  23. B o t h ' s e t s  of p e l l e t s  showed normal g r a i n  

growth a long  t h e  w a l l s  of t h e  d r i l l e d  h o l e s ,  and t h e  e x t e n t  of  g r a i n  growth 

appeared t o  be dependent on t h e  t ime a t  temperat  kl r a t h e r  than  whether t h e  
. . 4X.L t 

p e l l e t s  were d r i l l e d  be fo re  o r  a f t e r  pre t rea tment .  .. . The gra.j..n gr0wt.h d.at.a 

f o r  t h e  two s e t s  of  p e l l e t s  a r e  remarkably s i m i l a r  and  show t h a t  t h e  impur i ty  

element o r  phase which i n h i b i t s  g r a i n  growth i s  not  removed a t  t h e  low tempera- 

t u r e s  t y p i c a l  of t h e  pre t rea tment  process.  Further ,  t h i s  experiment 

demonst ra tes  t h a t  it i s  u n l i k e l y  t h a t  s t r a i n  energy o r  d e n s i t y  v a r i a t i o n s  
, ! 

r e s u l t i n g  from t h e  p r e s s i n g  ope ra t ion  a r e  t h e  causes  of  t h e  duplex microstruc-  
i 

t u r e ,  This  experiment a l s o  c l e a r l y  showed t h a t  t h e  hydrogen a trnosphere p r m o t e s  

normal g r a i n  growth' by r e a c t i n g  with t h e  impuri ty phase. The p e l l e t s  were placed . . 

i n  t h e  furnace  on end, t h u s  reducing  t h e  a c c e s s  of t h e  hydrogen atmosphere 

(and p o s s i b l y  t h e  a s s o c i a t e d  water vapor) with t h e  bottom s u r f a c e  o f  t h e  

p e l l e t  and  t h e  bottom drilled hole .  I n  a l l  c a s e s  t h e  e x t e n t  o f  normal g r a i n  



growth was . l e s s  on t h e  p e l l e t  bottom than  on t h e  top .  It was a l s o  observed 

t h a t  f o r  t imes a t  temperature i n  excess  of 9 hours  t h e  g r a i n  growth o f .  t h e  ' 

f r e e  su r f ace  'was somewhat g r e a t e r  than  i n  t h e  dr i1; led hole ,  Figure 23. 

Th i s  may be due t o  t h e  ease  wi th  which t h e  atmosphere a t  t h e  p e l l e t  s u r f a c e  

can -be recyc led ,  whereas i n  t h e  d r i l l e d  hole  movement of t h e  atmosphere i s  

more r e s t r i c t e d .  Higher flow r a t e s  i n  t h e  s i n t e r i n g  furnace  wi th  t u r b u l e n t  

r a t h e r  than  laminar  flow may be h e l p f u l  t o  reduce l o c a l i z e d  bui ldup  of 

e f f l u e n t s .  These d a t a  c o r r e l a t e  ve ry  w e l l  w i th  t h e  previ.ous observa t ions  

t h a t  normal g r a i n  growth occurred i n  t h e  a r e a s . b o r d e r i n g  c racks  which 

formed p r i o r  o r  d u r i n g  t h e  s i n t e r i n g  cyc le ,  and. t h a t  t h e  p i c t u r e .  frame on .. 

sma l l ' ( 0 .25  inch )  diameter  p e l l e t s  is  of t h e  same o rde r  of t h i ckness  a s  t h a t  

on the  l a r g e r  (0.53 inch )  diameter  p e l l e t s .  The previous  experiment c l e a r l y  

demonstrates  t h a t  t h e  unique f e a t u r e  o f .  t h e  s t r u c t u r a l  nonuniformity was n o t ,  

i n  f a c t ,  t h e  p i c t u r e  frame, b u t  r a t h e r  acces s  of t h e  p e l l e t  t o  t h e  atmosphere. 

To f u r t h e r  demonstrate t h a t  t h e  p e l l e t  m i c r o s t r u c t u r a l  nonuniformity 

. - w a s  t h e  r e s u l t  o'f e f f u s i o n  o f  a g r a i n  growth i n h i b i t i n g  impur i ty  from t h e  p e l l e t  

s u r f a c e  dur ing  h e a t i n g  o f  t h e  p e l l e t  t o  s i n t e r i n g  tempera tures  p r i o r  t o  dens i -  

f i c a t i o n  t o  an e x t e n t  t h a t  r e l e a s e  of  t h e  impur i ty  s topped ( l e s s  probable t h a t  

an impur i ty  could d i f f u s e  i n t o  t h e  p e l l e t  from t h e  s i n t e r i n g  atmosphere which . 
can change t h e  g r a i n  growth c h a r a c t e r i s t i c s  of  t h e  p i c t u r e  frame), a n  exper i -  

ment i nco rpora t ing  a n  i n i t i a l  hold t ime a t  a reduced temperature w a s  per- 

formed, K ine t i c  Study #&, By hold ing  t h e  p e l l e t s  f o r  a long  t ime pe r iod  a t  

a temperature i n  t h e  s i n t e r i n g  atmosphere below t h a t  a t  which almost  complete 

d e n s i f i c a t i o n  t a k e s  p l ace ,  t h e  t h i c k n e s s  of t h e  p i c t u r e  frame ( a r e a  o f  "normal" 

growth) should be  increased .  Therefore,  K ine t i c  Study #4 inc luded  a 1 3 0 0 ~ ~ -  

4-8 hour ho ld  time. The ho ld  t ime of 1 3 0 0 ~ ~  w a s  s e l e c t e d  because i t  was 

determined from t h e  previous  s t u d i e s ,  K ine t i c  Study #1, t h a t  d e n s i f i c a t i o n  

ex tens ive  enough t o  l i m i t  s e v e r e l y  acces s  o f  t h e  s i n t e r i n g  atmosphere t o  t h e  

p e l l e t  i n t e r i o r  by r educ t ion  o f  open p o r o s i t y  would no t  t a k e  p l ace  a t  t h i s  

temperature.  Also a t  t h i s  temperature,  r e a c t i o n  o f  C with even dry hydrogen 

occurs  a t  a n  apprec iab le  r a t e .  .The 48 hour exposure t ime was es t imated  from 

t h e  r a t e  o f  t h i cken ing  of t h e  normal g r a i n  growth r i m  shown i n  F igure  4. Note, 

however, t h a t  t h e  powder used i n  K ine t l c  Study #1, l o t  088, ' w a s  d i f f e r e n t  from 

t h a t  uccd i n  K ine t i c  Study f f4,  l o t  0?;/, and-'the compact green d e n c i t y  o f  t h e  

former was 55 % , " o f  t h e  l a t t e r  6 2  %.' The p e l l e t s  were g iven  a 4 hour ,  4 5 0 ~ ~  



0 
p r e t r e a t  i n  COY The p e l l e t s  were then  hea ted  t o  1300 C i i i  wet Hz f o r  . : : % , .  

48 hours .  A t .  t h e  end of  48 hours  t h e  p e l l e t  d e n s i t y  was approximately .., 

8.83 gm/cc, Table 6. A l l  p e l l e t s  were hea ted  t o  1 7 5 0 ~ ~  and sampled as a . . 

f u n c t i o n  of  t ime ( see  F igu re  24).  A c o n t r o l  sample w a s  included.which d i d  

n o t  r e c e i v e  t h e  48 hour ,  1 3 0 0 ~ ~  ho ld  t ime.  While t h e  r i m  showing. normal g r a i n =  

growth was.not  as ex tens ive  as was p red ic t ed  from Kine t i c  Study # I , . &  compari- 

s o n  of t h e  p e l l e t s  s i n t g r e d  a t  1 7 5 0 ~ ~  f o r  1 2  .. hours  . with.  and without  ,. . , .. t h e  1 3 0 0 ~ ~ -  
a - '..=.. 

4 8  hour  ho ld  t ime shows t h a t  t h e  ho ld  t ime apprec iab ly  i n c r e a s e s  t h e  dis tanc.e  

i n t o  t h e  p e l l e t  where normal g r a i n  growth occu r s  f r o l l ~  0.042 incl? ( a t  AS'I'M G:S.. 

#12) t o  0,096 iricki. Never the less ,  t h e  1 3 0 0 ~ ~  ho ld  t ime,  while  promoting g r a i n  

un i fo rmi ty ,  w a s  i n s u f f i c i e n t  t o  promote g r a i n  s i z e  uni formi ty  a l l  a c r o s s  t he :  

p e l l e t .  

h e n  though K i n e t i c  Study #4 d i d  n o t  provide  a ready  process  fo r  
. .  . 

t h e  p o d u c t i o n  o f  0 .53  inch  d iameter  p e i l e t s  with u n i f o r m g r a i n  s i z e ,  it '' 

d i d  provide  a d d i t i o n a l  evidence f o r  t h e  hypothegis  t h a t  an impur i ty  could be 

removed t o  some degree 'by f r e e  communication with a hyclrogen atmosphere. ,;- 

It w a s  a l s o  l e a r n c d  from ~ i n e t i c  Study #4 t h a t  t h e  removal of t h e  

g r a i n  growth i n h i b i t i n g  impur i ty  was very slow when t h e  powder was hea t -  

t r e a t e d  i n  t h e  compacted p e l y e t .  co&sequently h igher  temperature,  l onge r  

t ime pretreatmentg' . .did not.'&bp&ars' t o  be :a ' f r u i t f u l  cou i se  f o r  f u t u r e  exper i -  

ments. Ca lc ina t ion  o f  t h e  * f i n e  powder (-- 0 . 5  M diam'eter), on t h e  o t h e r  hand, . 

where t h e  d i f f u s i o n  d i s t a n c e s  were very s h o r t ,  appeared t o  be a promising . . .  

a r e a  and  s e v e r a l  c a l c i n i n g  experiments  were i n i t i a t e d  ' ( s e c t i o n  VII). 

Ir, view 0:' tile d a t a  inc';lcatir?.g she ?resei?.ce of e g 6 i . n  g1.3~::: 

i n h i b i t i n g  impur i ty  be ing  r ecpons io l e  :'er ? a r t ,  i f  c o t  a l l  of' she crai:: 

growth problems ( i c n i b i t e d  grein grcwth en:',/or exaggerated g r s  i n  g r m t n ' j ,  a 

, k i n e t i c  study enplcying a r a p i d  h e a c i ~ g  r a z e  t o  ~ e m p e r e ~ c ~ ~ e  i.ias ccca!lcted. 

>.lthougki a r a p l d  'r,ee.X$ggj ,:ate \+oulci no3 be e p r e e t i c e  l prctiuctics tec!:niqw, 

it was consid.ered the  t a t  t h e  e.&e:va tea ,  t.e;.perzs~~res t n e  i n p l x i t y  ?i?.ase would 

p o s s i b l y  r e a c t  wi th  t h e  a t z o s ~ h e r e  'before ex t ens ive  d e c s i f i c s t i o n  znd 

c l o s u r e  of the  open po res  ccu la  l i r r i i ~  t h e  f r ee  c m a i c a t i o n  of' t h e  a t ro sphe re  

w i t h  t h e  p e l l e t  i n t e r i o r .  Kinetic Stgdy #6 cons i s t ed  of nea ting f ive  2ellei;s 

(produced from 088 powder pressed  t o  55% green d e n s i t y  ana p r e t r e a t e d  a t  

925% f o r  3 hour s j  a t  a n  a c c e l e r s t e d  nea t ing  r a t e  of k0CTlnour f r o 3  roorr: 



. . 
:ei::Pe.ra-,se t o  1-!5~O;:. S e r r ~ l e s  were rernoved a.t t h e  end 'of 0 .  .1!2', 1-l,!?. 7 ,  

and 12 hours a t  t enpe ra tu re .  
I .  

The r e s u l t s  of t h i s  experiment were d i f f i c u l t  t o  e v a l u a t e  s i n c e  

t h e  p e l l e t s  f r a c t u r e d  ex tens ive ly  dur ing  t h e  r a p i d  heatup;  as a r e s u l t  no 

d e n s i t y  measurements could be obta ined .  From t h e  g r a i n  growth r e s u l t s ,  

F igure  25, it w a s  no t '  c l e a r  whether,  t h e  open p o r o s i t y  a t  t h e  p e l l e t  s u r f a c e  

remained open a t  . t h e  high tempera tures  t o  a l low f o r  i nc reased  impuri ty-  

atmosphere con tac t  o r  t h e  f r a c t u r e d  p e l l e t s  p roducedan  inc reased  s u r f a c e  

a r e a  and t h e r e f o r e  "normal" g r a i n  growth was s l i g h t l y  more ex tens ive .  The 
1 "normal" g r a i n  g rowth . a t  t h e  s u r f a c e  of  t h e  p e l l e t s  examined after 0, 7 ,  I*, 

0 and 5 hours  exposure a t  1750 C could  be approximated by an equat ion with t h e  

square r o o t  of  t ime deperrdence. The g r a i n  growth a t  t h e  i n t e r i o r  of  t h e s e  

p e l l e t s  was i n h i b i t e d  i n  much t h e  same way as t h e  p e l l e t s  i n  K i n e t i c  Study #I. 

The inc reased  hea t ing  r a t e  d i d  not  s i g n i f i c a n t l y  i n f l u e n c e  t h e  g r a i n  growth 
.. . 

i n  t h e s e  sampies. ,, The sample which w a s  a t  temperature f o r  1 2  hours  had such 

l a r g e  i n c r e a s e s  i n  su r f ace  a r e a  due t o  thermal  f r a c t u r e  of t h e  p e l l e t  t h a t  
. . .  

a l l  of  t h e  p i e c e s  e x h i b i t e d  s i g n i f i c a n t  g r a i n  growth a c r o s s  t h e  reduced c r o s s  
. . . .. . . 

s e c t i o n .  Because o f  t h e  inc reased  exposure t o  t h e  atmosphere a t  tempera ture ,  

t h e  reduced d i f f e r e n t i a l  i n  g r a i n  s i z e  between t h e  p e l l e t  ' e x t e r i o r  and i n t e r -  

i o r  was f e x t  - t o  be nonrep resen ta t ive  o f  a 1.2 hour ,  1 7 5 0 ~ ~  s i n t e r ,  F igure  25. 

It was. t h e r e f o r e  conc luded ' t ha t  t h e  r a p i d  . h e a t i n g ' r a t e  d i d  no t  i n c r e a s e  t h e  . 

g r a i n  growth r a t e  or"  r e s u l t .  i n  i nc reased  communication of  t h e  atmosphere with 

t h e  p e l l e t  i n t e r i o r  by' maintaining a h ighe r  amount of  open porosity." 
. . 

To determine t h e  in f luence  of  moisture i n  t h e  hydrogen'atmosphere 

on g r a i n  growth a n d , t o  r e p l i c a t e  a k i n e t i c  s tudy  as a measure o f  reproduci -  

b i l i t y ,  K ine t i c  S t u d i e s  #7 and #9 ( ~ a b l e s  7  and 8) were r u n  i n  "dry" and "wet" 
, . 

hydrogen, r e s p e c t i v e l y .  Although t h e  dew p o i n t s  of  t h e  i n l e t  hydrogen g a s  

f o r  t h e s e  two r u n s  were - 6 0 ' ~  (- 51°C) and + 7 7 ' ~  (+ 25OC), r e s p e c t i v e l y ,  

t h e  dew p o i n t s  i n  t h e  ho t  zone o f  t h e  furnace  were approximately + 5 9 ' ~  (15 '~ )  

and 7 7 ' ~  (25OC), %espec t ive ly ,  The l a r g e  i n c r e a s e  i n t h e  dew po in t  o f  t h e  

dry hydrogen is most probably t h e  r e s u l t  . . of  back s t reaming from t h e  f lame 

c u r t a i n  a t  t h e  e x i t  end o f  t h e  furnace;  



Kine t i c  Study #7 used 0 .53  inch  diameter  p e l l e t s  produced i n  t h e  

t h o r i a  f a c i l i t y  from powder l o t  088 (55  % green d e n s i t y )  which were p r e t r e a t e d  i n  

f l owing  ins t rument  g rade  C02 at  925'~. The carbon content  of  t h e s e  p e l l e t s  

as determined by chemical a n a l y s i s  w a s  approximately 860 ppm. Th i s  i s  a 

v a l u e  cons ide rab ly  h i g h e r  t han  r e p o r t e d  f o r  p e l l e t s  p r e t r e a t e d  i n  C02 i n  t h e  

b i n a r y  f a c i l i t y  product ion  furnace .  An i d e n t i c a l  p re t rea tment  (925OC, 

r e s u l t i n g  i n  890 ppm C )  and s i n t e r i n g  schedule ( d r y  hydrogen--dew po in t  

r~ 15'~) were used f o k  K i n e t i c  Study #2 which r e s u l t e d  i n  t h e  formation o f  an  

id iomorphic  mic ros t ruc tu re .  The p e l l e t s  were removed from' t h e  h o t  zone 

a c c o r d i n g  t o  t h e ' s c h e d u l e  shown i n  Tah1.e 7  whi.ch a.lsn l i . s t , s  t .he grFtPn'anC1. 

s i n t e r e d  d e n s i t i e s .  The change i n  d e n s l t y  as a func t ion  o f  t ime and tempera- 

t u r e  i s  shown i n  F igure  26. The pel l .e t  densj.t.y i n c r e a s e d  r a p i d l y  - from t h e  

i n i t i a l  5.6 gm/cc t o  9.16 gm/cc a s  sobn as t h e  s i n t e r i n g  temperature o f  1 7 5 0 ~ ~  

was a t t a i n e d .  ' A d d i t i o n a l  t ime a t  temperature r e s u l t e d  i n  a maximum d e n s i t y  

o f  9.38 gm/cc a t  t h e  end o f  5 hours  and only  9.30 gm/cc a t  t h e  end o f  20 hours .  

The s i n t e r i n g  k i n e t i c s ,  d e n s i t y '  versus  t ime and tempera ture  f o r  K ine t i c  

S t u d i e s  #7 and #1 were s i m i l a r  i n  s p i t e  of  t h e  d i f f e r e n c e s  i n  pre t rea tment  

t i m e s  and tempera tures  and t h e  dew po in t  of t h e  s i n t e r i n g  atmosphere. 

Grain s i z e  as a f u n c t i o n  o f  p e l l e t  c r o s s  s e c t i o n , , f o r  K ine t i c  

Study #7 is  shown i n  F igure  27. The r a t e  o f  g r a i n  growth up t o  a maximum 

g r a i n  s i z e  o f  approximately 70 .w (ASTM #4) nea r  t h e  p e l l e t  su r f ace  and t h e  

r a t e . 0 . f  growth from t h e  p e l l e t  s u r f a c e  toward t h e  p e l l e t  c e n t e r  ou t  t o  a 

d i s t a n c e  of approximately 100 m i l s  (2% p )  could be approximated by a func- 

t i o n  o f  t h e  square  r o o t  o f  t ime.  Grain growth i n  t h i s  a r e a  i s  t h e r e f o r e  most 

l i k e l y  c o n t r o l l e d  by u n i n h i b i t e d  g r a i n  boundaxy su r face  tensinn fnr res ,  Simi- 

lar t o  p rev ious  t e s t s ,  t h e . ' p e l l e t  c e n t e r  cons i s t ed  of  very f i n e  g r a i n s ,  t h e  

growth of which i s  considered t o '  be inh ib i t ed  by an irnpuri t y  phase. However, 

un l ike  previoui k i n e t i c  s t u d i e s ,  the  p e l l e t  ' cen te r  .was porous ( ~ i g u r e  28a-d) 

and s o f t ,  based on Knoop hardness measurements. P e l l e t s  11-7 through 8-7 
wi th  s i n t e r i n g  times a t  1750 '~  of 0 t o  5 hours had s o f t  cen te r s .  P e l l e t  8-7, 
5 hours a t  1750°c, had a g r a i n  s t r u c t u r e  unresolvable with the  o p t i c a l  riicro- 

scope, Figure 20c, and a Knoop Hardness No. of 60. The e x t e r i o r  surface  of 

t h i s  same p e l l e t  shared normal hardness l e v e l s ,  Knoop No. 900, and the  

average g r a i n  s i z e  a t  t h e  surface  was A $ T M # ~  (- 60 p ) ,  Figure 28b. 

This  sample a l s o  showed t h e  presence of exaggerated g ra in  growth very 



near  t h e  f ine -g ra ined  p e l l e t  c e n t e r ,  F igures  27 and 2&. Since  
! 

t h e  d e n s i t i e s  of t h e  p e l l e t s  having t h e  s o f t  c e n t e r s  were 

comparable with those  of  t h e  p e l l e t s  which showed a more normal, uniform 

d e n s i f i c a t i o n ,  and s i n c e  t h e  volume of  t h e  s o f t  po r t ion  o f  t h e  p e l l e t  was a 

s i g n i f i c a n t  f r a c t i o n  of  t h e  t o t a l  p e l l e t  volume, i t  became obvious t h a t  

a l though S o f t  and g r a n u l a r ,  t h e  p e l l e t  c e n t e r s  were no t  s i g n i f i c a n t l y .  l e s s  

dense than  t h e  harder ,  per iphera l  ma te r i a l .  It has  been p rev ious ly  demon- 

s t r a t e d ,  Ref.  &, t h a t  t h e  as - rece ived  t h o r i a  powder i s  porous. ,The p o r o s i t y  

i n  each indiv.idua1 p a r t i c l e  may be removed o r  reduced by thermal t r ea tmen t  

y i e l d i n g  a powder wi th  t h e  same p a r t i c l e  s i z e  bu t  with a reduced s u r f a c e  area.. 

It i s  t h e r e f o r e  considered t h a t  t h e  i n d i v i d u a l  p o w d e r ' p a r t i c l e s  i n  t h e  c e n t e r  

o f  t h e  p e l l e t  a r e  dens i fy ing ,  bu t  d e n s i f i c a t i o n  and growth between p a r t i c l e s  

i n  t h i s  a r e a  a r e  not  t a k i n g  p lace .  I n  f a c t ,  even t h e  i n i t l a l  s t a g e  of 

s i n t e r i n g ,  neck formation between p a r t i c l e s ,  i s  seve re ly  r e t a r d e d ,  The 

reason f o r  t h i s  i s  not  e n t i r e l y  c l e a r .  It may be p o s t u l a t e d t h a t  duririg t h e  

h e a t - t r e a t i n g  process  t h e  e x t e r i o r  po r t ion  o f  t h e  p e l l e t  l e a d s  t h e  

c e n t e r  i n  t h e  d e n s i f i c a t i o n  process .  A s  a r e s u l t ,  t h e  e x t e r i o r  i n i t i a l l y  

s h r i n k s  more than  t h e  i n t e r i o r  and p u t s  t h e  c e n t e r  i n  compression and t h e  

s u r f a c e  i n  t ens ion .  The .ho t  p re s s ing  action i s  probably small compared.to 

t h e  normal sur face- tens ion  induced d e n s i f i c a t i o n  and i n  most c a s e s  i s  no t  

s epa rab le  experimental ly .  Pnce t h e  . e x t e r i o r  p o r t i o n  o f  t h e  p e l l e t  has.- 

d e n s i f i e d  and t h e  shr inkage  has  stopped, dens. i f icat . ion o f  t h e  c e n t e r  p o r t i o n ,  
. .  . 

which is lagging  behind, cont inues.  The c e n t e r  m a t e r i a l  i s  t h e r e f o r e  sub- 

j ec t ed  t o  h y d r o s t a t i c  t e n s i l e  s t r e s s e s .  The s u r f a c e  t e n s i o n  f o r c e s  of  t h e  

p e l l e t  i n t e r i o r  a r e  q u i t e  small while  t h e  compressive s t r e n g t h  . o f  . t h e  

s i n t e r e d  p e l l e t  e x t e r i o r  i s  q u i t e  l a r g e ,  even a t  temperature;  t h e r e f o r e  

shrinkage as a r e s u l t  o f  neck formation and d e n s i f i c a t i o n  between p a r t i c l e s  

i s  i n h i b i t e d .  With extended time a t  t e m p e r a t u r e , t h e  d r i v i n g  f o r c e  f o r  densi-  

f i c a t i o n  may be adequate  t o  cause a c t u a l  phys i ca l  s e p a r a t i o n  o f  t h e  p e l l e t  
> .  

i n t e r i o r  from t h e  e x t e r i o r  s h e l l  as shown i n  F igure  29. I n  a d d i t i o n  t o  t h e  

l a r g e r  i n t e r g r a n u l a r  s epa ra t ion  between t h e  i n t e r i o r  and e x t e r i o r ,  extremely 

l a r g e  g r a i n  boundary s e p a r a t i o n s  have formed t o  f u r t h e r  a l l e v i a t e  t h e  s t r e s s  

resul.l;ing fru111 -\;he i i f I I e r e r ~ t i a l  shr inkage,  F lgures  29a and b. The preceding 

explana t ion  of t h e  s o f t  p e l l e t  c e n t e r s  and i n t e r g r a n u l a r  s e p a r a t i o n s  i s  an  

i l l u s t r a t i o n  t h a t  t h e  p u r l f i c a t f o n  of  t h e  e x t e r n a l  p o r t i o n  o f  t h e  p e l l e t  
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by i m p u r i t y  v o l a t i l i z a t i o n  o r  impurity-atmosphere i n t e r a c t i o n ,  no t  only 

no rma l i zes  g r a i n  growth b u t  a l s o  promotes d e n s i f i c a t i o n  vis-a-vis  p o i t i o n s  

o f  t h e  p e l l e t  which a r e  no t  t h u s  p u r i f i e d .  

To r e c a p i t u l a t e ,  i t  is p o s t u l a t e d . t h a t  t h e  phenomenon of. 

secondary g r a i n  growth d i c t a t e s  t h e  presence of an  i n h i b i t i n g  spec i e s .  

Normal g r a i n  growth a t  t h e  p e l l e t  s u r f a c e  i n d i c a t e s  t h a t  t h e  i n h i b i t i n g  

impur i ty .was  e i t h e r  removed completely o r , r e d u c e d  below a t h r e s h o l d  value.  . ' .  

S i nce  t h e r e  was e i t h e r  no impur i ty  phase t o  i n h i b i t  g r a i n  growth o r  secondary 

r e c r y s t a l l i z a t i o n  took p l a c e  when t h e  g r a i n s  were still q u i t e  small, g r a i n  

growth proceeded i n  a normal f a sh ion ,  i. e .  a t  a r a t e  decreas ing  with t ime. 

A t - a  somewhat . g r e a t e r  impur i ty  concentration s e l e c t e d  g r a i n s  were a b l e  t o  

grow at t h e  expense of  t h e  o t h e r  g r a i n s  i n  t h e  immediate z rea .  Exaggkrated 

g r a i n  growth r e s u l t e d  when t h e  growth of  a l l  but  a few g r a i n s  were r e t a rded .  

C lose r  t o  t h e  p e l l e t  c e n t e r  t h e  impur i ty  concen t r a t ion  w a s  h igh  enough t h a t  

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

The p e l l e t  s i n t e r e d  a t -  1 7 5 0 ~ ~  ' f o r  1 2  hours  shows a d i s t i n c t  

columnar s t r u c t u r e  wi th  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  l a r g e  g r a i n s  extending 

r a d i a l l y  o u t  from t h e  p e l l e t  c e n t e r .  In  a d d i t i o n ,  what appeared t o  be a 

second phase was d i s t r i b u t e d  as very t h i n  equa l ly  spaced p l a t e s  w i th in '  

s e v e r a l  of t h e  l a r g e  columnar g r a i n s .  Based on previous  work it was a t  

first t e n t a t i v e l y  assumed t h a t  t h e  secondary phase con,l;ained s u l f u r ;  however, 

t h e  r e g u l a r  morphology o f  t h e  secondary phase observed i s  unique t o  t h i s  

st,ildy. From an examination o f  t h e ' m i c r o s t r u c t u r e ,  F igure  29c, i t  was sus-  

pec t ed  t h a t  t h e  p l a t e - l i k e  phase may not  be a s e p a r a t e  phase bu t  a d i f f e r e n t '  

o r d e n t a t i o n  of t h e  same phase which could r e s u l t  as s t r e s s  induced twins.  

Subsequent energy-d ispers ive  a n a l y s i s  i n  t h e  scanning e l e c t r o n  microscope 

(SEM) o f  t h i s  sample confirmed t h a t  no f o r e i g n  elements  were p re sen t  i n  

q u a n t i t i e s  s u f f i c i e n t  t o  account  f o r  t h e  formation o f  t h e  p l a t e - l i k e  phase 

i n  F igu re  29c and  t h a t  it w a s  indeed aetwin. This  would t end  t o  support  t h e  

s p e c u l a t i o n  d iscussed  above o f  t h e  presence o f  t e n s i l e  s t r e s s e s  between t h e  

c o r e  and t h e  o u t s i d e  o f  t h e  p e l l e t  and may a l s o  h e l p  exp la in  t h e  formation 

of columnar g r a i n s .  



Kine t i c  Study was under.taken t o  eva lua t e  t h e  e f f e c t  of  ' 

s i n t e r i n g  atmosphere dew po in t .  Therefore,  u n l i k e  t h e  o t h e r ' s i n t e r i n g  k i n e t i c  

s t u d i e s ,  t h e  p e l l e t  p re t rea tment  and s i n t e r i n g  were d i f f e r e n t  *om t h e  pro- 

cedures  used b y ' e i t h e r . t h e  t h o r i a  o r  b ina ry  f a c i l i t i e s ,  c o n s i s t i n g  of  a 

combination of  t h e  9 2 5 ' ~  b ina ry  f a c i l i t y  pre t rea tment  and t h e  t h o r i a  f a c i l i t y  

wet hydrogen s i n t e r i n g .  ' In  a d d i t i o n ,  it should be noted t h a t  while  

t h e  i n l e t  dew p o i n t s  of t h e  wet and d r y  hydrogen were 7 7 ' ~  (25 '~ ) .  and - 6 0 ' ~  

(- 51°C), r e s p e c t i v e l y ,  t h e  same dew p o i n t  va lues  i n  t h e  ho t  zone of t h e  

s i n t e r i n g  fu rnace  were ' 2 5 ' ~  and I 5 '~ .  Consequently,. both atmospheres were 

r e l a t i v e l y  wet with somewhat similar dew p o i n t s .  Therefore  it  is no t  su r -  

p r i s i n g  t h a t  t h e  d e n s i t y  o f  t h e s e  p e l l e t s ,  Table 8 ( 2 5 ' ~  dew p o i n t ) ,  a r e  

similar t o  those  i n  Table 7 ( 1 5 ' ~  dew p o i n t ) .  Never the less ,  a f t e r  1 2  hours  

a t  tempera ture  t h e  d e n s i t y  o f  wet hydrogen s i n t e r e d  p e l l e t ,  6-9, was measured 

a t  9.453 gm/cc and t h e  dens i ty  o f  t h e  "not  so wet" hydrogen s i n t e r e d  p e l l e t  

was 9.35 gm/cc. The a x i a l  and r a d i a l  shr inkages  a r e  a l s o  somewhat l a r g e r  

f o r  t h e  p e l l e t s s i n t e r e d  i n t h e  hydrogen with t h e  h ighe r  dew p o i n t .  What was 

s u r p r i s i n g  was t h e  g r a i n  growth of  t h e  p e l l e t s  i n  t h i s  s tudy.  

The g r a i n  growih dg ta  o f  K i n e t i c  Study #9 is shown i n  F igure  30. 

Grain.growth was i n i t i a t e d  a t  t h e  p e l l e t  s u r f a c e  and proceeded t o  i n c r e a s e  i n  

diameter  and i n  t o t a l  pene t r a t ion  toward t h e  p e l l e t  c e n t e r  as observed i n  

e a r l i e r  s t u d i e s .  Close comparison of  t h e  g r a i n  s i z e s  as a func t ion  o f  t ime 

dur ing  t h e  first 5 hours  a t  temperature and i n  t h e  e x t e r i o r  160 m i l s ;  

F igures  27 and 30, shows l i t t l e  d i f f e r e n c e ,  implying t h a t  removal o f  t h e  
. . 

i n h i b i t i n g  impur i t ies  d i f f e r s  l i t t l e  as would be  expected between ho t  zone 
0 dew p o i n t s  of 15 and 2 5 ' ~ .  A t  some t ime i n  excess  o f  5 hours  a t  1'750 C t h e  

c e n t e r  gra . ins  overcame t h e  inh . ib . i t ing  e f f e c t s  o f  t h e  secondary phase and  

underwent s i g n i f i c a n t  growth. The growth was ex tens ive  enough t o  r e s u l t  i n  

a r e l a t i v e l y  uniform g r a i n  s i z e ,  ASTM #3.5 t o  #6 a c r o s s  t h e  . e n t i r e  . c r o s s  

s e c t , i o n o f  t h e  p e l l e t  a t  t h e  end o f  1 2  hours  a t  1 7 5 0 ~ ~ .  It i s  h igh ly  s.ig- 

n i f i c a n t  t h a t  n o . a d d i t i o n a 1  g r a i n  growth r e s u l t e d  a f t e r  20 hours  a t  tempera- 

t u r e .  If t h e  i n i t i a l  r e s u l t s  a t  5 hours  and l e s s  had been unava i l ab l e ,  t h e  

secondary r e c r y s t a l l i z a t i o n  phenomenon would n o t  have been d e t e c t e d  from 

j u s t  t h e  1 2  o r  20 hour r e s u l t s .  P e l l e t s  from t h e  same b lend  s i n t e r e d  i n  "dry" 

hydrogen (15'~ h o t  zone dew p o i n t )  showed exaggerated g r a i n  growth a f t e r  

1 2  and 20 hours.  These r e s u l t s  i n d i c a t e  t h a t  t h e  g r a i n  boundary d i f f u s i o n  I n  



0 
a wet (25 c ) ,  o r  more p rope r ly ,  w e t t e r  hydrogen atmosphere, is g r e a t e r  o r  

more e f f i c i e n t  t han  i n  a d r i e r  hydrogen atmosphere. The wet hydrogen inc reased  

t h e  m o b i l i t y  o F t h e  g r a i n  boundar ies  so  t h a t  a f t e r  5 hours  a t  temperature t h e  

bounda r i e s  o f  even t h e  r e l a t i v e l y  small g r a i n s  were a b l e  t o  move beyond t h e  

i n h i b i t i n g  phase o r  had s u f f i c i e n t  energy t o  drag  t h e  i n h i b i t i n g  phase. Con- 

seGuently a l l  o f  t h e  g r a i n s  were a b l e  t o  grow i n  a normal f a sh ion .  On t h e  

o t h e r  hand, t h e  more i n h i b i t e d  g r a i n  growth i n  t h e  d r i e r  hydrogen atmosphere, 

. Figure  27, a l lowed discont . inuous g r a i n  'growth,  where', on ly  a few gr,ain boundar- 

i e s  had s u f f i c i e n t  energy t o  move apprec iab ly ,  t he i eby  r e s u l t i n g  i n  a few very 

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

A comparison o f  K i n e t i c  S t u d i e s  #1 and #9 is i n  o r d e r  s i n c e  t h e s e  

exper iments  d i f f e r e d  on ly  i n  t h e  maximum pre t rea tment  tempera tures  used, 425 
0 and 925 C ,  r e s p e c t i v e l y ;  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  h ighe r  pre t rea tment  

t empera tu re  may b e  b e n e f i c i a l .  Secondary r e c r y s t a l l i z a t i o n  was observed i n  

both  s t u d i e s ;  however, i n  K i n e t i c  Study #9 (925 '~  p r e t r e a t )  t h e  c e n t e r  g r a i n  

boundar ies  were a b l e  t o  overcome t h e  i n h i b i t i n g  impur i ty  sometime between 

5 and  1 2  hours  a t  1750°C, whereas i n  K i n e t i c  Study #1 (4.25'~ pre t rea tment )  

c e n t e r  g r a i n  boundary m o b i l i t y  became s u f f i c i e n t  t o  migra te  p a s t  t h e  i n h i b i t -  

i n g  impur i ty  only  a f t e r  1 2  t o  20 hours .  S ince  t h e  carbon c o n t e n t s  of  t h e  

425 and  9 2 5 ' ~  p r e t r e a t e d  p e l l e t s  a r e  approximately 3000 ppm and 860 ppm, 

r e s p e c t i v e l y ,  t h e  p o s s i b i l i t y  t h a t  carbon i n  l u g e  amounts may a c t  as a 
' 

g r a i n  growth i n h i b i t i n g  phase was g iven  g r e a t e r  emphasis. , 

A s  a consequence o f  t h e  r e s u l t s  ob ta ined  from t h e  preceding two 

k i n e t i c  s t u d i e s ,  i t  w a s  concluded t h a t  t h e  s i n t e r i n g  atmosphere had a major 

i n f l u e n c e  on g r a i n  growth and warranted f u r t h e r  i n v e s t i g a t i o n .  Less c l e a r  

c u t  i s  t h e  e f f e c t  o f  t h e  p re t r ea tmen t  and r e s i d u a l  carbon on subsequent 

g r a i n  growth. The h i g h e r  carbon con ten t  (3000 ppm) of  t h e  4 2 5 ' ~  pre t rea tment  
0 

v e r s u s  t h e  860 ppm con ten t  of  t h e  925 C pre t rea tment  may have r e s u l t e d  i n  

more g a s - f i l l e d  p o r e s  i n  t h e  p e l l e t s  used i n  K ine t i c  Study #1 as compared 

t o  K i n e t i c  Study #9. However t h e i r  e f f e c t i v e n e s s  as a g r a i n  growth i n h i b i t o r  

h a s  n o t  been proven ( s e e  Sec t ion  v) .  I n  any case ,  as d i scussed  i n  Sec t ion  I V  

above, t h e  h ighe r  carbon l e v e l s  delayed r a t h e r  t han  prevented g r a i n  growth. 



C. E f f e c t s  o f  S i n t e r i n g  Atmosphere and S o l a r i z a t i o n  of S i n t e r e d  

'I310 P e l l e t s  ,-2 

These two t o p i c s  a r e  not  normally companions; however, i n  t h e . c o u r s e  

o f  t e s t i n g -  t h e  p o s t u l a t e  which s u g g e s t s ' t h a t  g a s - f i l l e d  po res  i n h i b i t @ d  

p e l l e t  g r a i n  growth, in format ion  w a s  ob t a ined  s imultaneously on t h e  e f f e c t  

o f  t h e  s i n t e r i n g  atmosphere on g r a i n  growth. 

~ n c o r r e c t  func t ion ing  and mal-operation of t h e  pre t rea tment  fu rnaces  

i n  t h e  product ion f a c i l i t y ,  as well  as some i n i t i a l  i n d i c a t i o n s  t h a t  carbon 

may not  be r e a d i l y  e l imina ted  by powder c a l c i n a t i o n ,  Sec t ion  ' V I I ,  caused 
. . 

susp ic ion  t o  be  d i r e c t e d  toward carbon o r  its r e a c t i o n  products  with Tho 
. . 2 

as being r e s p o n s i b l e  f o r  s t r u c t u r a l  nonuniformit ies .  The analyzed carbon 
. . 

content  o f - t h e  as-received powders was 100 t o  500 ppm and l a r g e  amounts 

(2-3 w/o which i s  equiva len t  t o  4 t o  5 t imes  as much v/o) o f  carbonaceous 

m a t e r i a l s  a r e  added as b i n d e r s  and l u b r i c a n t s  o r  by e ros ion  o f  t h e  rubbe r  

l i n e r s  i n  t h e  micronizing equipment, Not a l l  o f  t h i s  carbon was e l imina ted  

i n  t h e  pre t rea tment  and s i n t e r i n g  s t e p s  s i n c e  p e l l e t s  p r e t r e a t e d  i n  t h e  

l a b o r a t o r y  i n  high p u r i t y  CO gas  a t  9 2 5 ' ~  f o r  3 hours  analyzed 460-900 ppm 2  
carbon and p e l l e t s  s i n t e r e d  i n  t h e  l abo ra to ry  o r  product ion f a c i l i t y  analyzed 

50-100 ppm carbon. Based on informat ion  i n  t h e  l i t e r a t u r e ,  Ref.  45, which 

a t t r i b u t e d  "necklace" p o r o s i t y  i n  U02 s i m i l a r  t o  t h a t  o f t e n  observed i n  t h e  

t h o r i a  f u e l  p e l l e t s  t o  t h e  r e a c t i o n  o f  r e s i d u a l  carbon t o  form i n s o l u b l e  

gases  i n  t h e  mat r ix  as well  as on t h e  r e l a t i v e l y  h igh  carbon ana lyses  r e p o r t e d  

f o r  a s - s in t e red  p e l l e t s ,  it was reasonable  t o  suspec t  carbon i n  t h e  form of 

CO g a s  t rapped  i n  pores  as be ing  t h e  major g r a i n  growth i n h i b i t o r .  T h i s  

p o s t u l a t e  l o s t  c r e d i b i l i t y  s i n c e  it w a s  shown t h a i  t h e  carbon ana lyses ,  both 

from B e t t i s  and NLO l a b o r a t o r i e s ,  were misleading and t h a t  t h e  bulk of  t h e  

carbon d e t e c t e d  i n  t h e  incoming powder, p r e t r e a t e d  p e l l e t s ,  and s i n t e r e d  

p e l l e t s  was chemically adsorbed as CO from t h e  a i r  atmosphere onto t h e  2 
powder su r f ace .  S ince  t h e  technique  employed t h e  c rushing  i n  a i r  o f  t h e  

p r e t r e a t e d  and s i n t e r e d  p e l l e t s ,  even those  samples with i n i t i a l l y  low s u r -  

f a c e  a r e a  could i n d i c a t e  abnormally high carbon r e s u l t s .  This  adsorbed carbon 

d ioxide  was l o o s e l y  he ld  and could be removed by a , 4 0 0 ~ ~  c a l c i n e ,  Ref. 44. 

Using a r e f i n e d  a n a l y t i c a l  t echnique  where t h e  p e l l e t s  were ground i n  an  

i n e r t  atmosphere and no t  exposed t o  t h e  a i r  atmosphere p r i o r  t o  a n a l y s i s ,  



less t h a n  1 0  ppm carbon w a s  r e t a i n e d  i n  t h e  s i n t e r e d  p e l l e t .  The C02. 

adsorbed  on t h e  p r e t r e a t e d  p e l l e t  p r i o r  t o  s i n t e r i n g  would t h e r e f o r e  be  

d r i v e n  o f f  at  very  low tempera tures  and could c o n t r i b u t e  l i t t l e  t o  t h e  

s t r u c t u r e  development i n  t h e  Tho2 p e l l e t s .  That which d i d  remain was a t  

such a low l e v e l  t h a t  it could  no longe r  be cons idered  a primary e f f e c t  

r e s p o n s i b l e  f o r  g r a i n  growth i n h i b i t i o n . .  On t h e  o t h e r  hand, i n  p e l l e t s  ' 

p r e t r e a t e d  - at  4 2 5 ' ~  with r e s i d u a l  carbon con ten t s  g r e a t e r  than  1700 ppm 

( ~ & b l e  3) ,  much. o f  t h e  carbon i s  probably p re sen t  as elemental  carbon. o r  

i ncomple t e ly  pyrolyzed hydrocarbons and could well l e a d  t o  t h e . p r e s e n c e  uT 
. . 

i n s o l u b l e  carbonaceous g a s e s  i n  pores ,  part1cuiaYi.y when s l n t e r e d  f r i  a . . 

t r u l y  d r y  hydrogen atmosphere.  I n  f a c t ,  r e s i d u a l  c a r b i d e s  can be formed 

d u r i n g  s i n t e r i n g  under such cond i t i ons .  Thus it i s  c r e d i b l e  t h a t  

boundary p o r o s i t y  i n  t h e  s i n t e r e d  p e l l e t s  r e s u l t i n g  from pore s t a b i l i z a t i o n  

v i a  a g a s  phase i s  d e t e c t e d  by meta l lographic  observa t ion  and most probably 

c o n E i s t s  of carbonaceous gases .  It w a s  t h e r e f o r e  sti l l  deemed important  t o  

e s t ab l i sh  t h e  presence  of g a s - f i l l e d  po res  by determining i f  d e n s i t y  dec reases  

occu r red  i n  t h e  s i n t e r e d  p e l l e t s  a f t e r  prolonged t imes  a t  h igh  tempera tures  

caused  by t h e  coa lescence  and  growth o f  g a s - f i l l e d  pores .  I11 U02 , , a s  wel l  as 

i n  some o t h e r  ceramics  known t o  con ta in  l a r g e  amourits of  g a s - f i l l e d  pores ,  

t h e s e  thermal  t r e a t m e n t s  ( so -ca l l ed  s o l a r i z a t i o n  experiments) have been shown 

t o  r e s u l t  i n  d e n s i t y  dec reases  due t o  t h e  p re s su re  o f  t h e  gaq i n  t h e  pores ,  

Refs .  46-48, 
. 

I n i t i a l l y  a s - s i n t e r e d  .(I 2 hours  a t  1750°c, wet 1 1 0 ~ ~  (- 70,000 ppm 

~ ~ 0 )  hydrogen) p e l l e t s  (from Tho2 l o t  088 which showed a v a r i a t i o n  i,n g r a i n  

s i z e  from ASTM #4 at  t h e  s u r f a c e  t o  about  #Y at t h e  c e n t e r )  were . r e s l n t e r e d  

f o r  1 2  hour s  i n  wet 77°F (33,000 pprn ~ ~ 0 )  hydrogen a t  1 8 0 0 ~ ~ .  Two o f  t h e  

, three p e l l e t s  t e s t e d  dec reased  i n  d e n s i t y  - 0.717 % and - 1 . 0 5  76; t h e  t h i r d  

in.crea,sed.+ 0.35 %, t,he change i n  each case  be ing  small, Table 9. . This  

experiment . w a s  r e p e a t e d  with t h r e e  a d d i k i o n a 1 , p e l l e t s  from t h e  same l o t ,  . 

L 

except  u s ing  a vacuum atmbsphere, 4 x 1 0 ' ~  t o r r  a t  tempera ture ,  t o  prec lude  

any p o s s i b i l i t y  f o r  g a s  formation by r e a c t i o n  with t h e  atmosphere and a 

tempera ture  of 1 8 5 0 ' ~  f o r  1 2  hours.  The r e s u l t s  a r e  shown i n  Table 1 0 ,  The 

maximum geometr ic  i n c r e a s e  i n  d e n s i t y  w a s  0.346 %, while  t h e  maximum i n c r e a s e  

i n  d e n s i t y  as measured by immersion techniques  was found t o  be only  0.153 % 



( i n t e r e s t i n g l y ,  the ,  d e n s i t y  change .... f o r  t h e  game p e l l e t  as deterinined. by . .  . 

geometr ic  measurements was only  0.030 %). The f a c t  t h a t .  a d e n s i t y  i n c r e a s e  . 
.. . 

w a s  recorded  f o r  each p e l l e t ,  r a t h e r  than  t h e  a n t i c i p a t e d  d e c r e a s e , i f  t h e  

g a s - f i l l e d  pores  were growing ,  does not  completely exclude t h e  p o g s i b i l i t y  , , , . 

t h a t  s o l a r i z a t i o n  is, i n  f a c t ,  occu r r ing  s i n c e  some ,dens i f i ca t ion  'would. be,:: 

expected as a r e s u l t  o f  s i n t e r i n g  o f  nongas- f i l l ed  pores.which would be : . .  

counterac ted  by b l o a t i n g  due t o  s w e l l i n g . o f  . t h e  g a s - f i l l e d  pores .  Lacking 

q u a n t i t a t i v e  informat ion  on t h e  r e l a t i v e  d i s t r i b u t i o n  o f  t h e  s e v e r a l  t y p e s  : 

o f  p o r o s i t y ,  t h e  r e s u l t s  ob ta ined  t o  d a t e  'do no t  r u l e  o u t  t h e  presence of  

g a s - f i l l e d  pores .  ;:. . . _ I _ .  < _  .- . I  . . . .. , $.;. - . ,  .: 

Some i n t e r e s t i n g  obse rva t ions  were made o f  t h e . m ~ ~ r o s t r u c t u r e s  " 

obta ined-  i n  t h e s e  two experiments.  The p e l l e t s  S i n t e r e d  a t  1 8 0 0 ' ~  i n  wet. 

hydrogen showed t h e  growth o f  very l a r g e  g r a i n s ,  >. ASTM. #2; .F igu re  31, which; 

during t h e i r  growth, c o l l e c t e d  and p r e c i p i t a t e d  l a r g e  co1lecti 'ons.of second'  . 

phases and pores ,  presumably g a s - f i l l e d ,  Figure 32. Analysis  by SEM of  t h e  

phase shown i n  F igure  32 h a s  shown t h e  presence of a . s t r o n g  peak i d e n t i f i e d  

as aluminum. An approximate compos.it ion.of t h e  impur i ty  phase was:est imated 

at 0.7 w/o C r ,  7 w/o A 1  and t h e  remainder .  Tho2. S ince  t h e  s t a r t i n g  Thop ' . 

' 

powder was low i n  A l ,  it i s  assumed t h a t  t h e  A 1  was adsorbed du r ing  s i n t e r i n g  a t  

1 8 0 0 ~ ~  i n  t h e  A 1  0 muffle  fui-nace. The d i r t y  g rey  c o l o r  and t h e  p i c t u r e -  . 2 3  . . . 
. .. 

frame m, ic ros t ruc ture  were more o r  l e s s  similar t o  t h a t  of  t h e  o r i g i n a l  pellet..,,., 

0 .The  samples s in t e red '  a t  1850 C i n  a' vacuum were almost' j e t -b l ack  upon 
. .  . . 

removal from t h e  furnace ,  showed t h e  same b lack  co lo ra t io i i  throughout t h e .  * '.. 

p e l l e t  c r o s s  s e c t i o n ,  a n d  demonstrated alniost no g r a i n  s i z e  . increase  from. 

t h a t  of  t h e  o r i g i n a l  p e l l e t ;  The as - rece ived  p e l l e t ,  s i n t e r e d  a t  1 7 5 0 ~ ~  :in :: 

wet hydrogen, was ASTM #8 at  t h e  s u r f a c e  and ASTM #9.5 a t  t h e  p e l l e t  c e n t e r .  
0 The g r a f n  s i z e  a f t e r  r e s i n t e r i n g  i n  vacuum a t  1850 .C a t  t h e  same two loca t ions  

. . 
was i d e n t i c a l ,  ASTM At8 and if9.5. - 

0 
It i s  p o s t u l a t e d  t h a t  t h e w e t  hydrogen exposure a t  1800 . .  C ,  . c&esponding 

-1 0 
t o  a p a r t i a l  p r e s s u r e  o f  oxygen o f  about 10  a t . ,  produces a d e f e c t  l a t t i c e  

. . .  . . . .  . . . . . 
with enhanced g r a i n  boundary mob i l i t y  ( a r i s i n g  from i & r e a s e d  s e l f - d i f f u s i o n  . . . . 
r a t e s  of both Th and 0 i o n s ) ;  t h e '  mob i l i t y  i s  s u f f i c i e n t l y  enhanced t o  over-  . 

come t h e  anchoring effect of t h e  impur i ty  phase a t  t h e  c e n t e r  o f  t h e  p e l l e t ,  

While t h e  p a r t i a l  p re s su re  o f  oxygen a t  t h e  nominal p re s su re  o f  t h e  vacuum 



-8 
t r e a t m e n t ,  10 a t . ,  appea r s  h ighe r  than  t h a t  i n  t h e  wet hydrogen t r ea tmen t ,  

it is  probably many o r d e r s  o f  magnitude lower because of t h e  g e t t e r i n g  of 

oxygen by t h e  tan ta lum h e a t i n g  element and t h e  niobium c r u c i b l e  i n  which t h e  

vacuum-sintered p e l l e t '  w a s  conta ined .  Thus t h e  vacuum-sintered p e l l e t  i s  

b e l i e v e d  t o  have been exposed t o  a p a r t i a l  p re s su re  of  oxygen l e s s  than 

10-lo a t .  A d e f e c t  s t r u c t u r e  h h s  been p o s t u l a t e d  ( s e c t i o n  IV. C )  ' t o  form 

which r educes  t h e  volume and g r a i n  boundary s e l f - d i f f u s i o n  r a t e s  (and h'ence 

g r a i n  boundary m o b i l i t y )  of  t h e  ~h o r  0 i o n s  t o  a l e v e l  such t h a t  no t  on ly  i s  

no g r a i n  s i z e  i n c r e a s e ' o b s e r v e d  at t h e . p e l l e t  c e n t e r  where an i n h i b i t i n g  

impur i ty  is be l i eved  t o  be  p r e s e n t ,  bu t  a l s o  no change i s  app&ent a t  t h e  

s u r f a c e  where t h e  impur i ty  i s  be l i eved  t o  be absent .  The diffilsf-nn ra.t.e . . .  . 1.. 

change due t o  t h e  d e f e c t  l a t t i c e  change t h u s  i s  more than  adequate  t o  over- 

come t h e  normal i n c r e a s e  i n  d i f f u s i o n  r a t e  'by a f a c t o r  of' 3 t o  4 due t o , e l e -  

v a t i o n  i n  tempera ture  from 1 7 5 0 ' ~  t o  1 8 5 0 ~ ~ .  . Furthermore, t h e  black co lora-  

t i o n  o f  t h e  vacuum s i n t e r e d  p e l l e t -  a l s o  i n d i c a t e ?  a change i n  d e f e c t  l a t t i c e  

c o n f i g u r a t i o n .  e he obse rva t ion  t h a t  t h e  c o l o r a t i o n  i s  uniform through t h e  

p e l l e t  i n d i c a t e s  t h a t  t h e  d e f e c t  l a t t i c e  probably a r i s e s  by a r e a d i l y  d i f f u s i b l e  

s p e c i e s ,  t h e  oxygen ion .  

A a p p l i c a t i o n  is  suggested by t h e s e  hypotheses.  The 

c r i t i c a l  oxygen p r e s s u r e  at which a change occurs  from high t o  low s e l f -  
0 d i f f u s i o n  r a t e s  corresponds t o  a dew p o i n t  i n  t h e  hydrogen a,tmosphere of  25 C 

o r  l e s s .  The i n l e t  hydrogen dew po in t  i n i t i a l l y  u t i l i z e d  i n  t he  binary pro- 

duct ion f a c i l i t y  was f a r  lower and, uncontaminated, may y ie ld  oxygen p a r t i a l .  

pressures  i n  the  l o w  d i f fus ion- ra te  defec t  s t r uc tu r e  range, Normally, su.ff lc i .ent  

r e a c t i o n  w i l l  occur  wi th  i m p u r i t i e s  i n  t h e  brickwork o r  back-streaming from 

t h e  f l ames  a t  t h e  en t r ance  o r  e x i t  ends t o  e s t a b l i s h  an adequate ly  high oxygen 

l e v e l ;  however it i s  conce ivable  t h a t  w i t h  v a r i a t i o n  i n  age  o f  t h e  brickwork, 

f u r n a c e  tempera ture  i n  t h e  approved range,  o r  mode of  door ope ra t ion ,  uncon- 

t r o l l e d  v a r i a t i o n s  i n  water  conten t  l e v e l  w i l l  occur ,  l ead ing  t o  changes i n  

p e l l e t  d e f e c t  s t r u c t u r e  and hence v a r i a b i l i t y  i n  g r a i n  s i z e  from t h i s  source  

a lone .  Thus it was concluded t h a t  some minimum dew point ,  e,.g. 25O~,  be 

es tab l i shed  fo r  - t he  i n l e t  hydrogen t o  remove t h i s  po t en t i a l  source of gra in  

s i z e  v a r i a b i l i t y .  
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Since  a l l  of t h e  p e l l e t s  used f o r  t h e  s o l a r i z a t i o n  and atmosphere 

s t u d i e s  had been s i n t e r e d  previous ly ,  a green  p e l l e t  was s i n t e r e d  i n  a 

vacuum atmosphere. Unfortunately t h e  p e l l e t  s e l e c t e d  f o r  t h i s  s tudy  w a s  

no t  f a b r i c a t e d  from t h e  same powder l o t  o r  t o  t h e  same green d e n s i t y  as 
/ 

t h e  p e l l e t s  used i n  t h e  previous  s tudy.  The powder l o t  w a s  097 and t h e  

green d e n s i t y  was 6.245 gm/cc ( t h e  inc reased  green d e n s i t y  of  t h i s  p e l l e t  

would have a tendency t o  r e s u l t  i n  an  i n c r e a s e  i n  t h e  f i n a l  g r a i n  s i z e ) .  

Nevertheless ,  t h e  g r a i n  growth r e s u l t s  as a f u n c t i o n  o f  p e l l e t  c r o s s  s e c t i o n ,  

Figure 33, a r e  st i l l  q u i t e  in format ive .  The maximum g r a i n  s i z e  observed 

a c r o s s  t h e  mid-plane diameter  o f  a long i tud ina l  s e d t i b n  w a s  ASTM'#IO (11.2 w e ) ,  
a va lue  s l i g h t l y  sma l l e r  than  t h e  ASTM #9-#9.5 '(15.9-13.4 w )  which w a s  

observed as a c e n t e r  va lue  f o r  t h e  p e l l e t s  s i n t e r e d  i n  wet hydrogen and then  

s i n t e r e d  i n  vacuum. More informat ive ,  however, i s  t h e  l a c k  o f  g r a i n  growth. 

a t  t h e  p e l l e t  su r f ace .  The p e l l e t  i n i t i a l l y  s i n t e r e d  i n  wet hydrogen had a  

su r f ace  g r a i n  s i z e  of  ASTM #8 (22.4 p) ,  Figure  31, whereas t h e  p e l l e t ,  s i n t e r e d  
. . . ... 

on ly  i n  a vacuum had a s u r f a c e  g r a i n  s i z e  of  ASTM #12 '(5.6 p ) .  These, r e s u l t s  

aga in  i n d i c a t e  t h a t  t h e  i n i t i a l  exposure t o  oxygen i n  t h e  form of  wet hydro- 

gen promoted g r a i n  growth i n  t h e  former case  while t h e  absence and p o s s i b l e  

c r e a t i o n  o f  an oxygen d e f i c i e n t  s t r u c t u r e  a t  t h e  s u r f a c e  i n  t h e  l a t t e r  case  

i n h i b i t e d  g r a i n  growth. 

D,  I n t e r p r e t a t i o n s  

1. Secondary R e c r y s t a l l i z a t i o n  

It has  been demonstrated $hat  s i n t e r i n g  and . .... g a i n  .;I.. growth a r e  

k i n e t i c  processes .  The..confusing na tu re  o f  t h e  g r a i n  s i z e  obse rva t ions  taken  

i n  t h e  product ion f a c i l i t y  r e s u l t e d  from obse rva t ions  be ing  made on ly  a t  

f i x e d  t imes.  The k i n e t i c  experiments showed t h a t  i n f e r e n c e s  about  g r a i n  

growth being a monotonic f u n c t i o n  o f  t ime were i n c o r r e c t  and t h a t  t h e  pro- 

duc t ion  d a t a  w a s  r e a d i l y  expla inable"wi th in  t h e  framework o f  secondary r ec rys -  

t a l l i z a t i o n  g r a i n  growth k i n e t i c s .  The observed exaggerated g r a i n  growth 

r e s u l t i n g  from t h e  phenomena of  secondary r e c r y s t a l l i z a t i o n  i s  cons idered  

conclus ive  proof o f  t h e  presence o f  a g r a i n  growth i n h i b i t o r .  T h i s  impur i ty  

i s  removed from t h e  p e l l e t  e x t e r i o r  d u r i n g ' s i n t e r i n g  r e s u l t i n g  i n  a " p i c t u r e  

frame" o f  normal g r a i n  growth on t h e  o u t s i d e  of t h e  p e l l e t .  On t h e  i n s i d e  

o f  t h e  p e l l e t  t h e  impur i ty  i n h i b i t s  normal g r a i n  growth and r e s u l t s  i n  dis- 

cont inuous g r a i n  growth which, depending on s i n t e r i n g  t ime,  temperature,  and 



o x i d a t i o n  p o t e n t i a l  o f  t h e  atmosphere, l e a d s  e i t h e r  t o  a vcry f i n e  g r a i n  

s i z e  below s p e c i f i c a t i o n  l i m i t s  o r  t o  a very coa r se  . g ra in  s i z e  exceeding t h e  

upper  g r a i n  s i z e  l i m i t s .  

2. Hold Time, Cracks,  and Mechanicaliy Exposed Sur faces  

Extended exposure t1~11e to t h e  hydrogen a i n t e r i n g  atmoephere a t  

t empera tu re s  (- 1 3 0 0 ~ ~  ) where a s i g n i f i c a n t  amount of  p o r o s i t y  remained open, 

i n c r e a s e d  t h e  t h i c k n e s s  o f  t h e  p i c t u r e  frame o f  normaLgra in  growth when t h e  
0 

pe1. le t  was subsequent ly s i n t e r e d  a t  1750 C f o r  1 2  hours .  Exposing t h e  p e l l e t  

i n t e r i o r  t o  t h e  hydrogen s i n t e r i n g  atmosphere eT.l;her by thermally-formed 

c r a c k s  o r  mechanicai ly-fomed h o l e s  r e s u l l e i l  i l l  1lornla.l Gain  growth i n  t h o  

a d j o i n i n g  m a t e r i a l ,  These r e s u l t s  have been i n t e r p r e t e d  as suppor t ive  of 

t h e  impur i ty  i n h i b i t i o n  conclus ion  and negate  t h e  p o s s i b i l i t y  t h a t  t h e  sur -  

f a c e  s t r u c t u r e  w a s  t h e  r e s u l t  o f  r e s i d u a l  p r e s s i n g  s t r e s s e s ,  F i n a l l y  t h e s e  

r e s u l t s  a l s o  suggested t h e  p o s s i b i l i t y  of c a l c i n i n g  the  powder s o  t h a t  exposure 

t o  t he , a tmosphe re  is  maximized and d i f f u s i o n  d i s t a n c e s  a r e  min.imize.d. 

. 3. Green Densi ty and Powder Type 

Only a l i m i t e d  amount of d a t a  was co l l ec ted  on these  

parameters .  An i n c r e a s e  i n  green  d e n s i t y  provides  more p a r t i c l e - t o - p a r t i c l e  

c o n t a c t  and t h e r e f o r e  d e n s i f i c a t i o n  and g r a i n  growth appear  t o  occur  sooner  

i n  t h e  s i n t e r i n g  cyc le  t han  would a l e s s  dense compact. A P k r  a g-iven t ime 

a t  tempera ture  t h i s  u s u a l l y  r e s u l t s  ..?n.l'a' l a r g e r  g r a i n  s i z e  f o r  t h e  p e l l e t  

w i th  t h e  g r e a t e r  green d e n s i t y .  How'ever, t h e 1 - f i n a l  g r a i n  s i z e  i s  most 

s t r o n g l y  dependent on t h e  i n h i b i t i n g  e f f e c t  of  t h e  impur i ty  ar~d Lhe very 

r a p i d  growth a s s o c i a t e d '  wi th  secondary r e c r y s t a l l i z a t i o n .  
. . 

Only t h o r i a  powder which conta ined  approximately 100 ppm C a O  w a s  

i n v e s t i g a t e d  i n  t h i s  p a r t  o f  t h e  evaluat ion .  The e f f e c t  6f t h e  d i f f e r e n t  c a l c i a  

c o n t a i n i n g  t h o r i a  powder l o t s  on g r a i n  growth, i f  any, was confounded by 

v a r i a t i o n s  i n  t h e  p e l l e t  g reen  dens i ty .  Small v a r i a t i o n s  i n  t h e  th i ckness  

o f  the '  p i c t u r e  frame of normal g r a i n  growth as a  r e s u l t  o f  powder l o t  va r i a -  

t i o n s  i n  t h e  product ion  f a c i l i t y  have been a t t r i b u t e d  t o  s l i g h t  d i f f e r e n c e s  

i n  impur i ty  content .  



.. . 4. S i n t e r i n g  Time and Temperature . . 

0 
Inc reas ing  t h e  s i n t e r i n g  temperature from 1750 t b  1800 C decreased 

t h e  exponent der ived  f o r  t h e  t ime v a r i a b l e  i n  t h e  kquation -D = ~t~ a t  t h e  

p e l l e t  s u r f a c e  from 0.55 t o ' 0 . 1 3 .  This  would t end  t o  i n d i c a t e  t h a t  t h e  growth 

mechanism changed from un inh ib i t ed  g r a i n  boundary d i f f u s i o n  t o  something ak in  

t o  s u r f a c e  d i f f u s i o n ,  Sec t ion  I V .  'A meaningful a c t i v a t i o n  energy can only  

be c a l c u l a t e d  when t h e  t ime exponent i n  t h e  above equa t ion . ' i s  cons t an t .  con': 

sequent ly  a va lue  o f  0.5 was s e l e c t e d  based on t h e  &rain growth obse rva t ions  

a t  1 7 5 0 ~ ~  i n  t h e  a r e a  where t h e  i n h i b i t i n g  impur i ty  w a s  removed by vaporiza-  

t i o n .  Usipg t h e  measured g r a i n  diameter  a f t e r  one hour a t  1750°c, cong tan t s  

of 14.1 and 41 were c a l c u l a t e d  f o r  I< a t  1 7 5 0 ' ~  a n d  1800°c, r e ~ p e c t i v e l ~ .  

S u b s t i t u t i n g  i n t o  t h e  equat ion  below and so lv ing  f o r  Q an  a c t i v a t i o n  energy 

o f  185 kcal/mole was c a l c u l a t e d .  T h i s  . va lue  i s  l a r g e r  than  t h e  142 kcal/mole 

r epo r t ed ,  Ref. 50, f o r  t h e  a c t i v a t i o n  energy o f  s u r f a c e  d i f f u s i o n  i n  Tho2 and 

. even l a r g e r  than  t h e  168  kcal/mole r epo r t ed ,  Ref. 35, f o r  t h e  h e a t  of  vapori-  

z a t i o n  i n  Tho The v a r i a b i l i t y  i n  g r a i n - s i z e  measurements, t h e  l i m i t i n g  2' 
e f f e c t  of a f r e e  s u r f a c e  and most impor tan t ly  t h e  presence  of i m p u r i t i e s  could ' 

a l l  have a l a r g e  e f f e c t  on t h e  c a l c u l a t e d  a c t i v a t i o n  energy. Never the less ,  

t h e  a c t i v a t i o n  energy f o r  g r a i n  growth i n  pure  t h o r i a  i s  s i g n i f i c a n t l y  g r e a t e r  

t han  t h e  85-124 kcal/more, Refs.  39 and 33, f o r  g r a i n  growth . . and t h e  138 
. . 

kcal/mole, Ref. 33, f o r  t h e  h e a t  o f  vapor i za t ion  i n  U02. 

5. Idiomorphic Grains  

The observa t ion  o f  idiomorphic g r a i n  growth and t h e  d e t e c t i o n  of  

a thorium oxysu l f ide  e u t e c t i c  phase which would be  l i q u i d  a t  t h e  s i n t e r i n g  

temperature of  1 7 5 0 ~ ~  s a t i s f i e d  many o f  t h e  requi rements  d i c t a t e d  by t h e  

r e s u l t s  of t h e  k i n e t i c  s t u d i e s .  However, t h e  thorium oxysu l f ide  phase could 

be found. on ly  i n  t h e  r e g i o n s  of idiomorphic growth and never  i n  a r e a s  of  

normal o r  exaggerated growth i n d i c a t i n g  t h a t  t h e  s u l f u r  impur i ty  was respons i -  

b l e  f o r  t h e  s p e c i a l  case of tdinmorphic g r a i n  growth b u t  no t  f o r  t h e  gene ra l  

g r a i n  growth i n h i b i t i o n .  



6. Atmosphere and Additives 

It  was shown t h a t  gra in  growth i n  thor ia  l i k e  t h a t  i n  U02, 

Ref. 39, i s  influenced by the  oxidation po t en t i a l  of the  s i n t e r i ng  atmosphere. 

Grain growth i s  f a s t e r  i n  an oxidizing atmosphere and slower i n  a reducing 

atmosphere. The gra in  boundary mobil i ty was reduced t o  such an extent  t h a t  

a f i ne  grained (- ASTM #12) p e l l e t  o r i g ina l l y  s in te red  i n  hydrogen a t  1750'~ 

f o r  12 hours d id  not  show any add i t iona l  growth when res in te red  a t  1850'~ 

i n  a vacuum fo r  the  same length of time. The ac tua l  oxygen po t en t i a l  

(- <; lo-'' at. ) In t he  vacuum was considered t o  be much below the  nominal 

vacuum l e v e l  of t o r r  because of the  ge t te r ing  of res idua l  oxygen by the 

tantalum res i s tance  heat ing element surrounding the  specimen. ~ h e s 6  r e s u l t s  

confirm the  hypotKesis t ha t "g ra in  growth i n  Tho2 cannotrionly be .irhhibi~ted -by 

the  presence of an impurity but  can a l s o  be increased or decreased by 

changing t he  i n t r i n s i c  g ra in  boundary mobility which i s  a function of the  

equil ibrium defec t  s t r uc tu r e  of the  oxide a s  modified by the  atmosphere with 

which ' t h e  p e l l e t  i s  equ i l ib ra ted  or by .add i t ives  such a s  CaO. 

V I .  ' RECRYSTALLIZATION MEASUREMENTS 

A s  an  a d d i t i o n a l  demonstratfon of -the presence o f  g r a i n  growl11 i r~k l ib i l i on  

i n  t h e  s i n t e r e d  Thop p e l l e t s ,  an  experiment was devised  t o  p l a s t i c a l l y  deform, 

by Knoop and/or Diamond Pyramid i n d e n t a t i o n  hardness  measurements, .i;lie sur- 

f a c e  o f  a po l i shed  p e l l e t  s e c t i o n .  Af t e r  i n d e n t a t i o n  tlhe p e l l e t s  wouPd be 

annea led  a t  tempera tures  above ,and  below those  used i n  t h e  o r i g i n a l  p e l l e t  

s i n t e r i n g .  It w a s  a n t i c i p a t e d  t h a t  t h e  d r i v i n g  f o r c e  f o r  r e c r y s t a l l i z a t i o n  

and  g r a i n  growth, which w a s  e s t ima ted  t o  be as g r e a t  as 490 dyne-cm i n  t h e  

p l a s t i c  zone around t h e  hardness  i n d e n t a t i o n s  ( a s  compared with t h e  g r a i n  

boundary energy o f  about  0 . 1  dyne-cm a v a i l a b l e  from g r a i n  boundary energy 

a l o n e )  would be adequate  t o  cause g r a i n  growth i n  r e g i o n s  o f  t h e  p e l l e t  f r e e  

o f  g r a i n  growth i n h i b i t i o n  ( t h e  p e l l e t  s u r f a c e ) .  On t h e  o t h e r  hand, a t  t h e  

p e l l e t  c e n t e r s  where t h e  presence of  g r a i n  growth i n h i b i t i o n  is suspec ted ,  



even t h e  addit . iona1 energy a v a i l a b l e  from p l a s t i c  deformat.ion may be 

inadequate  t o  cause r e c r y s t a l l i z a t i o n  o r ,  i f  i t  occurs ,  should be s h a r p l y  

reduced. 

The i n i t i a l  expepiments cons i s t ed  o f  making i n d e n t a t i o n s  (both 1 kg 

Knoop and 1 kg Diamond pyramid) at f i x e d  i n t e r v a l s  a c r o s s  t h e  c e n t e r  diameter  

of l o n g i t u d i n a l l y  s ec t ioned  and po l i shed  t h o r i a  0.53 inch  d iameter  p e l l e t s  

(powder l o t  087, R/C 74 -3256~) .  The samples were hea ted  f o r  one hour a t  - 

1 7 0 0 ~ ~ ,  l75o0C, and 180o0c, r e s p e c t i v e l y ,  r e p o l i s h e d  and re -e tched ,  and 

examined f o r  evidence of  r e c r y s t a l l i z a t i o n  i n  t h e  p l a s t i c  zone around each 

hardness  i nden ta t ion .  The r e s u l t s  a r e  shown i n  Table 11. 

A t ' l 7 0 0 ~ ~  and 1 7 5 0 ~ ~  no r e c r y s t a l l i z a t i o n  was observed a t  t h e  c e n t e r s  

of  p e l l e t s  where g r a i n  s i z e s  were l e s s  than  14 p (about  ASTM # 9 ) ;   howe ever, 

i n  t h e  impur i ty  f r e e  a r e a  nea r  t h e  p e l l e t  e x t e r i o r ,  r e c r y s t a l l i z a t i o n  and 

g r a i n  growth i n  t h e  p l a s t i c  zone around t h e  i n d e n t a t i o n  was obvious, F igure  34. 

A t  1 8 0 0 ~ ~ ~  where g r a i n  boundary mob i l i t y  has  been shown t o  be adequate  t o  

achieve  g r a i n  growth upon s i n t e r i n g  e v e n - i n  t h e  presence o f  g r a i n  growth 

i n h i b i t o r s ,  r e c r y s t a l l i z a t i o n  is, i n  f a c t ,  noted i n  t h e  f i n e r  g r a i n  c e n t e r  

reg ion ,  a l b e i t  t o  a l e s s e r  ex t en t  than  a t  t h e  ou t s ide .  These r e s u l t s  con- 

f i rmed i n  a l l . r e s p e c t s  t h e  a n t i c i p a t e d . . r e s u l t s  which were based on t h e  

i n i t i a l  premise t h a t  t h e  g r a i n  growth at t h e  p e l l e t  c e n t e r  was i n h i b i t e d  by 

Fame s p e c i e s  o r  phase. 

A second' i nden ta t ion  experiment w a s  devised  t o  determine i f ,  with t h e  

d r i v i n g  f o r c e  of  p l a s t i c  deformation energy a t  t h e  hardness  i n d e n t a t i o n  i n  

a d d i t i o n  t o  g r a i n  boundary energy, new gra?ns  could be made t o  &ow around 

t h e  i n d e n t a t t o n s  i n  s p i t e  of  t h e  presence of g r a i n  growth i n h i b t t o r s .  I n  

t h i s  way it was hoped t h a t  d i f f e r ences  between various Tho2 powder l o t s  wi th  

r e s p e c t  t o  amount and d i s t r i b u t i o n  of g r a i n  growth i n h i b i t o r s  cou ld .be  evalu- 

a t e d  and .new:light shed on t h e  mechanism o f  g r a i n  growth as a f u n c t i o n  o f  

green p e l l e t  dens i ty .  The p e l l e t s '  l i s t e d  i n  -Table 1 2  were s e l e c t e d  f o r  t h i s  ' 

examination. Pol i shed  and etched t r a n s v e r s e  meta l lographic  s e c t i o n s  were 

indented  with one row of  1 kg l o a d  Knoop hardness  i nden ta t ion ,  = a c r o s s  one 

diameter  .and ano the r  row o f '  1 kg Vickers Diamond impress ions  a c r o s s  t h e  

'orthogonal diameter.  The i n d e n t a t i o n s  were ,spaced approximately 0.020 inch  

a p a r t .  Both Vickers and Knoop impressions were used t o  ensure  t h a t  



r e p r o d u c i b l e  r e s u l t s  were ob ta ined  independent '  of i n d e n t a t i o n  shape o r  

depth .  I n  a l l  c a s e s  t h e  r e s u l t s  wi th  both i n d e n t e r s  were i d e n t i c a l ,  and 

t h u s  no d i s t i n c t i o n  i s  made i n  Table 1 2  between t h e  obse rva t ions  with each 
-6 

s e t .  The samples were then  h e a t  t r e a t e d  i n  a vacuum o f  - 10  t o m  a t  1750 '~  

f o r  1 hour  t o  cause r e c r y s t a l l i z a t i o n  around t h e  inden ta t ion .  Th i s  thermal 

t r e a t m e n t  w a s  chosen as be ing  adequate  t o  s ecu re  r e c r y s t a l l i z a t i o n  with no 

change i n  p e l l e t  g r a i n  s i z e  from . t h a t  measured p r i o r  t o .  t h e  r e c r y s t a l l i z a t i o n  

t r e a t m e n t .  However i n  one case ,  as shown i n  Table 1 2 ,  t h e  p e l l e t  gra:in s i z e  

a f t e r  t h e  r e c r y s t a l l i z a t i o n  t rea tment  d i f f e r e d  from t h a t  measured i n  t h e  

a s - s i n t e r e d  (1 2 hours  a t  1750'~)  conbitlon. 

It can .be  concluded, from i n s p e c t i o n  o f  Table 12,, t h a t  g r a i n  growth 

around hardness  i n d e n t a t i o n s  is, without  except ion ,  completely c o n s i s t e n t .  

w i t h . t h e  measured g r a i n  s i z e ;  i . e . ,  deformation-energy induced r e c r y s t a l l i z a -  

t i o n  i s  observed a f t e r  1 hour  a t  1 7 5 0 ' ~  when t h e  g r a i n  s i z e  i s  ASTM #8.5 o r  

c o a r k e r ,  and i s  not  o b t a i n e d  a t .  f i n e r  g r a i n  s i z e s .  , 

. . It may f u r t h e r  b e  i n f e r r e d  t h a t  t h e  g r a i n  growth i n h i b i t o r s  i n t e r f e r i -ng  

with 'normal g r a i n  growth when t h e  g r a i n  s i z e  is f i n e r  than  ASTM #8.5 a r e  ' -  

swept up by t h e  moving g r a i n  boundaries  as g r a i n  growth proceeds such t h a t  

t h e . m a t r i x ,  now reduced i n  i n h i b i t o r  con ten t ,  can f r e e l y  grow new g r a i n s  

around t h e  hardness  impress ions .  Th i s  i s  proposed i n  explana t ion  f o r  t h e  

o b s e r v a t i o n  t h a t  with i n c r e a s i n g  green  d e n s i t y ,  both g r a i n  s i z e  and r ec rysba l -  

l i z a t i o n  p ropens i ty  i n c r e a s e .  Note t h a t  it i s  not  unreasonable t h a t  g r a i n  

growth i n h i b i t o r s  should be  swept away by advancing g r a i n  boundaries .  For 

example, on growing from a g r a i n  s i z e  of ASTM -#I3 ( g r a i n  diameter  - 4 IL j t o  

#8,5 ( p a i n  diameter. - 20 P), t h e  average g r a i n  volume w i l l  i n c r e a s e  by .a 

f a c t o r  o f  125  and,  i f  g r a i n  growth i s  i d e a l i z e d  as a process  o f  success ive  

a b s o r p t i o n s  of a d j a c e n t  p a i r s  of  g r a i n s ,  an average g r a i n  w i l l  be swept by 

a g r a i n  boundary about  seven t imes,  t h u s  a f f o r d i n g  ample oppor tuni ty  f o r  
- .  

r i d d i n g  t h e  g r a i n s  o f  t h e  r e s p o n s i b l e  contaminant. 
5 \. 

. ,. . . ... L . . 
, ' The r e c r y s t a l l i z a t i o n .  r e s u l t s  observed do not  unequ.ivocally po in t  t o  
\. . . . 

d i s s o l v e d  elements o r  p r e c i p i t a t e d  phases as be ing  r e s p o n s i b l e  f o r  g r a i n  
. , 

g r o d h  i n h i b i t i o n  r a t h e r  t h a n  po ros i ty .  Note, however, t h a t  similar p o r o s i t y  

d i s t r i b u t i o n s  should b e  ob ta ined  a t  t h e  same green denSi ty  l e v e l s .  For t h i s  



reason ,  one s e t  of p e l l e t s  i n  Table 12 was s e l e c t e d  f o r  examination which 

w a s  p r e s sed  a t  a 'constant green d e n s i t y  of  a b o u t  60 %. Note t h a t '  widely 
I 

varying g r a i n  s i z e s  were obta ined  a t  t h e  p e l l e t  c e n t e r s ,  a result d i f f i c u l t  

t o  r e c o n c i l e  with p o r o s i t y  d i s t r i b u t i o n  as 'an explana t ion  f o r  g r a i n  gro-wth 

i n h i b i t i o n ,  bu t  c o n s i s t e n t  h t ' h  t hk  cb 'ntai inant  hypothesik.  
. . 

. . 
' , r .! . Y t  .< ' 

'.':of 'in: id&i-il%l' .intlQfkst is'' the bti$ervitioii ' t h a t  the '  hardness of Tho2 
. . 

I 
.. . p e l l e t s  '(760 Knoop, 1 kg'; 7.82 DPH, 1 kg) . i s  appreciably  higher:  than.  t h a t  of 

. . . . . . .. 

UOp (666 + 14 KHN), not  unexpected i n  l i g h t  of the  higher melt ing p o i n t  of 

the  former. No t r end  of hardness . . v a r i a t i o n  across  a  p e l i e t  diameter was 

noted, i r r e s p e c t i v e  .. . of t h e  g ra in  s i z e  f o r  those samples used i n  the  

r e c r y s t a l l i z a t i o n  experiments, i n d i c a t i n g  t h a t  . impuri t ies .  . responsible '  f o r  
. , 

gra in  growth i n h i b i t i o n  a r e  p resen t  i n  t o o  small ' i n  a i o u n t  t o  a f f e c t  p l a s t i c .  
. . . . 

pro?=.r t ies .  . . . . , . .. . .. . 

VII. ' EFFECT OF CALCINATION AND POWDER SURFACE AREA ON GRAIN GROWTH IN 
. . 

SINTE~ED COMPACTS . . 

Based on t h e  r e s u l t s - o b t a i n e d  from t h e  s i n t e r i n g  k i n e t i c  s t u d i e s ,  . .,. it. 

w a s  concluded t h a t  a g r a i n  growth. i n h i b i t i n g  impur i ty  ( o r  i m p u r i t i e s )  w a s  
. .. . . 

presen t  i n  t h e  s t a r t i n g  Tho2 powder. I n  an e f f o r t  t o  t e s t  t h i s  hypothes is ,  

a s e r i e s  of experiments w a s  o u t l i n e d  with the i n t e n t  of  demonstrating t h a t  

t h e  impur i ty  element could be  .removed' by c a l c i n i n g  t h e  s t a r t i n g  powder, 

t hus  v o l a t i l i z i n g  o r  r e a c t i n g  t h e  impur i ty  i n  a i r  tor hydrogen, and with t h e  

hope t h a t  0 .53 . inch  diameter  pel1ets : fabricated from. such powder would e x h i b i t  

normal' g r a i n  .growth. To. o b t a i n  ?nformation on ..the e f f e c t  o f  ca l c in ing .  

without,  be ing  complicated by , t h e  . e f f e c t  of' p a r t i c l e  s i z e ,  a number of. dTffer -  

en t  microniza t ions  wer'e a t tempted, ' . :especial ly  f o r  t h e  powder which w a s  cal-' 

c ined  at. t h e  h ighe r ' t empera tu re s .  ' The i n t e n t  was t o  produce c a l c i n e d  powder 

with 'a p a r t i c l e  s i z e  'equivalent t o  t h e  as-manuf a c t u r e d  powder r ece ived  f ro$  

t h e '  vgndor. Th i s  goa l  was not  achieved because of t h e  n a t u r e  of t h e  p a r t i c l e .  

s i z e  r educ t ion  equipment ' a v a i l a b l e  and t h e  p rope r ty  changes of  t h e  powder 

i t s e l f  as a r e s u l t  o f  r e c a l c i n a t i o n  whidh niade it d i . f f i cu l t " to  secure  decharik-. 

c a l  p a r t i c l e  s i z e  r e d i c t i o n .  below about 2 p, (Ref : a). The mic ron iza t ion  - - 

procedures  d i d  r e s u l t  i n  t h e  product ion o f  as - rece ived  and ca l c ined  powders 

a t  a v a r i e t y  o f  p a r t i c l e  s i z e s .  Although a d i r e c t  comparison between 



as - r ece ived  and c a l c i n e d  m a t e r i a l  a t  a s p e c i f i c  p a r t i c l e  s i z e  was i n  most 

c a s e s  n o t  p o s s i b l e ,  t h e  e f f e c t  of  c a l c i n i n g  t ime and temperature as well  as 

o f  p a r t i c l e  s i z e  on g r a i n  growth w a s  thoroughly explored.  The powder s e l e c t e d  

f o r  t h e s e  experiments ,  t h e  c a l c i n i n g  t imes  and temperatures ,  as well  as su r -  

f a c e  a r e a  o f  t h e  processed  powders, and t h e i r  c h e m i s t r i e s  a r e  given i n  

Tab le s  13 and 14. 
, . 

A. ~ i r - c a l c i n e d  Powder - 1 1 0 0 ~ ~  
. . .  

. m o r i a p o u d e r  l o t s  096 t y p i c a l l y  used f o r  t h e  product ion of  

100 % Tho2 p e l l e t s .  which c o n t a i n s  approximately 100 ppm ~ a )  and 136 (powder ' 

t y p i c a l l y  used i n  t h e  product ion o f  Tho2-U02 p e l l e t s  which con ta ins  approxi-  

mate ly  4 ppm Ca) were c a l c i n e d  a t  1100°C i n  a i r  f o r  48 hours .  Inconel  'boats 

were f i l l e d  with t h e  powder t o  a dbp th 'o f  approximately 2 inches .  The powder 

w a s  r a b b l e d  with an Inconel  r a k e  every h a l f  hour. Four d i f f e r e n t  powder 

va r i a t i ons - - ca l c ined ,  micronized-calcined,  as - rece ived ,  and micronized-as- 

r e c e i v e d  (micronized i n  t h i s  case  a c t u a l l y  means a double microniza t ion  con- 

s i s t i n g  of i n i t i a l l y  p a s s i n g  t h e  powder through t h e  micronizer  a t  t h e  r a t e  

o f  150  gm/min and a second t ime a t  50 gm/min)--of each powder l o t  were used 

t o  f a b r i c a t e  p e l l e t s  which were s i n t e r e d  a t  1 7 5 0 ~ ~ .  

1. Dry P res s ing  Procedure 

Ungranulated powder l o t s  096 and 136, with and without  t h e  
0 11 00 C a i r  c a l c i n e  and/or double micronizat . ion were: d ry  p re s sed  i n t o  0 .53  

i n c h  d iameter  p e l l e t s  u s ing  n e i t h e r  Carbowax b inde r  nor  S t e r o t e x  l u b r i c a n t  

i n  t h e  powder. . S t e r o t e x  w a s  a p p l i e d  t o - t h e . d i e  and punch pr ior  t o  p r e s s i n g  

each ungranula ted  powder p e l l e t .  Some d i f f i . c u l t y  w a s  experienced i n  p re s s ing  

t h e u n g r a n u l a t e d  powder, p a r t i c u l a r l y  t h e  micronized-calcined l o t s .  A 60- 
/ 

second dwel l  was u t i l i z e d  and, i n  some cases ,  r e p r e s s i n g  w a s  requi red .  The 
.r 

green d e n s i t y  of t h e  r e p r e s s e d  p e l l e t s  was not  very uniform. Occasionally 

c r a c k s  and a r e a s  o f  h igh  pore conc.entrat ion were observed a t  t h e  p e l l e t  sur -  

f a c e ,  The t a r g e t  green  d e n s i t y  of t h e  p e l l e t s  pressed  from t h e  ungranulated 

powder was 60 %; however, t h e  a c t u a l  va lues  vaxied more widely than  usua l .  

The i n d i v i d u a l  geometr ic  va lues  a r e  t a b u l a t e d  i n  Table 13, 



These p e l l e t s  were subsequent ly s i n t e r e d  a t  1 7 5 0 ~ ~  i n  dry  

hydrogen (- 6 0 ' ~  tank  dew po in t  bu t  + 5 3 ' ~  ho t  zone dew f o r  I+ Bnd 

1 2  hours .  ' ~ e c a u s e  t h e s e  p e l l e t s  d i d  no t  have any d e l i b e r a t e  carbonaceous 

a d d i t i b n s ,  ' t h e  .samples werk not  p r e t r e a t e d  p r i o r  t o  s i i t e r i n g .  

,2, , D r y  P r e s s  Results. .  . . . . 

A f t e r  s in t e r , i ng ,  t h e  p e l l e t s  were 'examined with t h e  unaided eye 

f o r  g r o s s  d i f f e r ences .  'The  c o l o r  of  t h e  p e l l e t s  s i n t e r e d  at  1 7 5 0 ~ ~  f o r  IS 
. . 

hours  var ied .  Pepending on t h e  powder l o t  and powder process ing .  The as- 
I , .... 

r ece ived  and. ' : is-calcined ,samples o f  both powder l o t s  were g e n e r a l l y  white  
. . 

with p e l l e t s  produced f rom powder l o t  136 having t h e  . .. whi t e s t ,  most uniform 

color .  P e l l e t s  which were f a b r i c a t e d  from double micronized powder appeared 

mot t led  black and white  o r  grey  and white.  S ince  t h e  rubbe r  l i n e r  i n  t h e  

powder micronizer  w a s  a p o s s i b l e  Source of carbon contamination (and poss ib ly  
. . 

s u l f u r )  ,' review o f  t h e  powder 'chemistry was necessary.  Examining the .  car- ' 

bon ana lyses  and t h e  powder s u r f a c e  a r e a s ,  shown below, it was 'clear that' ' . .  

Surface  Area and Carbon 'Contents  08 S t a r t i n g  Powders Used t o  
Evaluate  t h e  E f f e c t s  o f  1100 C-48 H r  A i r  Ca lc ine  

Carbon Content 
Surface Carbon Surface  Area 

Powder Area Eont.rint, ( g m  c/m2~ho2) 
Lot Powder Treatment (m2/w) ( P P ~ )  x lo-6 

As-Received 
. . 

As-Received + Double Micronized 
1 1 0 0 ~ ~  A i r  Ca.lci.ne 
1 1 0 0 ~ ~  Air . Calc ine  . + Double Micronized 
As-Recei ved 
As-Received + Double Micronized 
1 1 0 0 ~ ~  A i r  Ca lc ine  
1 1 0 0 ~ ~  A& Calc ine  '+ Double ~ i c r o n i z e d  

' t h e  dark  c o l o r  observed i n  soma oP. th .e  s i n t e r e d  p e l l e t s  was no t  t h e  r e s u l t  

o f  carbon contamination. The r a t i o  o f  t h e  analyzed carbon content  ( t d t a l  

carbon r e l e a s e d  at: 14 .00~)  t o  t h e  s u r f a c e  a r e a  o f  t h e  same powder . is  ' . 

r e l a t i v e i y  cons tan t  f o r  a l l  t h e  powders and ,  condi t ions .  The 096 double 



micronized  as - rece ived  and c a l c i n e d  powders have a s l i g h t l y  h ighe r  r a t i o  of 
-6 carbon p e r  square  meter  o f  powder s u r f a c e  a r e a  76.7 x 10  and 96.0 x 10  -6 

- 6 t h a n  t h e  r e s p e c t i v e  nonmicronized powders a t  67.3 and 68.2 0 10  gms/m2; 

however, a n  oppos i t e  e f f e c t  i s  observed with micronized and nonmicronized 

136 powder. V a r i a t i o n s  i n  t h e  carbon and. s u r f a c e  a r e a  measurements could 

w e l l  account  f o r  ' t h e  s l i g h t  s c a t t e r  i n  t h e  r a t i o  of  carbon t o  s u r f a c e  a r e a .  

I n  a d d i t i o n  t o  t h e  f a c t  t h a t  t h e  carbon content  va r i ed  as a 

f u n c t i o n  o f  t h e  s u r f a c e  a r e a ,  i t  w a s  shown, Ref. 44, tha.t  t h e  carbon w a s  on ly  

weakly h e l d  arld t h e  m a j o r l t y  o f  t h e  casbon ' w a s  . r e l e a s e d  a t  tempera tures  

below 4 0 0 ~ ~ .  It was t h e r e f o r e  concluded t h a t  t h e  dark c o l o r  which was 

t y p i c a l  o f  p e l l e t s  made from micronized powder was not  a func t ion  of  t h e  - - x  % 

carbon content .  

The sa.rnp1.e~ which were s i n t e r e d  f o r  1 2   hour^ a t  1 7 5 0 ~ ~  

g e n e r a l l y  appeared t o  be  a more uniform c o l o r  throughout t h e  e n t i r e  p e l l e t ;  

however, t h e  c o l o r  of t h e  p e l l e t s  ranged from almost pure black t o  very 

white .  The wh i t e s t  sample w a s  t h e  p e l l e t  produced from as- rece ived  136 

powder and t h e  b l a c k e s t  p e l l e t  was.produced from 096 calcined-double 

~nlcrsnif zed powder. 

The d e n s i t y  a f t e r  s i n t e r i n g  w a s  determined by t h e  water 

immersion technique  and  i s  L i s t e d  i n  Table 13. That po r t ion  o f  Table 13 
p e r t i n e n t  t o  t h e  samples i n  F igures  35 and 36 i s ' shown  below. 

ASTM Center  Grain S i z e  R e s u l t s  f o r  P e l l e t s  Fab r i ca t ed  
From 096 A i r  Calcined and As-Received Powder ASTM 

Sir1 L ~ L -  3 i r i t .  Dens. (gm/cc) Center  
Pe l -  i n g  Surface Inc. Excl . C r a i  n 
l e t  

ID 

3T 
I 5r 
7M 
4 K  
4H. 
13F  
3c 
1B 

Fig. 
Powder Treatment - No. 

As-Rec ' d. - 3 - 5 
I f  II , Dbl. Micro. ,, 

1 1 0 0 ~ ~  A i r  Calc.  I *  

I 1  0 1  . . " , Dbl. Micro. " 
As-Rec ' d. 

1 1  1 1  
36 

Dbl. ~ i c r ~ .  
1 1 0 0 ' ~  ~ i ;  C a l c .  ,, 

I t  I t  !I " , Dbl. Micro. . " 

Time 
( h r s  ) 

Area @en Open S i z e  
(m2/gm) P o r o s i t y  P o r o s i t y  No. 



A comparison of t h e  s i n t e r e d  d e n s i t i e s  and t h e  s u r f a c e  a r e a  of t h e  s t a r t i n g  

powder i n d i c a t e s  only a small s e n s i t i v i t y  t o  s u r f a c e  a r e a  a f t e r  1* hours  at 

temperature,  and even l e s s  o f  a c o r r e l a t i o n  between t h e  two v a r i a b l e s  a f t e r  

1 2  h o k s  a t  temperature,  w i t h  few except ions,  a s i n t e r e d  d e n s i t y  i n  'excess 

o f  9.5 'grn/cc w a s  achieved a f t e r  13 hours  with l i t t l e  o r  no i n c r e a s e  i n  

: den$i ty  Fiith ' ir-icreased't i ine' tb 1 2  hours.  P a r t  ' o f  th; reason  f o r  t h e s e  high 
8 . . .. ,, . . . 

' t  , . .  , 
d e n s i t y  l d v b l s  i s  t h e  ' ibsence 6f ' t h e  .dry i t e r d t e x  l u b r i d a n t .  The d e n s i t i e s  

, . . .  . , . , '  
a r e  t h e r e f o r e  a p p r o x i m a t ~ l y  I % h ighe r  than  those  o f  f a b r i c a t e d  

accord ing  t o  product ion procedures  i h i c h  ' conta in  voids  r e s u l t i n g  from t h e  

burnout of  t h e  S t e ro t ex .  The i n s e n s i t i v i t y  o f  d e n s i t y  t o  s i n t e r i n g  t ime 

w a s  a l s o  observed i n  t h e  k i n e t i c  s i n t e r i n g  experiments . '  
' 

A p e l l e t  from each cond i t i on  w a s  mounted l o n g i t u d i n a l l y ,  

po l i shed ,  and t h e  g r a i n  s i z e  determined as a f u n c t i o n  o f  d i s t a n c e  from t h e  

p e l l e t  su r f ace .  . F i g u r e  35 shows t h e  v a r i a t i o n  i n  g r a i n  s i z e  from t h e  p e l l e t  

s u r f a c e  f o r  t h e  096~0.53- inch  diameteq p e l l e t s  f a b r i c a t e d  from as- rece ived ,  

micronized-as-received, ca l c ined ,  and micronized-calcined powder. Limited 

g r a i n  growth w a s  recorded a long  t h e  o u t e r  s u r f a c e  o f  t h e  p e l l e t s  f a b r i c a t e d  

from t h e  as - rece ived  and micronized-a&-received powder. The f i n e r  i n i t i a l  

p a r t i c l e  s i z e  of t h e  micronized-as-received powder r e s u l t e d  . in  a more exten- 

s i v e  r i m  of normal g r a i n  groirth, However, t h e  &ain s i z e  observed i n  t h e  

c e n t e r  po r t ion  o f  both of  t h e s e  p e l l e t s  was l e s s  t han  2.8 and could  not  

be r e s o l v e d  with t h e  o p t i c a l  microscope. A s  p r ev ious ly  desc r ibed  i n  

Sec t ion  V, it was concluded t h a t  a n  impur i ty  i n  t h e  as - rece ived  m a t e r i a l  

i n h i b i t s  normal p a i n  growth.  At, t h e  p e l l e t  su r f ace  t h e  concen t r a t ion  of  

t h i s  impur i ty  i s  reduced below some c r i t i c a l  l e v e l  by r e a c t i n g  with t h e  

s i n t e r i n g  atmosphere. Therefore,  a t  t h e  p e l l e t  s u r f a c e  t h e  g r a i n  growth 

proceeded i n  a normal f a sh ion  because t h e  i n h i b i t i n g  phase w a s  below t h e  

c r i t i c a l  l e v e l  f o r  g r a i n  'growth i n h i b i t i o n .  

As prev ious ly  di,scussed, i t  was believed .that the inhibiting 

impur i ty  element concent ra t ion  can be reduced by t h e  1 1 0 0 ~ ~  a i r  ca l c ine .  . 

Therefore ,  g ra in  growth a c r o s s  t h e  e n t i r e  p e l l e t  c r o s s  s e c t i o n  was a n t i c i -  

pa t ed  i n  samples made from c a l c i n e d  powder and t h e  r e s u l t s  o f  t h e  g r a i n  
. . 

s i z e  measurements, f i g u r e  35, conf.irm t h a t  p red ic t ion .  The p e l l e t s  produced 

from t h e  ca l c ined  puwcler, 4K a ~ d  7M, exhibited g r a i n  growth a c r o s s  t h e  



e n t i r e  p e l l e t  c r o s s  s e c t i o n  which w a s ,  i n  a l l  c a s e s ,  g r e a t e r  than  t h a t  

observed  i n  p e l l e t s  produced from m a t e r i a l  which was no t  ca lc ined .  The 

p & l l e t  which was f a b r i c a t e d  from powder which was both ca l c ined  and 

micronized ,  4K, i n i t i a l l y  grew g r a i n s  f a s t e r  and poss ib ly  somewhat more 

uni formly .  It h a s  been r eco rded  i n  t h e  l i t e r a t u r e  t h a t  coa r se  p a r t i c l e s  

i n  t h e  s i n t e r i n g  powder do n o t  r e s u l t  i n  as uniform a g r a i n  s t r u c t u r e  as 

do f i n e  powders wi th  t h e  coa r se  p a r t i c l e s  removed. The ex tens ive  g r a i n  

growth i n  t h e  c e n t e r  p o r t i o n  o f  t h e  p e l l e t  f a b r i c a t e d  from t h e  micronized- 

c a l c i n e d  powder w a s  g r e a t e r  than  a n t i c i p a t e d  and may i n d i c a t e  t h a t  t h e  

i m p u r i t y  still ' r e s u l t e d  i n  sgme .ear ly g r a i n  i n h i b i t i o n .  Jt. may a130 be 

observed  t h a t  t h e  g r a i n  g r o w t h  a.t, t .he  surface sf a l l  t h e  p o l l o t c ,  regard- 

l e s s  o f  t h e  powder t r ea tmen t ,  was similar. T h i s  i.nrli r.a..t.es t.hat., i m e s p e c -  

t i v e  of' i n i t i a l  t r ea tmen t ,  g r a i n  growth at t h e  p e l l e t  s u r f a c e  i s  c o n t r o l l e d  

by t h e  same type  o f  r e a c t i o n  between t h e  p e l l e t  and t h e  s i n t e r i n g  atmos- 

phere ,  T h i s  i s  h a r d l y  s u r p r i s i n g  s i n c e  p u r i f i c a t i o n  by r e c a l c i n a t i o n  i c  

l i m i t e d  t o  t h a t  which can occur  a t  1 1 0 0 ~ ~  whereas t h e  p e l l e t  s u r f a c e  can 
0 

e l i m i n a t e  contaminants  a t  a l l  tempera tures  up t o  1750 C .  

Grain growth as a func t ion  of r a d i a l  p o s i t i o n  f o r  p e l l e t s  

f a b r i c a t e d  from 096 powder and s i n t e r e d  a t  1750'~ f o r  1 2  hours  i s  shown 

i n  F igu re  36. The g r a i n  growth recorded  i n  t h e  p e l l e t s  f a b r i c a t e d  from 

t h e  c a l c i n e d  and micronized-calcined powder, 13C and IB, i s  aga in  consider-  

a b l y  more ex tens ive  t h a n  that of  t,he pel 1 ~t s fabricat  ed from e i t h o r  of  t h c  

a s - r ece ived  powders. The g r a i n  s i z e  i n  t h e  c e n t e r  of t h e  p e l l e t s  f a b r i c a t e d  

from t h e  c a l c i n e d  powder i s  as l a r g e  o r  l a r g e r  t han  t h e  g r a i n s  observed 

a t  t h e  p e l l e t  su r f ace .  The g r a i n  s i z e  i n  t h e  c e n t e r  o f  t ,he pel 1 et.s which 

were produced from as - r ece ived  o r  micronized-as-received powder is, i n  a l l  

c a s e s ,  f i n e r  t han  t h e  g r a i n  s i z e  a t  t h e  p e l l e t  su r f ace .  It i s  not  c l e a r  

why t h e  p e l l e t  produced from t h e  c a l c i n e d  powder, 3C, had l a r g e r  g r a i n s  

.lliari t h e  p e l l e t  produced from t h e  micronized-calcined powder, I B ,  o r  why 

t h e  p e l l e t  produced from t h e  micronized-calcined powder had l a r g e r  g r a i n s  

a t  t h e  end o f  15 hours  than  was recorded  f o r  a similar p e l l e t  s i n t e r e d  f o r  

1 2  hour s ;  however, some p e l l e t - t o - p e l l e t  v a r i a t i o n  should be a n t i c i p a t e d .  

The r e s u l t s  p re sen ted  i n  F igures  35 and 36 show t h a t  t h e  

g r a i n  growth a t  t h e  p e l l e t  s u r f a c e  i s  very  uniform. I n  t h e  p e l l e t s  made 



from t h e  ca l c ined  powders i t  i s  p o s t u l a t e d  t h a t  t h e  impurity element h a s  

been reduced. Th i s  assumption i s  s t rengthened  by t h e  f a c t  t h a t  t h e  p e l l e t s  

produced from t h e  c a l c i n e d  and micronized-calcined powders c o n s i s t e n t l y  

showed more ex tens ive ,  g r a i n  growth i n  s p i t e  o f  t h e  s i g n i f i c a n t  ' d i f f e r ence  

i n  t h e  s u r f a c e  a r e a  of t h e  s t a r t i n g  powders. The s u r f a c e  energy p e r  gram 
7 7 .  o f  ca l c ined  and calcined-micronized powder is 4.1 10  and 6.1 @ 10  ergs/gm, 

r e s p e c t i v e l y .  The same va lues  f o r  the,  as - rece ived  and as-received-micronized 
7 7 powders a r e  9.5'10 and 11 .8*10 ergs/gm. These a r e  t h e  d r i v i n g  f o r c e s  both 

f o r  d e n s i f i c a t i o n  during s i n t e r i n g  s t a g e s  I t o  111 ( s e c t i o n  V) and f o r  g f a i n  

growth dur ing  s i n t e r i n g  s t a g e  111. By far t h e  g r e a t e s t  f r a c t i o n  o f  t h i s  

energy i s  consumed i n  d e n s i f i c a t i o n  i.n s t a g e s  I and T I .  For example, even 

with a g r a i n  s i z e  o f  ASTM #I4 which i s  b a r e l y  Yesolvable by o p t i c a l  micros- 

copy and may be t h e  t y p i c a l  g r a i n  s i z e  a t  t h e  beginning o f  s t a g e  111, t h e  
6 g r a i n  boundary energy i s  only about  10  ergs/gm, about  one percent  of  t h e  

s t a r t i n g  p a r t i c l e  su r f ace  energy, Obviously t h e r e  a r e  many f a c t o r s  which 

might change t h e  r e l a t i v e  e n e r g i e s  of t h e  d i f f e r e n t  powders be fo re  i n i t i a -  

t i o n  o f  s t a g e  I11 s i n t e r i n g .  For purposes of  t h i s  d i scuss ion ,  .it . is  

assumed t h a t  t h e , e n e r g y  a v a i l a b l e  f o r  g r a i n  growthsat  t h e  beginning o f  t h e  

s t a g e  I11 is  p ropor t iona l  t o  t h e  i . n i t i a 1  p a r t i c l e  s u r f a c e  energy. Thus, 

t h e  d r i v i n g  f o r c e  f o r  g r a i n  growth i n  t h e  p e l l e t s  made from t h e  ca l c ined  . . 

powder w a s ,  due t o  t h e  c o a r s e r  i n i t i a l  p a r t i c l e  s i z e  o r  denser  i n i t i a l  

p a r t i c l e ,  on ly  about  one-half t h a t  o f  t h e  as - rece ived  powder; however, t h e  

g r a i n  growth o f  t h e  p e l l e t s  f a b r i c a t e d  from t h e  c a l c i n e d  powder w a s  g r e a t e r  

berause t.he q a . i  n boundaries  encountered l e s s  r e s i s t a n c e  t o  movement. I n  

a l l  p r o b a b i l i t y  t h e  i n h i b i t i n g  imp~~r i - t ,y  was n o t  completely removed s i n c e  

t h e  c e n t e r  g r a i n  growth d i d  exceed, p e l l e t s  3C and 4K, t h e  s u r f a c e  growth; 
0 however, t h e  1100 C c a l c i n e  was s u f f i c i e n t  t o  decrease  t h e  energy r e q u i r e -  

ments f o r  g r a i n  boundary movement by about  50 %. The reduced impur i ty  

content  r e s u l t i n g  from c a l c i n i n g  presumably al lowed more g r a i n s  t o  break  

away; t he re fo re ,  more pa.l.ns were capable of growing and they  could begin 
. . . .  . 

growth a t  a lower tempera ture  o r  e a r l i e r  i n  t h e  s i n t e r i n g  cycle .  A s  a 

r e s u l t o f  t h e  l a r g e r  number of  n u c l e i ,  ' t h e  u l t i m a t e  g r a i n  s i z e  was on ly  

s l i g h t i y  g r e a t e r  than  t h e  normal g r a i n  growth on t h e  p e l l e t  su r f ace .  
' 

I . .  . .  



Another poss i 'b le  explana-Lion for t h e  observed g r a i n  growth 

i n  t h e  p e l l e t s  made from c a l c i n e d  powder i s  t h a t  t h e  c a l c i n i n g  w a s  h igh ly  

e f f e c t i v e  i n  removing a l l  o f  t h e  g r a i n  growth i n h i b i t i n g  phase. The 

g r a i n  'growth i n  t h e  c e n t e r  p o r t i o n  o f  t h e  p e l l e t s  f a b r i c a t e d  from t h e  c a l -  

c i n e d  powder would then  b e  normal and t h e  l a c k  o f  g r a i n  growth i n  t h e  

p e l l e t s  f a b r i c a t e d  from t h e  as - rece ived  powders, t h e  r e s u l t  o f  an  impur i ty  

i n  t h e  s t a r t i n g  powder. The r e l a t i v e l y  uniform bu t  somewhat sma l l e r  g r a i n  

growth on t h e  s u r f a c e  o f  a l l  t h e  p e l l e t s  may then  be t h e  n e t  r e s u l t  o f  

removal uf a very  e f f e c t i v e  g r a i n  growth i n h i b i t o r  from t h e  powder a t  t h e  

pe1ie.L s u r f a c e  by a v o l a t i l i z a t i o n  counterac ted  t o  a l i m i t e d  ex ten t  by 

contaminat ion wi th  a somewhat l e s s  e f f e c t i v e l y  i n h i b i t i n g  impur i ty  from 

t h e  s i n t e r i n g  atmosphere which d i - f fused  back i n t o  t h e  p e l l e t .  The l a t t e r  

h y p o t h e s i s  appears  t o  be unnecessa r i l y  involved;  t h e  former theory  i s  . 
suppor ted  by t h e  presence  o f  exaggerated g r a i n  growth i n  ca l c ined  powders 

r e p o r t e d  i n  a subsequent  experiment.  

' .Examination o f  t h e  .micros t ruc ture  .shown i n  F igure  37a, b ,  

and c f o r  p e l l e t s  3 C ,  1B, and 13F; r e s p e c t i v e l y ,  i n d i c a t e s  t h a t  t h e  g r a i n s  

i n  p e l l e t  3C con ta in  t h e  most i n t r a g r a n u l a r  po ros i ty .  (1t appears  t o  be 

more prom.inent..because it i s  coa r se r .  A g r a i n  with an equal  volume o f  

very  f i n e  p o r o s i t y  may no t  appear  t o  cnnt.a.in as much becaus'e of  t h e  d i f f i - -  

c u l t y  o f  f i n e  pore  r e so lu t , i on .  ).. Q u i t e  appa ren t ly  t h e  g r a i n  boundaries  . I  . 

had s u f f i c i e n t  m o b i l i t y  t o  p a s s  t h e s e  pores  without.  s i g n i f i c a n t  i n h i b i t i o n .  * 

Figure  37b has  a moderate amount o f . i n t r a g r a n u l a r  po ros i ty .  T h i s . p e l l e t ,  

IB, had equal  c e n t e r  and edge. g r a i n  size..' Figure 37c shows the .  c e n t e r  ". 

. a  

grafn s i z e  f o r  p e l l e t  I%F, as-rec.eived~m,icronized. The p o r o s i t y  . is  very. 

f i n e  aiid , d i f f i cu l .L  .Lo r e so lve . '    he g r a i n  bo~.~.ndaries a r e  not  nea r ly  -as 
. . 

wel l  defi'ned a s  t h e  previous '  two sample$, with many 'gra ins  having less ' 

t h a n  s i x  boundaries ,  h i n t i n g  t h e i r  mob i l i t y  w a  res%m.i.n:cd. by gfrfects 
. . o t h e r  t h a n  normal s u r f a c e  tension;. . 8  

The e f f e c t  o f  c a l c i n i n g  t h e  s t a r t i n g  powder is not  n e a r l y  as  
. . 

obvious  i n  t h e  t h o r i a  powder which does not  have the '  100 ppm c a l i i i  a d d i t i o n .  

Grain growth a s  a f u n c t i o n  of d i s t a n c e  from t h e  p e l l e t  s u r f a c e  f o r  p e l l e t s  

f a b r i c a t e d  from powder l o t  136 i s  shown i n  Figure 38 and f i g u r e  '39 f o r  

p e l l e t s  s i n t e r e d  f o r  1$ and 1 2  hours ,  r e s p e c t i v e l y  i n  d ry  hydrogen (53',~ 



measured dew poi.nt i n  t h e  furnace .  ho t  ' zone). A b r i e f .  suinm&y of  s i n t e r e d  

p e l l e t  d a t a  i s  shown below. A t  the: complet ion o f ,  13 hours  a t  1750 '~  t h e  

. . . . 

ASTM Center    rain S i z e  R e s u l t s  f o r  P e l l e t s  Fabrica ' ted.  
from 136 Calcined and As-Received Powder 

~ i n t e r k d  
. . . ASm 

. . . Center 
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*Material  l o s t  dur ing  b l o t t i n g  

p e l l e t s  f a b r i c a t e d  from micronized-as-received powder a c t u a l l y  . . showed l a r g e r  

g r a i n s  a t  t h e . p e l l e t  c e n t e r  than  t h e  p e l l e t  f a b r i c a t e d  from micronized- 
. . 

c a l c i n e d  powder, even though. the  l a r g e s t  . g r a i n s  recorded  i n  'any of  t h e  13 
, ~OU-, 1 o t . 1 3 6  . . p c l l e t s  w a s  observed i n  p e l l e t s  f a b r i c a t e d  with t h e  

m.icronized-caicinkd powder approximately . . 30-40 x inches  from t h e  

p e l l e t  su r f ace .  S ince  t h e  as-received-micronized powder had a g r e a t e r  .%.. 

2 2 
surface a ron  (8., 10. m /@) thp..n, a i  %her  t h e  micronized-calcined (5.27 m /gm). 

o r  t h e  ca l c ined  (2.82 m2/gm) powder, t h e  r e s p e c t i v e  s u r f a c e ,  e n e r g i e s  a v a i l - .  
7 7 a b l e  f o r  d e n s i f i c a t i o n  and subsequent g r a i n  growth a r e  9.3 '10 , 6,0.*10 ,! 

and 3. 2 . 1 0 ~  ergs/gm. -. I n  view o f  t h e  r e s p e c t i v e  powder s u r f a c e  energies , ,  , 

i t  becomes obvious . . t h a t  t h e  only  .meanin.gful way t o  determine , the e f f e c t . . o f  . .  . 

ca l c in ing  i s  t o  compare p e l l e t s  f a b r i c a t e d  from powders o f  . s i m i l a r  s u r f a c e  
t .  

area and t h e r e f o r e  s i m i l a r  .si.lrfaie energy,. :' A s  ' shown ' i n  F igure  38, t h e  

p e l l e t  f a b r i c a t e d  froni' t h e  as - rece ived  powder, 5S, ~ 5 t h  a.: 'sGface energy - 

7 of 6.38.10 ergs/@, should be com2ared. with t h e  'calcined,  micronized 
7 - sample, 2J ,  with. a s u r f a c e  energy of  6.05'10 ergs/@; to '  c l e a r l y  sho'w . 

I.. r , . r .  . . . . , . 
t h e  bene.f.j,cj.a.l. e f f e c t  of calc.in.ing.. . : 



. . f i g u r e  39 sliowg t h e  change i n  g r a i n  s i z e  as a funct ion,  of  . 

p e l l e t  c r o s s  s e c t i o n  f o r  p e l l e t s  , s i n t e r e d  a t  1 7 5 0 ' ~  f o r  1 2  hours .  A s .  

shown above and by compar.ison of F igu res  38 and 39 t h e  e f f e c t  o f  powder 

c a l c i n i n g  on p e l l e t  g r a i n  growth became more s i g n i f i c a n t  and t h e  i n f l u e n c e  

o f  t h e  i n i t i a l  p a r t i c l e  s ize  becomes l e s s  s i g n i f i c a n t  as t h e  t ime a t  temper- 

a t u r e  .is i n c r e a s e d  from 14 t o  1 2  hour s  a t  1 7 5 0 ~ ~ .  A t  t h e  end of  1 2  hours  

a t  1 7 5 0 ' ~  t h e  p e l l e t s  f a b r i c a t e d  from ca l c ined  136 powder exh ib i t ed  g r e a t e r  

g r a i n  growth than  t h e  p e l l e t s  f a b r i c a t e d  from as- rece ived  powder and t h e  

g r a i n  g r o w t h ' o f ' t h e  micronized-calcined was g r e a t e r . t h a n  t h e  micronized- 
0 

a s - r ece ived ,  The b e n e f i c i a l  e f f e c t s  o f  the  1100 C p u r i f i c a t i o n  c a l c i n a t i o n  

a r e  even g r e a t e r  when p e l l e t s  made from powders with similar s u r f a c e  a r e a s  

a r e  compared. P e l l e t  5 A  f a b r i c a t e d  from micronized-calcined powder had an 
2 i n i t i a l  powder su r f ace  a r e a  of '5.27 m /gm and p e l l e t  3G f a b r i c a t e d  from 

2 as-recei-ved po.wder had, an  . i n i t i a l  powder s u r f a c e  a r e a  o f  5.55 rrl /gm. The 

p e l l e t s  f a b r i c a t e d  from t h e  micronized-calc.ined 136 powder exh ib i t ed  t h e  

g r e a t e s t  o v e r a l l  g r a i n  growth, which was a l s o  g r e a t e r  t han  t h e  p e l l e t  

f a b r i c a t e d  from t h e  micronized-as-received powder. 

F igu res  38 and 39 show t h a t  t h e  e f f e c t  of  c a l c i n i n g  136 Thoe 
0 

powder a t  1100 C i n  a i r  may no t  be as l a r g e  as p rev ious ly  observed with 096 

Tn02 powder. The r eason  f o r  t h i s .  d i f f e r e n c e  may be  t h a t  t h e  impur i ty  i s  

111ure e a s l l y  removed from ThU2 powder which h a s  a h ighe r  C a O  conten t .  Another 

r ea son  may be  t h a t  t h e  i n h i b i t i n g  impur i ty  phase i n  both powder l o t s  was 
0 

reduced  by approximately t h e  same amount by t h e  1100 C a i r  c a l c i n e ;  however, 

t h e  observed  d i f f e r e n c e  may 'be due s t r i c t l y  t o  t h e  d i f f e r e n c e s  i n  i n i t i a l  

p a r t i c l e  s m f a c e  a r e a  s i n c e  t h e  s u r f a c e  energy f o r  g r a i n  g r o w t h ' i s  de r ived  

from t h i s  initial energy. If t h e  c a l c i a - f r e e  powder, 136, was c a l c i n e d  I 

0 0 
a t  982 C r a t h e r  t han  1032 C ,  it may have resi11.t.ed i n  g r a i n  growth c i m i l a r  I 

t o  t h a t  observed f o r  t h e  096 T h O Z  poucler with t h e  100 ppm CaO. 
b 

3. S l u r r y  Agglomeration Procedure 

I n  an  e f f o r t  t o  s imu la t e  by l a b o r a t o r y  procedures  on small 

q u a n t i t i e s  o f  powder a f a b r i c a t i o n  procedure which uzes  carbonaceous addi-  

t i v e s  . s i m i l a r  t o  t h e  product ion  f a c i l i t y ,  as well  as t o  produce p e l l e t s  

wi th  a wider  range  of  green d e n s i t i e s ,  0.53 i nch  diameter .  p e l l e t s  from 



0 
l o t s  096 .and 136 (as-received,  as-received-double micronized, 1100 C a i r  \ 
ca l c ined ,  and 1 1 , 0 0 ~ ~  :air ca l c ined ,  double micronized) were produced by a - 

. 

s l u r r y  agglomeration procedure. The. va r ious  powders were, wet mixed 'with . 

Oxylene and 1 . 7 5  w/o Carbowax 6000 and then  g ranu la t ed  through a 24 mesh 
. . 

screen .  ~ t e r o t e x , ' .  'O;2 w/o, was added. t o  t h e  ' g&nuled  and d;jr ' b lended  

p r i o r  t o  press ing .  A ' s e r i e s  of  green  d e n s i t i e s  between 55 and 65 % T.D. 

were pressed  on t h e  S tokes  p re s s .  The geometric dens f ty  of  t h e  green  

p e l l e t s  i s  .included . i n   able 13,. Almost c o n s i s t e n t l y  t h e  a c t u a l  measured 
. . 

green  dens i ty  i s  somewhat g r e a t e r  than  t h e  t a r g e t .  dkns i ty .  
. . 

' .  The p re s sed  p e l l e t s  were p r e t r e a t e d  at  9 2 5 ' ~  f o r  3 hours  i n  

a f lowing  C02 atmosphere. The C02 g a s  was a h i g h p u r i t y  ins t rument  g rade  

with l e s s  than  15 ppm oxygen. The carbon content  o f  t h e  r e s u l t a n t  p e l l e t s  

analyzed 425 + 0 - 150 ppm. ( ~ d s o r b e d  C02 from t h e  atmosphere f r e q u e n t l y  

approximated 150 ppm depending on l eng th  o f  exposure. ) Again t h e  high 

p u r i t y  CO used to .  p r e t r e a t  t h e s e  p e l l e t s  seemed t o  . remove . less  carbon ; 
2 

than  t h e  l e s s  pure (- 200 ppm. oxygen contaminat ion)  C02 used i n  t h e  produc- 
I t i o n  f a c i l i t y ,  The p e l l e t s  Gere s i n t e r e d  a t  1 7 5 0 ' ~  f o r  0 ,  7,  I*, 5, 1 2 ,  

0 and, i n  some cases ,  22 hours  in . .  "dry'? (53 F measured fu rnace  .hot zone dew. 

p o i n t  ) hydrog.en . 
4. S l u r r y  Agglomerated ~ e l i e t  R e s u l t s  

The e f f e c t  of  s i n t e r i n g  t ime a t  1750°C on 0 .53  i n c h  d i a i e t e r  
, . 

p e l l e t s  f a b r i c a t e d  by t h e  s l u r r y  mix process  from micronized-as-received 
. . 

and micronized 1 1 0 0 ~ ~  a i r - c a l c i n e d  096 and 136 powders were confounded by 

extreme l e v e l s  o f  g r a n u l a r  segrega t ion .  Examples o f  t h e  ex t ens ive  g r a n u l a  
. . 

seg rega t ion  a r e  shown i n  Figure Ma-d. The s i n t e r i n g  wi th in  t h e  g r a n u l e s  

was so  ex tens ive  i n  p e l l e t  3-15 ( 1 1 0 0 ~ ~ - 4 8  hour.  a i r  calcine-double micronized. 

l o t  096, 6.1 gm/cc green  d e n s i t y ) ,  Figure M d ,  t h a t  phys i ca l  s e p a r a t i o n  had 

Cakcn p laoe  between t.he gra.nilles. Almost a l l  o f  t h e  samples made from t h e  

096 calcined-double micronized powder had a maximum segrega t ion  r a t i n g  o f  

7 ,  Table 13, 
% 1 

The reason  why such ext,ensive g r a n u l a r  s eg rega t ion  r e s u l t e d  

i n  t h e  s lurry-agglomerated po.wder i s  not  completely c l e a r .  Shown below 



a r e  c rush  l o a d s  f o r  t h e  s lurry-agglomerated g ranu le s  and t h e  g ranu la r  

s e g r e g a t i o n  r a t i n g  f o r  t h e  p e l l e t s  f a b r i c a t e d  from . the  r e s p e c t i v e  

powders. There appears  t o  be a  weak c o r r e l a t i o n  between 

S l u r r y  Agglomerated Granule and P e l l e t  P r o p e r t i e s  

- 
Granule Crush 61 % Green Densi ty 

Load (ems) I$ Hours 1 2  Hours -- - -. - .5 

' Powder Ave. Range Edge Center  Edge Center  

096 As-Rec'd., Db1:Micro. 1 7 . 6  9.8-22.0  4 , ;  2 11. 4 
136 " 

!I I! I t  16 .2  11.8-13.7 7 .  
6  9 I 

5 3 3 
096 1 1 0 0 ~ ~  A i r  Calc .  -Dbl. Micro .' 31'. 6  16;7'165.0 6  ' 6" ' '6 
136 ' 

,, * I  I t  w 2 9 1  9.7-46.0 2 2 4 3 

c r u s h  s t r e n g t h  and g r a n u l a r  s eg rega t ion ;  however, it c e r t a i n l y  i s  no t  c l e a r  

c u t ,  e s p e c i a l l y  at. t h e  I.-$ hour  s i n t e r i n g  t ime.  The s-Lrongesl g ranu le s  

(096 c a l c i n e d ,  31.6. grams) r e s u l t e d  i n  t h e  g r e a t e s t  g ranu la r  segrega.t,Lon 

i n  t h e  s i n t e r e d  p e l l e t .  The second s t r o n g e s t  g r a n u l e s  (136 cal.cined, 

29.1 grams) a l s o  showed seg rega t ion  when s i n t e r e d ,  bu t  it w a s  n o t  always 

gl-ea-Ler t han  t h a t  observed with some o f  t h e  weaker g ranu le s .  S ince  t h e  

ia l lge ul' crush l o a d s  f o r  each powder t ype  were very wide, i t  i s  p o s s i b l e  

tha- t  t h e  very s t r o n g  and very  weak g ranu le s  may i n f l u e n c e  t h e  gram11 a:r 

s e g r e g a t i o n  lrlore than  t h e  s imple  average.  If t h e  i n t e g r i l y  o.P t h e  hard 

g ~ a r ~ u l e u  produced by. t h i s  t r ea tmen t  were mainta&ed dur ing  p re s s ing  b e t t e r  

t h a n  g ~ a n u l e s  prepared  by convent ibna l  l i q u i d / s o l i d s  blending,  a reduced 
_. ' 

granule- to-granule,  co,nt.act. may r e s u l t .  AE 5 consequence o f  such reduced 

c o n t a c t ,  d e n s i f i c a t i o n  o c c u r s  pri.ma.ri l y  wi th in  each ~ r a n u l c ,  reaulL.illg 111 

g r a n u l e s  shr.inking apart .  and reducing  t h e i r  con tac t  s t i l l  f u r t h e r .  If 
- . ,  . .... .. 

; : : _ .  

t h e  s lurry-agglomerated g r a n u l e  is  s t r o n g  and dense,  _ t h e  .p ress  l o a d  and ,-. .-a I"' . ' ,  .. . - 

spr ingback  f o r  a g iven  green  compact d e n s i t y  would. d . ec rea~ .e  from t h e  

l e v e l s  f o r  weaker, l e s s  dense granules .  Even t h e  e j e c t i q n  load  might 

d e c r e a s e  i f  f o r  no o t h e r  r ea son  than  t h e  p e l l e t s  were p re s sed  t o  a lower 

u l t i m a t e  dens i ty .  However, p r e s s i n g  d a t a  shown below do  n o t  provide  a 

d e f i n i t i v e  picture ..' P r e s s i n g  load,  spr ingback,  and e j e c t i o n  load  a r e  t h e  

lowes t  f o r  t h e  pellets f a b r i c a t e d  from' t h e  0 9 6 , 1 1 0 0 ~ ~  a i r - c a l c i n e d  

g r a n u l e s  and t h e  g ranu le  s eg rega t ion  i s  t h e  g r e a t e s t  a s  p r e d i c t e d  from t h e  



P r e s s  Load, Springback, and E jec t ion  Load f o r ,  
0 .53 Inch Diameter P e l l e t s  Fab r i ca t ed  From 

' S l u r r y  Agglomerated 096 and 136 Double Micronized, 
A i r  Calcined and As-Received Powder 

E j e c t i o n  
Powder P r e s s  Load Springback 

Lot Powder Treatment ( p s i )  ($1 

096 Micronized-As-Received , 25,000 0.85 
136 I I .26,OOO 0.82 ' 

I t  

096 11 00'~-Air c a l c i n e d - ~ i c r d k i z e d  22,500 0.75 . 

136 1, I, I I I 

35,000 0.81 

Load 

above..  However t h e  r e l a t i o n s h i p  between p r e s s  load  and g ranu le  s eg rega t ion  

seems t q  break down wi th  t h e  o the r  samples. T h e  136, 1100'~ a i r - c a l c i n e d  

g ranp le s  w i th  a p r e s s  load of 35,000 p s i  c l e a r l y  do  n o t  show s i g n i f i c a n t l y  

less . :  g r anu la r  s eg rega t ion  ?than t h e  o t h e r  powders. 

Regard less  o f  t h e  cause o f  t h e  g r a n u l a r  s eg rega t ion ,  it d i d  

appear  t o  inf luence  t h e  r e s u l t i n g  p e l l e t  g r a i n  growth. To exp la in  t h e  

observa t ion  t h a t  p e l l e t s  f a b r i c a t e d  from t h e  s l u r r y  agglomerated, micronized- 

as - rece ived  showed g r e a t e r  g r a i n  growth than  t h e  same powder without  b inde r  

and l u b r i c a n t  a d d i t i o n ,  i t  is  proposed t h a t  t h e  void  around t h e  g r a n u l e s  

v i s i b l e  i n  F igure  40 al lowed'permeat ion of  t h e  p e l l e t  with s i n t e r i n g  atmos- 

phere around each g ranu le ,  and t h u s  f a c i l i t a t e d  t h e  removal o f  t h e  g r a i n  

growth i n h i b i t o r  which normally i s  removed on ly  a t  t h e  p e l l e t  su r f ace .  

The removal of t h e  i n h i b i t o r  t h u s  promoted g r a i n  growth wi th in  t h e  gran-  

ule-s. The r a d i u s  o f  t h e  granul'e (w 0.-014 i n c h )  i s  much smaller than  t h e  

t h i c k n e s s  of  t h e  band of normal g r a i n  growth observed around t h e  e x t e r i o r  

o f  a t y p i c a l  duplex s t r u c t u r e  p e l l e t ;  t h u s  e f f u s i o n  o f  t h e  i n h i b i t o r  dur ing  

s i n t e r i n g  is r e l a t i v e l y  unimpeded. I n  t h e  case  o f  t h e  c a l c i n e d  powder, 

a c c e s s  o f  t h e  atmosphere i n  t h e  void between g r a n u l e s  i s  l e s s  important  . . 

s i n c e  t h e  gra.Ln growth i n h i b i t o r  h a s  a l r e a d y  been reduced i n  l e v e l .  The 

d e n s i t y  an'd g r a i n  s ize  d a t a  f o r  t h e s e  s l u r r y  agglomerated samples have , . . . . . 
been inc luded  . in:  Table .,I 3. The f i g u r e s  showing g r a i n  s i z e  as a func t ion  

. o f  p e l l e t .  c r o s s  s e c t i o n  .and green d e n s i t y  have been inc luded  .in Appendix A ,  
. , . . 

Due t o  t h e  a t y p i c a l  n a t u r e  of t h e s e  samples, comparisons o f  t h e  d a t a  may 

be  misleading,  They .a re  inc luded  f o r  cau t ious  r e f e rence :on ly ,  



B. Hydrogen-Calcined Powder - 1 1 0 0 ~ ~  

0 It was p rev ious ly  demonstrated with t h e  use  of 1100 C-air-calcined 

powder t h a t  t h e  powder h i s t o r y  has  a s i g n i f i c a n t  i n f l u e n c e  on g r a i n  growth 

k i n e t i c s .  To s tudy  t h e  e f f e c t  of c a l c i n i n g  atmosphere and t o  determine i f  

t h e  g r a i n  growth i n h i b i t i n g  impur i ty  phase could  be removed more e f f e c t i v e l y  

by c a l c i n i n g  t h e  s t a r t i n g  t h o r i a  i n  d r y  hydrogen r a t h e r  than  i n  a n  a i r  atmos- 

phere ,  powder l o t s  096 and 136 were ca l c ined  f o r  48 hours  i n  a  c lo sed  fu rnace  

system a t  1 1 0 0 ~ ~  i n  f lowing  dry (- 60°F dew p o i n t )  hydrogen. The maximum 

powder dep th  i n  t h e  q u a r t z  c r u c i b l e s  w a s  2 inches .  The sample was not  rabbled  

as was t h e  a i r - c a l c i n e d  powder. An a n a l y s i s  of t h e  c a l c i n e d  powder i s  given  

i n  Table  14, a long  with t h e  r e s u l t i n g  s u r f a c e  a rea .  T h e ' s i l i c o n  content  o f  

one o f  t h e  hydrogen-calcined powders (096) w a s  s i g n i f i c a n t l y  g r e a t e r  than  t h a t  

o f  t h e  a i r - c a l c i n e d  powder o r  t h e  as - rece ived  powder, poss ib ly  as a conse- 

quence o f  t h e  q u a r t z  c r u c i b l e .  The f a c t  t h a t  t h e  136 powder showed no r e a l  

change i n  S i  conten t  t e n d s  t o  c a s t  doubt on t h e  devian t  a n a l y s i s .  

1. Dry P r e s s i n g  Procedure . . 

S i m i l a r  t o  t h e  experiment with t h e  a i r - c a l c i n e d  powder, a number 

o f  p e l l e t s  were p re s sed  wi thout  b inde r  from t h e  ca l c ined  and double micronized- 

c a l c i n e d  powder a t  approximately 60 % compacted d e n s i t y .  Process ing  p e l l e t s  

wi thout  t h e  s tandard  a d d i t i o n  of  Carbowax and t h e  agglomerat ion o f  t h e  powder 

i n t o  g r a n u l e s  r e s u l t e d  i n  some p r e s s i n g . d i f f i c u l t i e s ;  however, a t  l e a s t  two 

p e l l e t s  were a v a i l a b l e  f o r  each v a r i a b l e .  A s  be fo re ,  t h e s e  d ry  p re s sed  

b i n d e r l e s s  samples were no t  p r e t r e a t e d .  ? e , g e ~ m e t r i c  green d e n s i t y  f o r  each 

p e l l e t  s i n t e r e d  i s  inc luded  i n  Table 13. The p e l l e t s  were s i n t e r e d  a t  1 7 5 0 ' ~  
0 i n  a d r y  ( furnace  ho t  zone dew po in t  53 F) hydrogen atmosphere. 

2 .  Dry P r e s s  R e s u l t s  

A f t e r  s i n t e s i n g ,  t h e  p e l l e t s  were examined w i t h - t h e  unaided eye 

f o r ' g r o s s  d i f f e r e n c e s .  It w a s  p r ev ious ly  determined f o r  p e l l e t s  made from 

a i r - c a l c i n e d  powder t h a t  t h e  da rke r  co lored  p e l l e t s  g e n e r a l l y  had l a r g e r  g r a i n s  

t h a n  t h e  l i g h t e r  co lo red  p e l l e t s .  The da rke r  p e l l e t s  were g e n e r a l l y  t h o s e  

which were f a b r i c a t e d  from c a l c i n e d  and/or calcined-micronized powder. The 

same c o l o r  t r e n d s  were a g a i n  observed with t h e  p e l l e t s  f a b r i c a t e d  from t h e  

hydrogen-calcined powder and s i n t e r e d  f o r  1: and 1 2  hours  a t  1 7 5 0 ~ ~ .  The 



only  d i f f e r e n c e  was t h a t  t h e  p e l l e t s  f a b r i c a t e d  from hydrogen-calcined powders 

irere ge&ra l ly  'light-& i n  c o l o r  t han  t h e  equiva len t  a i r - c a l c i n e d  powder 
. . 

p e l l e t .  
. . . . 

Af te r  t h e  d e n s i t y  of  t h e  s i n t e r e d  p e l l e t s  was determined by t h e  

water'.immersion. technique,  Table 13, a p e l l e t  from each cond i t i on  was mounted 
. . 

l o n g i t u d i n a l l y ,  po l i shed ,  e tched,  and .  t h e  g r a i n  s i z e  determined as a func t ion  

o f  d i s t a n c e  from,the p e l l e t  surface-. The v a r i a t i o n  . in g r a i n  s i z e  as a f u n c t i o n  
. . . ..%.._ 

of c r o s s  s e c t i o n  f o r  096 0.53-inch .diameter p e l l e t s  :(- 100. ppm,. C ~ O )  f a b r i c a t e d  

from calcined,  and micronized-calcined po,wder s i n t e r e d  a t  1 7 5 0 ' ~  f o r  13, and .I 2  
.. . 

hour s .  i s  shown i n  Figure 41. . . 

. . These r e suP t s . ' a r e  to .  be  compared with $ t h o s e  shown i n  F igures  35 
and 36 f o r  13 and 1 2  hours  s i n t e r i n g  a t  1750°c, r e s p e c t i v e l y ,  t o  evaluiite 

t h e  e f f e c t s  of  hydrogen c a l c i n i n g  as wel l  a s . t o  compare between t h e  two c a l -  

c i n i n g  atmospheres. Comparing first with t l ie as - rece ived  powder, it i s  

apparent  f rom.  t h e  d a t a  ' i n  t h e  t a b l e  below t h a t  hydrogen c a l c i n i n g  increa'sed 

s i n t e r e d  g r a i n  s i z e  a t  t h e  p e l l e t  c e n t e r  both a f t e r  13 hours  and 1 2  hours.  ' 

. . 

ASTM Center  Grain S i z e  R e s u l t s  f o r  P e l l e t s  -Fabr ica ted  
From 096 Hydrogen-Calcined and As-Received Powder 

" . .  

-. . 
. . .  S i n t e r e d  

. 0. 

; . ASTM 
. . S l n t e r -  Ccnts r  

Pe l -  . . i n g  Surface Inc .  .Excl .  Grain 
l e t  Fig. Time y e a '  Open Open S i z e  

I D  
. . 

- Powder Condit ions No. ( h r s ) .  (m ) Pores  Pores  : No.. 

3T ' A S - ~ e c  '8.. 3.5 1' 2 8.24 
15p I! . !I , Dbl. Micro, :- I I I t  10.28 
2EE 1 1 0 0 ~ ~  H Calc.  ' I  41 " . 4.77. 
2FF " "2 , Dbl. ~ i c r ~ .  ,, ,, 5.82 
4~ A&'-Rec'd. .. . 3.8 .. 1 2  8 .24  
13F " " , Dbl. Micro. 
4AA 1 1 0 0 ~ ~  H, Calc. 
6BB " I' , Dbl. Micro. ,, I' . . 5.82  

*Material  l o s t  dwring ' b lo t t i ng  

Thus, as previous ly  shown f o r  a i r - c a l c i n e d  096 powder, dry hydrogen c a l c i n a t i o n  

at  1 1 0 0 ~ ~  f o r  48 hours  improves p e l l e t  g r a i n  growth c h a r a c t e r i s t i c s  i n  s p i t e  o f  

s roduccd our face  energy r e z u l t i n g  from a reduced s u r f a c e  area. 
. I  



The ' e f f i cacy  of  dry hydrogen c a l c i n i n g  of  0 9  powder f o r  48 hours  4 
0 at  1100 C i s  confused by t h e  format ion ,  as i n d i c a t e d  i n  F igure  41 and 

F igu re  42a-d f o r  p e l l e t  4 A A  (12 hour s  a t  1 7 5 0 ~ ~ )  o f  l a r g e  idiomorphic g r a i n s  

i n  t h e  a s - ca l c ined  powder. The l a r g e  idiomorphic.  gr%ins' were i n  a f i e l d  o f  

f i n e r  g r a i n s .  A s  shown i n  t h e  k i n e t i c  s t u d i e s ,  t h e  formation of  . l a r g e  i d i o -  

morphic g r a i n s  can  b e  a t t r i b u t e d  t o  t h e  presence of  a l i q u i d  phase a t  t h e  

id i6morph ic  g r a i n  boundaries ,  probably an e u t  e c t i c  between Tho2 and a thorium 
. . 

o x y s u l f i d e  phase. The presence  02 m i c r o s t r u c t u r a l  c o n s t i t u e n t s  s i m i l a r  t o  ' 
> . .  

t hosk  p rev ious ly  i d e n t i f i e d  as thorium s u l f i d e s  was d e t e c t e d  i n  sample 4 A A ~  o f .  

E'igures 41 and 42. The s u l f u r  con ten t  of  t h e  hydrogen-calcined. 096 powder 

w a s  determined by mass spectr~graphic.analys.~s t o  be 45 ppm, which i s  g r e a t e r  

t han  t h a t  of' t h e  hydrogen-calcined 136 p w d e r  o r  e i t h e r  t h e  096 o r  ,136 'a?,?-. 
c a l c i n e d  powders whose s u l f u r  con ten t s  were 18, ,37, and 23, r e s p e c t i v e l y .  

However, t h e  as - rece ived  096 powder had an analyzed s u l f u r  conten t  o f . 6 7  ppm.. 

It i s  possi 'b le  t h a t  t h e  powder picked up small. a d d i t i o n a l  q u a n t i t i e s  of s u l f u r  

from t h e  rubber  l i n e r  of t h e  micronizer  ( l e s s  than  1 % s u l f u r  i n  rubber  l i n e r ) ;  

.however, it is c l e a r  t h a t  t h e  presence  of  s u l f u r  a lone  does not  determine i f  

idiornorphic g r a i n s  a r e  formed.' The s u l f u r  must. be  r eac t ed .wi th '  Tho2 t o  form 

T ~ ( o , s ) ~ ;  s u l f u r  contaminat ion from rubber ,  u n l e s s  first r e a c t e d  with Tho2, 

would probably n o t  be e f f e c t i v e .  The process  appea r s  i n t r i c a t e ,  r e q u i r i n g  

c r i t i c a l  q u a n t i t i e s  o f  t h e  l i q u i d ,  phase. The forma'tion o f  idinmnrphi c p a . i  ns. 

i s  a r a r i t y .  Idiomorphic g r a i n s  have been observed i n  i n i t i a l  p roduct ion  . , 

p e l l e t s '  on ly  when t h e  t h o r i a  p ~ w d e r ~ c o n t a i n e d  t h e  c a l c i e  a d d i t i o n  (,100.~pm)':: 

and t h e  hydrogen atmosphere was r e l a t i v e l y  dry .  The g ros s  idiomorphic. ,grain 

growth shown i n  F igure  42 f o r  sample I*AP., 1 2  hour- l ' j '50~~ s i n t e r  :of t h e  p e l l e t  

f a b r i c a t e d  from hydrogen-calcined powder, i s  a t t r i b u t e d  t o  t h e  p re sence .o f  

s u l f u r ;  t h e  t r u e  g r a i n  s i z e  p r i o r  t o  growth of t h e  idiomorphic g r a i n s  i s  

e s t i m a t e d  t o  be ASTM #8 f rm t h e  s i z e  of t h e  rnstr!.x g r a i n s .  , , 

With t h i s  assumption, it would appear  from t h e  comparison of 
0 

ai* VS. hydrogen-calcined 096 powders s i n t e r e d  at,  1750 C f o r  1* hours ,  below, 

ASTM Center  Figure 
Powder Treatment G r a i l 1  S i z e  No. No. . . 

A i r  Calcined 92 
Hydrogen Calc ined  1 32 
A i r  Calcined,  Double Micronized ' 5  
Hydrogen Calcined,  Dbl, Micro. 9 



t h a t  both hydrogen and a i r  c a l c i n i n g  f o r  48 hours  a t  1 . 1 0 0 ~ ~ .  f a v o r  g r a i n  

growth, bu t  t h a t  t h e  former i s  l e s s  e f f k c t i v d  than  t h e . l a t t e r . f o r  096 p6wder. 

A s i m i l a r  t r e n d  is observed below f o r  096 powder 'air- and hydrogen-calcined 

and s i .ntered f o r  1.2 hours- a t  1750"~.  A sdmewhat d i f f e r e n t  . p i c t u r e  i s  

ASTM Center  F igure  
Powder Treatment 

. . . . 
Grain S i z e  No. No. 

A i r  Calcined 4 ". 36 
Hydrogen Calcined 8-0 ' 41 .' 

A i r  Calcined,  Double Micronized 6 36 
Hydrogen Calcined,  Dbl. Micro. 9 41 

presented  by t h e  l o t .  136 powder (which c o n t a i n s  approximately 4 ppm ~ a ) .  

Lot 1 36 Powder . . 

, L  ' 

Grain F igure  
S i n t e r i n g  Condit ion S i z e  . , .  . ' N o . .  Powder Treatment 

As-Recei'ved 
As-Received + Micronized 
HZ-Calcined 
H Calcined + Micronized 2 - 
As-Received 
As-Received + Micronized 
H Calcined 2 - 
H Calcined + Micronized 

2- 

Calc in ing  t h e  i n i t , i a l  powder r e s u l t s  i n  a d e f i n i t e  i n c r e a s e  i n  

t h e  c e n t e r  g r a i n  s i z e  of  t h e  s i n t e r e d  p e l l e t , ' - ' i n  s p i t e  of  - t h e  f a c t '  t h a t  . t h e  

powder s u r f a c e  a r e a  a n d . t h e r e f o r e  t h e  su r f ace  ,energy o f  t h e  c a l c i n e d  powder 

i s  l e s s .  t h a n .  75 % o f  t h a t  o f  t h e  as - rece ived  powder. , I t  i s  probable . , , t h a t  t h e  . . 

b e n e f i c i a l  , e f f e c t s  ,of c a l c i n a t i o n  ( a i r  or.. hydrogen) .on g r a i n  growth would be 

even more pronounced if t h e  . . .  ca l c ined  and as-received.powders were compared a t  

t h e  ,same p a r t i c l e  siz.e ( o r  s u r f a c e  energy). . Thus . t h e  p e l l e t s  made from 
2 ' .- 

calcined-micronized 096 and 136 powder, s u r f a c e  a r e a  5.82 and 5.91 m [gm, 
. . .. . 

r e s p e c t i v e l y ,  ,should be compared,w.ith t h e  p e l l e t s  f a b r i c a t e d  from t h e  
2 

as-received 096 and 136 powder, , s u r f a c e  a r e a  8.24,  and 5.55 m ,/gm, r e s p e c t i v e l y .  



Af te r  1* hours  a t  tempera ture  t h e  c e n t e r  g r a i n  s i z e  . . of' t h e  096 and 136 

calcined-microni.zed w a s  9 and 6-6.5, r e s p e c t i v e l y ;  however, t h e  =me va lues  

f o r  t h e  as - rece ived  , .  m a t e r i a l  were < 14 and < 14, Af t e r  , .  . 1 2  hours  a t  1 7 5 0 ' ~  

t h e  same comparison shows ASTM g r a i n  s i z e s  of  8$-9 and 4.5-5 f o r  t h e  . . 

micronized-calcined powder p e l l e t s  and only  1 2  and 14, r e s p e c t i v e l y ,  f o r  t h e  

a s - r ece ived  powder p e l l e t s .  

The ASTM grairi s i z e  r e s u l t s  f o r  hydrogewca lc ina t ion  a r e  

compared below wi th  t h o s e  f o r  a i r - c a l c i n a t i o n .  Thus f o r  l o t  136 powder, both 

b t 1.26 powder 

Powder Treatment 

Hy&ogen-Calcined 
Hydrogen-Calc. + Micro. 
Air-Calcined 
Air-Calcined + Micro. 
Hydrogen-Calcined 
Hydro'gen-Calc . + Micro, 
Air-Calcined 
Air-Calcined + Micro. 

S i n t e r i n g  Condition 

1$ h r a  e 1750°c, d ry  H2 
I 1  ,I 

1 2  h r s  ( 9  

. 1 1  II .. 

I, 11  

ASTM 
' Grain .. 

S i z e  
F ' i  gur  e 

No. 

0 
a i r  and hydrogen c a l c i n i n g  a t  1100 C f o r  48 hours  a r e  e f f e c t i v e  C i n  'i,ncreas5..ng 

g r a i n  growth over  t h a t  no ted  with as - rece ived  powder, whereas.hydrogen ca l c in -  

i n g  a p p e a r s  t o  be  somewhat more e f f e c t i v e  than  a i r  c a l c i n i n g  f o r  powder l o t  

136. These r e s u l t s  made it c l e a r  t h a t  more a t t e n t i o n  must he  given t o  

s u r f a c e  a r e a  o f . t h e  powder s i n c e  i t  determine? t h e  amount o f  s u r f a c e  energy . . . . 
a v a i l a b l e  f o r  d e n s i f i c a t i o n  and g r a i n  growth. 

Examination o f  F igures  41 and 43 and F igu res  35, 36 and 38, 39 
r e v e a l s  t h a t ,  a l though hydrogen and a i r . c a l c i n i n g  have improved g r a i n  growth 

c h a r a c t e r i s t i c s  o f  as - rece ived  Tho2 and b ina ry  powder samples, n e i t h e r  t r e a t -  

ment h a s  e l imina ted  completely t h e  g r a i n  s i z e  nonuniformity which i s  be l i eved  

t o  demonstrate  t h e  e f f e c t  o f  t h e  presence of a g r a i n  growth i n h i b i t o r .  Hence, 

whatever t h e  i d e n t i t y  o r  n a t u r e  of  t h e  i n h i b i t o r ,  i t  has  only  been reduced i n  

l e v e l ,  b u t  no t  e l imina ted ,  by 1 1 0 0 ~ ~  ca l c in ing .  For t h i s  reason  t h e  exper i -  

ments a t  h ighe r  c a l c i n i n g  tempera tures  and those  with m u l t i p l e  microniza t ions  

have been performed. 
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Some i n c i d e n t a l  obse rva t ions  were made i n  t h e  course  o f  

examination of  t h e  p e l l e t s  of  F igures  41 and 43 which h e l p  t o  e l u c i d a t e  t h e  

r e l a t i v e  r o l e s  o'f va r ious  f a c t o r s  which might a f f e c t  s i n t e r e d  p e l l e t  g r a i n  

s i z e .  It i s  apparent  from e a r l i e r  work t h a t  t h e  carbon c o n t e n t s  o f  t h e  
* 

powders have inc reased  upon double microniza t ion .  While undoubtedly most of . 

t h i s  i n c r e a s e  i s  a t t r i b u t a b l e  t o  t h e  inc reased  p a r t i c l e  s u r f a c e  a r e a  for COZ 

adso rp t ion ,  p a r t  of t h e  i n c r e a s e ,  up t o  100-150 ppm C ,  may be a t t r i b u t a b l e  t o  

t h e  i n c l u s i o n  i n  t h e  powder of rubbe r  from t h e  micronizer  l i n e r ,  p a r t i c u l a r l y  

s i n c e  slow f e e d  r a t e s  o f  150 and .50  gm/min were used. It w a s  noted upon 

examination of t h e  micronized samples of  F igures  4;1 and 43 t h a t  t h e  c e n t e r s  

of t h e  p e l l e t s  showed "necklace po ros i ty" ,  i . e .  g a s - f i l l e d  po res  a t  t h e  g ra in  

boundaries ,  Figure 44.  A t h i n  r i m  (M 0.010-0.020 inch  t h i c k )  a t  t h e  p e l l e t  

e x t e r i o r  and on t h e , s u r f a c e  o f  p e l l e t  c r acks  w a s . f r e e  of  t h i s  t ype  of  po ros i ty .  

It i s  be l i eved  t h a t  dur ing  h e a t i n g  o f  t h e  p e l l e t s  t o  s i n t e r i n g  . . t empera tures ,  

t h e  inc luded  carbonaceous g a s e s  from t h e  rubber  contaminant a r e  r e l e a s e d  from 

a t h i n  s u r f a c e  l a y e r  which s i n t e r s  s u f f i c i e n t l y  t o  prevent  t h e  r e l e a s e  o f  

t h e  rubber  decomposition products  from t h e  remainder o f  t h e  p e l l e t .  The 

entrapped rubber  decomposes a t  s i n t e r i n g  temperature and i s  concent ra ted  at  

grai* boundaries  a s  g a s - f i l l e d  p o r o s i t y  as t h e  advancing boundaries  sweep up . . 

t h e  pores .  Note t h a t  t h i s  observa t ion  i m p l i e s  t h a t  g a s - f i l l e d  pores  o f f e r  

l i t t l e  o b s t a c l e  t o  g r a i n  growth. Also obser& i n  F igures  44a and c t h a t  t h e  

g r a i n  s i z e  i n  t h e  a r e a s  with and without  t h e  p o r o s i t y  a r e  t h e  same. Th i s  

f u r t h e r  shows t h e  n e g l i g i b l e  r e s i s t a n c e  o f f e r e d  by t h e  g a s - f i l l e d  po res  t o  

g r a i n  growth, 

3. S l u r r y  Amlomerated Procedure 
' ,  

The pr0ceduk.e f o r  f a b r i c a t i n g  t h e  s l u r r y  agglomerated 0 .53  inch  

diameter  p e l l e t s  from hydrogen-calcined 096 (100 ppm ~ a j  and 136 ( 4  p p m . ~ a )  

t h o r f a  powder w a s  i d e n t i c a l  t o  t h e  procedure used f o r ' t h e  s l u r r y  agglomerated 

a i r - c a l c i n e d  powder. A s  .a check on t h e  r e p r o d u c i b i l i t y  of  t h e  s i n t e r i n g  

c y c l e , ' d u p l i c a t e   pellet,^ f a b r i c a t e d  from t h e  a i r - c a l c i n e d  powder.were a l s o  

inc luded  i n  t h e  s i n t e r i n g  boa t s .  ' A l l  p e l l e t s  were eva lua t ed  i n  a similar 

f a s l ~ i u n .  



4. S l u r r y  Agglomerated R e s u l t s  

The green  and s i n t e r e d  geometric d e n s i t i e s  of  t h e  s l u r r y  

agg lomera t ed . . pe l l e t s  a r e  .shown i n  Table 13 ,  The s i n t e r e d  d e n s i t i e s  of  t h e  

p e l l e t s  f a b r i c a t e d  from t h e  hydrogen-calcined powder a r e  g r e a t e r  than  t h a t  

observed  f o r  a n , a i r - c a l c i n e d  sample under equiva len t  cond i t i ons .  The obvious 

. r ea son  f o r  t h e  d e n s i t y  d i f f e r e n c e . w a s  t h e  almost t o t a l  absence of  g ranu la r  

s e g r e g a t i o n  i n  t h e  p e l l e t s  f a b r i c a t e d  from the .hydrogen-ca lc ined  powder. The 

g r e a t e s t  s eg rega t ion  r e a d i n g  on t h e  s c a l e  of 1-7 was 1 ,  The most cha rac t e r -  

i s t i c  m i c r o s t r u c t u r a l  f e a t u r e  of t h e s e  samples was t h e  presence of  "necklace" 

pofro Si t y . 
The s u l f u r  content. f o r  ' t h e  096 and 136 powder w a s  45 ppm and 

18 ppin, r e s p e c t i v e l y ,  w h i c h ' i s  very similar t o  t h a t  recorded  f o r  t h e  air- 

c a l c i n e d  p e l l e t s  37. and 23 ppni 'aqd shows t h a t  s u l f u r  is no t  r e a d i l i  removed 

at  1 1 0 0 ~ ~  i n  e i t h e r  a hydrogen o r  a i r  atmosphere, Table T4. 

The e f f e c t  of  s i n t e r i n g  t ime on g r a i n  growth i n  0 .53  inch  

d i ame te r  pe l1  e t s  f a b r i c a t e d  f rom hydrogen-calcined (11 00'~-48 hours )  powder 

may b e  observed i n  F igures  45-48, A s  with t h e  a i r - c a l c i n e d  powder, t h e  sur -  

f a c e  a r e a  of  t h e  micronized hydrogen-calcined powder i s  cons iderably  lower 

than  t h a t  determined f o r  ' t h e  micronized-as-received powder. The s u r f a c e  a r e a s  

of t h e  micronized-as-received and micronized-hydrogen-calcined 096 powder a r e  
2 

10.28  and 5.82 m /gm, r e s p e c t i v e l y .  The same numbers f o r  t h e  136 powder a r e  
2 

8.1 and 5.91 m /gm. These d i f f e r e n c e s  coupled with t h e  g r a n u l a r  segrega t ion  

and p o s s i b l e  exposure of t h e  i n t e r i o r  of  t h e  as - rece ived  p e l l e t s  t o  t h e  

s in t e r ing -a tmosphe re  make a d i r e c t  comparison between t h e  c a l c i n e d  and a s -  .- -' 
r e c e i v e d  p e l l e t s  (F igures  45 and A - 1 ,  46 and .A-3, 47 and A-5; 4.8 and A-7) 

very d i f f i c u l t ,  Never the less ,  a t  t h e  h igher  green, d e n s i t i - e s  t h e  g r a i n  s i z e s -  

o f  t h e  p e l l e t s  . . prepared  from t h e  c a l c i n e d  powders, compare r a t h e r  favorably ,  . 

even though . t h e  .. p a r t i c l e  su r f ace  energy i s  between 2/3 and 1/2 t h a t  a v a i l a b l e .  

i n  t h e  p e l l e t s  p re s sed  from t h e  as-received-micronized 136 and 096 

P e l l e t s  f a b r i c a t e d  from micronized H2 c a l c i n e d  096 and 136 powder with s u r f a c e  
2 

a r e a s  -of 5.82 and 5.91 m /gm r e s p e c t i v e l y ,  p ressed  t o  61 % green d e n s i t y  

had a c e n t e r  ASTM g r a i n  s i z e  of  8 and 5$ a f t e r  1 2  hours  at 1 7 5 0 ~ ~ .  The s i m i -  

lar v a l u e s  f o r  t h e  micronized-as-received p e l l e t s  were only  8$ and 9 al though 
2 t h e i r  s u r f a c e  a r e a s  were much g r e a t e r ,  10.28 and 8.1 m /gm r e s p e c t i v e l y ,  



Due t o  t h e  p a r t i c l e  s i z e  d i f f e r e n c e  ( s u r f a c e  a r e a ) ,  t h e  data .  

ob ta ined  from t h e  agglomerated powder, F igures  46 and 48, were compared t o  t h e  

p e l l e t s  made from t h e  b i n d e r l e s s  as - rece ived  powder, F igures  35, 36 and 38 

and 39. The cons is tency  of r e s u l t s  was b e t t e r  than  previous ly  observed f o r  

t h e  a i r - c a l c i n e d  powder al though some d i f f e r e n c e s  were observed. The p e l l e t s  
, . 

made from t h e  s lurry-agglomerated micronized H - ca l c ined  136 powder had an 
6 

ASTY g r a i n  s i z e  of on ly  13.5 a f t e r  hours  a t  1750 C; however t h e  b i n d e r l e s s  

p e l l e t s  made from t h e  same .ma te r i a l  and s i n t e r e d  f o r  t h e  same l e n g t h '  o f  t ime 

had an ASTM g r a i n  s i z e  o f  6.5; ' ~ f t e r  1 2  hours  a t  tempera ture  t h e  r e s p e c t i v e  

g r a i n  s i z e s  were 5.5 and 5, r e s p e c t i v e l y ,  and i s  cons idered  e x c e l l e n t  

agreement. 'The g r a i n  s i z e  of t h e  p e l l e t s  made from 096 powder g e n e r a l l y  were 

i n  good agreement r e g a r d l e s s  of  t h e  t ime at .  tempera ture  o r  whether 'or no t  a 

b inder  was used i n  t h e  f a b r i c a t i o n  process .  I n  a l l ' c a s e s  except  where i d i o -  

morphic g r a i n s  were de t ec t ed ,  t h e . p e l l e t s  made from micronized-calcined powder 

showed g r e a t e r  g r a i n  growth than  t h o s e  made d i r e c t l y  from as-ca lc ined  pbwder, 

I n  a d d i t i o n ,  t h e  g r a i n  growth observed i n  t h e  p e l l e t s  f a b r i c a t e d  from t h e ,  

hydrogen-calcined powders, 096 and 136, :had, i n . a l l  c a ses ,  g r e a t e r  g r a i n  growth 

than  t h e  p e l l e t s  f a b r i c a t e d  from as- rece ived  o r  micronized-as-received powder, 

as shown below. 

. . 
Comparison o f  c rain GTowth i n  Dry .Pressed P e l l e t s  Fab r i ca t ed  ' 
From As-Received 096 and 136 Powder With Slurry-Agglomerated . .  , 

P e l l e t s  Fab r i ca t ed  From Hydrogen Calcined 096 and 136 Powder 

Densi ty ASTM 
S i n t  e r -  (gm/cc) Center  

i n g  Sur face  I n c . .  Grain 
P e l l e t  Powder f i g .  Time Area Open . S i z e  

I D  Lot PowderTreatment No. ( h r s )  '(m2/gm) Pores  No. 

As-Rec'd. , Dry Press .  35 I$ 8.24 9.56 < 14 
M i  c r o n i  zed-Hydrogen 46 12 5.82 9.64 9 

Calcined, S l u r r y  Agg. 
As-Rec ' d.  , Dry P res s .  38 I$ 5.35 
Micronized-Hydrogen 48 17 5-91 9.64 

Calcined,  S l u r r y  Agg. 
9*36 < :$ 

As-Rec'd. , Dry P res s .  36 1 2  8.24 9-72 1 2  
M i  cronized-Hydrogen 46 1 2  5.82 9.68 8 

Calcined,  S l u r r y  Agg. 
As-Rec'd., Dry P res s .  39 12  5-55 9 .-65 14  
Micronized-Hydrogen 48 1 2  5.82 9.70 . 5 . 5  

Calcined,  S l u r r y  Agg. 



The g r a n u l a r  s eg rega t ion  i n  t h e  hydrogen-calcined, s l u r r y -  

agglomerated p e l l e t s  w a s  much lower than  t h a t  prev ious ly  observed f o r  t h e  air-  

c a l c i n e d ,  s lurry-agglomerated p e l l e t s ,  Therefore ,  t h e  confusion i n  t h e  former 

caused by atmospheric  i n t e r a c t i o n s  a t  t h e  g ranu le  boundaries  i s  avoided i n  t h e  

l a t t e r .  A s  a consequence, t h e  agreement between t h e  r e s u l t s  o f  p e l l e t s  with 

and  wi thout  b i n d e r s  is  much b e t t e r  f o r  t h e  hydrogen-calcined ma te r i a l .  

A l l  t h i n g s  be ing  equal ,  it is d i f f i c u l t  t o  determine which. 

c a l c i n i n g  atmosphere i s  t h e  most e f f e c t i v e  with a l l  powders. The a i r - c a l c i n e d  

appeared  more e f f e c t i v e  ~ 5 t h  t h e  096 powder; however, t h e  hydrogen-calcined 

powder w a s  pos s ib ly  more e f f e c t i v e  i n  promoting g r a i n  growth i n  t h e  136  powder. 

V a r i a t i o n s  i n  green  p e l l e t  p r o p e r t i e s ,  as wel l  as v a r i a t i o n s  i n  powder s u r f a c e  

a r e a ,  mask t h e  s l i g h t  d i f f e r e n c e s  between p e l l e t s  promoted by t h e  c a l c i n i n g  

atmosphere.  

Like t h e  p e l l e t s  f a b r i c a t e d  from a i r - c a l c i n e d  powder, t h e  t ime 

dependency o f  g r a i n  growth d i d  'not fo l low any mathematical express ion  which 

modeled a s p e c i f i c  mechanism. General ly  t h e  c e n t e r  g r a i n  s i z e  o f  t h e  p e l l e t  

i n c r e a s e d  w i t h  i n c r e a s i n g . t i m e  a t  temperature.  I n  a d d i t i o n ,  t h e  observed 

f l u c t u a t i o n  i n  g r a i n  s i z e  b e t w e e i t h e  p e l l e t  c e n t e r  and t h e  e x t e r i o r  w a s  s i m i l a r  

t o  t h a t  p rev ious ly  noted  f o r  t h e  a i r - c a l c i n e d  p e l l e t  samples. Th i s  e f f e c t ,  

which i s  a t t r i b u t e d  t o  impur i ty  removal by r e a c t i o n  with t h e  atmosphere a t  t h e  

p e l l e t  surf ace ,  o r  p o s s i b l y  t h e  a d d i t i o n a l  g r a i n  b o u n d a q  mob i l i t y  provided by 

t h e  s i n t e r i n g  atmosphere,  is' c o n s i s t e n t  with t h e  conclusiori  o f  ex i s t ence  of  an 

i m p u r i t y  phase. .  The e f f e c t  is g r e a t e s t  f o r  t h e  lower green d e n s i t y  and t h e  

s h o r t e r  s i n t e r i n g  t imes .  Unlike t h e  d ry  pressed  p e l l e t  f a b r i c a t e d  from 096 

powder, hydrogen ca l c ined ,  p re s sed  t o  approximately 6.0 gm/cc and s i n t e r e d  a t  

1'730'~ f o r  12  hours ,  t h e '  s l u e  agglomerated equiva len t  d i d  not  show any 

The e f f e c t  of  compacted green d e n s i t y  on g r a i n  growth i n  p e l l e t s  

f a b r i c a t e d  from slurry-agglomerat ed 11 00'~-48 hour-HZ (dry) calcined-micronized 

powder i s  shown i n  F igures  49 and 50. 

The d a t a  p re sen ted  i n  Fi,gure.L19 f o r  t h o r i a  powder l o t  096 

(micronized)  does not  l e a d  t o  any c o n s i s t e n t  t r e n d  between compaction' d e n s i t y  

and  g r a i n  growth. The ASTM c e n t e r  g r a i n  s i z e  of t h e  pe l l e t s ' compac ted  t o  t h e  



. f o u r  lowe'st green d e n s i t i e s ,  5.60, 5.71 ,. 5.95,. and 6.18 gm/cc, was- 13.5, ' 12 ,  

8.5, and 8 , . . r e spec t ive ly .  These r e s u l t s  show t h e  same t r e n d  observed with t h e  

p e l l e t s  f a b r i c a t e d  from t h e  a i r - ca l c ined  powder i n  t h a t  t h e  g r a i n  s i z e  increaqed  

r e g u l a r l y  with inc reased  d e n s i t y ,  What i s  not  c o n s i s t e n t  wi th  previous  r e s u l t s  

i s  t h a t  t h e  ASTM c e n t e r  g r a i n  s i z e  o f  t h e  p e l l e t s  compacted t o  a green d e n s i t y  

o f  6.34 and 6.63 gm/cc decreased t o  1 0  (11 p diameter )  and 11 ( 8  w diameter ) ,  

r e s p e c t i v e l y .  The s i n t e r e d  d e n s i t i e s  of  t h e s e  samples a l s o  do not  fo l low any . .. 

c o n s i s t e n t  t r e n d  with g r a i n  s i z e ,  I n  o r d e r  o f  decreas ing  g r a i n  s i z e  t h e  

geometr ic  d e n s i t i e s  were measured as 9.678, 9.714, 9.635, 9.519, 9.694, and 
. . 

9.638 gm/cc. 

S i n t e r e d  i n  t h e  same.boat  a t  t h e  same t ime as t h e  previous  

p e l l e t s  were b lanket  p e l l e t s  pr.essed from micronized 136 powder which had been 

ca l c ined  at  1 1 0 0 ~ ~ - 4 8  hours  i n   dry), Figure  50. Although somewhat i r r e g u l a r ,  

t h e  g r a i n  s i z e  i n c r e a s e s  with green density. . .  The g r a i n  s i z e  i nc reased  from 
1 < ASTM #14 (2.8. p )  t o  ASTM #5 (6 p ) as t h e  green d e n s i t y  i nc reased  from 5..58 

gm/cc t o  6.64 gm/cc. With t h e  except ion of  t h e  sample compacted a t  6.64 gm/cc 

which had a l o n g i t u d i n a l  crack t h a t  decreased t h e  geometr ic  d e n s i t y  bu t  d i d  

not  have a s i g n i f i c a n t  e f f e c t  on t h e  g r a i n  growth i n  t h e  c e n t e r  o f  t h e  p e l l e t ,  

t h e  f i r e d  dens i ty  o f  t h e s e  samples a l s o  inc reased  from 9.512 t o  9.743 gm/cc, 

with inc reased  g r a i n  s i z e .  

A s  a clieck 011 t h e  r e p r o d u c i b i l i t y  o f  t h e  s i n t e r i n g  cyc le  a l i m i t e d  

number of p e l l e t s  f a b r i c a t e d  from powder l o t s  096 and 136 micronized-air  ca lc ined  

and micronized-as-received were s i n t e r e d  a long  with t h e  p e l l e t s  f a b r i c a t e d  from 

t h e  hydrogen-calcined powder, Table 13. The g r a i n  s i z e  as a func t ion  o f  p e l l e t  

c r o s s  s e c t i o n  w a s  p l o t t e d  f o r  t h e  r e p l i c a  p e l l e t s  f a b r i c a t e d  from micronized- 

as - rece ived  096 powder, Figure 51. The g r a i n  s i z e  d a t a  of  F igure  51 was compared 

with t h e  d a t a  obta ined  from i d e n t i c a l  p e l l e t s  s i n t e r e d  with t h e  micronized-air-  

ca l c ined  powder p e l l e t s ,  F igure  A-9. I n  Figure 51 t h e  p e l l e t s  with green  dens i -  

t i e s  o f  5.98, 6.38, 6.52, and 5.67 gm/cc had s i n t e r e d  c e n t e r  ASTM g r a i n  s i z e s  

o f  11, 10 ,  9.5, and 8, r e s p e c t i v e l y .  I n  Figure A-9 p e l l e t s  o f  s i m i l a r  g reen  

d e n s i t i e s  had g r a i n  s i z e s  of  11, 9, 8*, and 7 ,  r e s p e c t i v e l y .  The agreement is 

r e l a t i v e l y  good and t h e  t r e n d s  i n  grain s i z e  as a func t ion  o f  green  d e n s i t y  are 

almost i d e n t i c a l ,  i nd i ca t ing '  t h e  s i n t e r i n g  .cycles  were very similar. 

. .. _ .  . 



Based on t h e  g r a i n  s i z e  r e s u l t s  ob ta ined  from p e l l e t s  f a b r i c a t e d  

from 1 1 0 0 ~ ~ - 4 8  hour  a i r  o r  d r y  hydrogen-calcined powders, t h e  fo l lowing  . . 
. . 

r e l a t i o n s h i p s  were drawn: 

1 )  Ca lc in ing  t h e T h 0 2  p r i o r  t o  p e l l e t  f a b r i c a t i o n  improved g r a i n  . .. 

growth. The method by which c a l c i n i n g  improved . the  g r a i n  growth 

, w a s  p o s t u l a t e d  .to be  t h e  r e s u l t  of t h e  ,removal .(most probably by : 

v o l a t i l i z a t i o n )  o f  a g r a i n  growth i n h i b i t i n g  impuri ty .  The 

removal o f  a l l  o r  p a r t  of t h e  impur i ty  phase e l imina ted  o r -  

reduced secondary g r a i n  growth, thereby  promoting a u t i i f u x l ~ ~  . . 

g r a i n  s t r u c t u r e  l e s s  s u s c e p t i b l e  t o  v a r i a t i o n s  r e 2 u l t i n g  from 

small changes i n  s i n t e r i n g  t ime o r  temperature.  
. . 

2 )  The s u r f a c e  a r e a  of t h e  s t a r t i n g  powder had a l a r g e  effec* on 

t h e  g r a i n  growth i n .  t h e  f i n a l  pe l - le t .  .The g r e a t e r  t h e  s u r f a c e  , , 

a r e a  o f  t h e  powder, t h e  g r e a t e r  t h e  s u r f a c e  eriergy o f  t h e  . .  
powder . 

3 )  The b e n e f i c i a l  e f f e c t  of c a l c i n i n g  on g r a i n  growth w a s  d i f f i c u l t  

t o  mea .a~~re  q u a n t i t a t i v e l y  s i n c e  t h e  c a l c i n i n g  process  decrea.ked 

t.he surfa.ce a r e a  of  t h e  s t a r t i n g  powder; t h e  rnlci-onizstion Srocess  

(153-50 m/rUin) be ing  used w b s  noc er ' fec t lve  i n  : increastng t h e  ca lc ined  

. ' - ;c? 'ece z r e e  i j i i  cnc vey u l &  7;s tne s t s r ~ i u g  5-iz.e. .. 

, - - .  
I.,) ~ r ~ n ~ i ~ - , i . o r ,  j:;;)sry mix p r a c e s s  w i t h  1.75 w,io C;irSok~x 6 0 2 ~ : ;  

< .  

e f f e c t e d  t h e  g r a i n  gr~n;tn k i n e t i c s  and t h e  ? e l l e t  micros t ruc t+are  of 

e i r - c a l c i n e d  powders. '?he g 9 i i i  @ow& ob;ez-ved i n  p e l l e t s  ?roccss&d 
a- "je a i r - c e i c i n e d  a t e r t i n i  nc..ider w i t h  the ~ d c l i t l u ~ i  uf 1.75 w/o . . 

* .  
I -  ,,arbcwsx, g r : 3 2 t i l ~ t i o ~ ,  :?:h5 CO2 :pzeti*eztr;ent hes resulted i n  pe.l.l.etf, 

wi th '  sigr.ifice.rt?,y d i f f e r e s f  firie?, g r a i n  sizes t i l e2  in p e l l e t s  
, . . . . .  ' 

2ressed fr~r;l the'ssme yx-iiers with nn n r g ~ n i c  a 3 5 i t f v e -  2. ' " ~ r 2  lZ ' 

size:. were u s u z i f y  cozrse? ~ G Y  rhe  fom.er process  b u t  s c m e t i ~ e s  were 
. . .  

f i n e r .  Grznu l z r  segregas ion  r e+ ;u l t i ng  f r o n  i n t r s g r s c u l s r  ~ L n t e r i c g  
. . . . . . 

was observed i n  mcjst cf :i;e pe l l e t s  f ~ i j r i c a t e d  f r u ~  grsn;zieted. 
. . 

~ 1 3 ~ ~ c - a  ir c s l c f n e d  p o w ~ e r ,  bsi ;lot :;it& p e l l e t I  fz.Dri~-ted f";:;' t h e  
. . . .. . . . . 

ssme p k d e r  w?iich he3 nos keec g r c : o ~ i a t e d .  T?,e g r e r u l z r  se,g-egetlon 

was s o  ex t ens ive  c h a t  the  p i l e t  d e n s i f i c a t i c n  wzs re5uce6 crxi t h e r e -  



5) . Normal , k i n e t i c  express ions  f o r  .pore- l imi ted .  g r a i n  growth, . *:. 

vol .&~e ( o r  g r a i s  boundary) dif?usion' ' .Limited gse i n  grovth, ::sd 

impur i ty  l imi t ed ,  g r a i n  growth were inadequate  t o . , exp la in  t h e  

p e l l e t  c e n t e r  g r a i n  growth c h a r a c t e r i s t i c s .  . . 
.. .. . - .  

. . . . ?  

6 )  The e f f e c t s  of t h e  c a l c i n i n g  atmosphere and t h e  powder CaO 

c'ontent were sec'ondary t o  t hose  of s u r f a c e  ar.ea,  green . d e n s i t y  . 

, and .exposure  t o  c a l c i n a t i o n .  
. . .  

7 ) With t h e  except ion  . o i  . t hose  pe l l - e t s  . with # e x t e n s i v e  'gfan&.r 

segrega t ion  and open p o r o s i t y ,  t h e  ' p e l i e t  ce 'nter g r a i n  s i z e  
'. . . ' .  

gene ra l ly  i nc reased  with inc reas ing  green dens i ty ;  
. ! . '  . . 

8) The a i r  c a l c i n e  may have been more e f f e c t i v e  i n  gemoving t h e  
. . . . 

g r a i n  growth i m p u r i t i e s  from 096 powder ( con ta ins  .. . a g p ~ o x i -  , 

mately 100 ppm c ~ o ) ,  whQle t h e  hydrogen c a l c t n e  wag morp . 
. . 

e f f e c t i v e  i n  removing t h e  i n h i b i t i n g  i m p ~ i t i e 5  grom t h e  1.36 
. ... . . .  

powder (approximately 2-b pgm C ~ Q )  a s  determine$ by g r a i n  s i g g  

measurements on t h e  s i n t e y d  p e l l e t .  . , . * 

C .  Hydrogen-Calcined Powder - = - 1200 . . -  and 1 4 0 0 ~ ~  

It w a s  observed i n  p e l l e t s  . prepa.ped . from both 1 1 0 0 ~ ~  air- and 

hydrogen-calcined powder t h a t  t h e  c e n t e r  g r a i n  s i z e  w,as i n i t i a l l y  sma l l e r  and, 

with t ime,  became l z r g e r  than  thosg  .- g r a i n s  n e q ' t h e : p e l l e t  s u r f a c e  where 

r e a c t i o n  with t h e  s i n t e r i n g  atmosphere +liowed growth t o  proceed without  
' 

impur i ty  i n h i b i t i o n .  It was the re fope  concluded t h a t  t h e  1 1 0 0 ~ ~  c a l c i n e  was * 

inadequate  t o  remove a l l  o f  t h e  i n h i b i t i n g  impuri ty .  The inadequacy o r  l a c k ' o f  

complete removal of t h e  i n h i b i t i n g  - - , i r i pg? i t i e s  i s  not  a l t o g e t h e r  s u r p r i s i n g  i n  

view of  t h e  f a c t  t h a t  t h e  096 and 136 w d e r s  he re  s u b j e c t e d  t o  . a . p u r i f i c a t i o n  

c a l c i n a t i o n ,  on ly  118'~ 'and 4g0c,' r e s p e p t i v e l y ,  above ' t h e  c a l c i n a t i o n  tempera- 

t u r e  (982 and 1032%) of  t h e  as-received '  ~ p y d e k  a t  t h e  vendor. Cal.cinatioh %... 

. 

0 0 
tempera tures  o f  1200 C and 1400 C were t h e r e f o r e '  eveluc?ted on t n e  b s s i s  t h a t  

. . * . . .  
t h e  high& ternPemtwe& rn ig* t  v o l a t i l i z e  more o f  t h e  i n h i b i t i n g  ' i m p u r i t i e s .  

The t imes  of  8 and 24 hours  f o r  t h e  1 2 0 0 ~ ~  c a l c i n e  and 3 and 9 hours  f o r  t h e  ' 
. , 

1 4 0 0 ~ ~  c a l c i n e  were s e l e c t e d  based on t h e  capac i ty  of  t h e  product ibn fu rnace  

and"on t h e  r e s u l t a n t  powder s u r f a c e  a rea .  Powder l o t . 1 3 6  w a s  chosen s o  t h a t  

t h e  r e s u l t s  of  t h e  c a l c i n a t i o n  would not  be confounded by the '  p r e sence80f  ' the 



100 ppm CaO. P a r t i a l  chemica l .  ana lyses  of t h e  c a l c i n e d  powder, Ref.. 44, 

i n d i c a t e d  t h a t  even t h e  s u l f u r  conten t  was reduced t o  1 0  ppm o r  l e s s .  

I n  an e f f o r t  t o  normalize t h e  s u r f a c e  a r e a  e f f e > t ,  t h e  ca l c ined  

powder ( s u r f a c e  a r e a  a f t e r  c a l c i n i n g  f o r  1 2 0 0 ~ ~ - 8 ,  1 2 0 0 ~ ~ - 2 4 ,  1 4 0 0 ~ ~ - 3 ,  and 

1 4 0 0 ~ ~ - 9  hours  w a s  3.4 2  , 2.9,  2 .5 ,  and 2.0 m /gm, respect. i .vely) was subjec ted  

t o  : rcu l t i -microniea t ions .  Based o n  t h e  e a r l i e r  r e s u l t s ,  an express ion ,  

S = r e l a t i n g  s u r f a c e  a r e a ,  S, and abso lu t e  c a l c i n i n g  temperature,  

T, w a s  used t o  p r e d i c t  t h a t  5 and 6 pas ses  through t h e  ,micronizer would . 

be r e q u i r e d  f o r  t 'he 120b°C ( 8  ,and 24 hours )  and 1 4 - 0 0 ~ ~  (3 and 9' hours )  ca lc i r ie ,  

r e s p e c t i v e l y .  The r e s u l t a n t  s u r f a c e  areas of t h e  136 1 2 0 0 ~ ~ ,  B a n d  24 
2  hour  c a l c i n e  a f t e r  5-pass  microniza t ion  was 5 .2  and 4.3 m /grn, ' r e s p e c t i v e l y .  

The r e s u l t a n t  su r f ace  a r e a  of t h e  136 powder 1 4 0 0 ~ ~ ,  3 . a n d  9 hour c a l c i n e  a f t e r  
2 

6-pass microniza t ion  w a s  4.4 and 3.3 m /gm,' r e s p e c t i v e l y .  It became 

obvious  t h a t  t h e  previous  equat ion  d i d  not  a c c d a t e l y  p r e d i c t  t h e  e f f e c t  of  

mic ron iza t ion .  The s u r f a c e  a r e a  Tncreased very l i t t l e  as a r e s u l t  of t h e  addi-  

t i o n a l  p a s s e s  through t h e  micronizer .  The ' . e f fec t  o f  decreased  s u r f a c e  a r e a  upon 

c a l c i n i n g  w a s  no t  n e u t r a l i z e d  by t h e  a d d i t i o n a l  microniza t ion .  The a d d i t i o n a l  

mic ron iza t ion  d i d  i n c r e a s e  t h e  carbon impur i ty  . l e v e l s  from l e s s  than  50 ppm 

a f t e r  c a l c i n a t i o n  t o  almost  100 ppm ( t h i s  excludes carbon adsorbed a s  C O ~ ) ,  
. . 

Kef'. 44, . . . . .  

The c a l c i n e d  powder was used-wi thout  any b inde r  a d d i t i o n s . t o  p r e s s  , 

b l a n k e t  s i z e  p e l l e t s  a s  desc r ibed  previous ly .  As a c o n t r o l ,  p e l l e t s  f a b r i -  
2 c a t e d  from double micronized,  as - rece ived  136 powder, s u r f a c e  a rea  8.1 m /gm 

were a l s o  s i n t e r e d  w i t h  t h e , p e l l e t s  f a b r i c a t e d  from t h e  ca l c ined  powders. 

. , 

The green  and s i n t e r e d  d e i s i t i e o  o f  t h e  p e l l e t s  f a b r i c a t e d  from 
. . 

t h e  1200 and 14d0°c c a l c i n e d  powder a r e  t a b u l a t e d  . in Table 13. S ince  no d r y  . . .  
~ t e r o t ' e x  l u b r i c a n t  w a s  used,  t h e  d e n s i t y  va lues  a r e  approximately 1% h ighe r  

t han  would have been ob ta ined  by t y p i c a l  product ion process ing .  Nevertheless ,  
. . : 

t h e  d e n s i t i e s  were q u i t e  high and were r e p r e s e n t a t i v e  of  a good high d e n s i t y  - 

micros t ruc tu re .  

The g r a i n  growth r e s u l t s  of t h e  1 ,ongi tudina l ly  s ec t ioned  samples 

a r e  shown i n  F igures  52 and 53. The c e n t e r  g r a i n  s iz ,e  of a l l  t h e  p e l l e t s  



0 
s i n t e r e d  a t  1750 C f o r  1s hours ,  Figure 52, r e g a r d l e s s  o f  . ca lc in ing  t r ea tmen t ,  - 

w a s  sma l l e r  than  t h a t  a t  t h e  p e l l e t  su r f ace .  The c e n t e r  ASTM g r a i n  s i z e  o f -  t h e  

p e l l e t  f a b r i c a t e d  from t h e  double micronized, as - rece ived  powder, s u r f a c e  a r e a  = 
2 8.1 m /gm, and t h e  p e l l e t  f a b r i c a t e d  from t h e  1 2 0 0 ~ ~ - 8  hour-H2 c a l c i n e d  5-pass  

2 
powder, su r f ace  a r e a  = 5.1 m /gm, w a s  approximately t h e  same at 13, A l l  o f  t h e  

o t h e r  p e l l e t s  had c e n t e r  g r a i n  s i z e s  of ASTM #14 o r  smal le r .  The g r a i n  s i z e  

r e s u l t s  of t h e  as-received p e l l e t .  agreed very we l l  with t h e  RSTM #I 3.5 ' g r a i n  

s i z e  obta ined  from a similar p e l l e t  s i n t e r e d  f o r  t h e  same t ime and temperature,  

Figure 37, showing. t h a t  t h e '  s i n t e r i n g  process  i s  reproducib le .  The s i m i l a r i t y  

i n  i n i t i a l  g r a i n  growth between t h e  1 2 0 0 ~ ~ - 8  hour c a l c i n e d  powder p e l l e t  and t h e  

micronized-as-received powder p e l l e t  i n  s p i t e  o f  t h e i r  r e s p e c t i v e  powder sur- 

f a c e  a reas ,  i n d i c a t e d  t h a t  c a l c i n i n g  a t  1 2 0 0 ~ ~ - 8 .  h0ur.s yay have removed'more 

The g r a i n  s i z e  as a func t ion  o f  p e l l e t  c r o s s  s e c t i o n  f o r , p e l l e t s  

f a b r i c a t e d  from t h e  same b i n d e r l e s s ,  mulfimicronized powders and s i n t e r e d  a t  

1 7 5 0 ~ ~  f o r  12  h o u r s . i n  dry  hydrogen i s  shown i n  F igure  53. The c e n t e r  ASTM 

g r a i n  s i z e  o f  t h e  p e l l e t  a long with t h e  powder t rea tment  and t h e  r e s u l t , i n g  

s u r f a c e  'area is shown below..  

Grain S i z e  of  P e l l e t s  Dry Pressed  From . . 
Calcined ~ u i t i ~ a s s  Micronized Powde-r Lot 136  

S i n t e r e d  
ASTM 

Surface  Inc . ,  Excl ,  Grain 
P e l l e t  Area Opcn Open . Size 

I D  Powder Treatment ( m 2 )  -- pores  pores  No. 

3210 #2 H2 c a l c .  -1200°C-8 hrs-5 pas s  micro. 5 . 2  9.92 9.94 1 0  
3211 #4 H2 c a l c . - l 2 0 0 ~ ~ - 2 4  hrs-5 pas s  micro. 4.3 9.80 9.81 11 
3212 #6 H2 c a l c .  -1400°~-) hrs-6 pas s  micro. 4.4 9.85 9.87 11-3/4 
3213 #8 H2 calc'. - 1 4 0 0 ~ ~ - 9  hrs-6 p a s s  micro. 3.3 9.72 9 .73  13-1/2 
467608 f l  Aa-rcceivcd - 2 paoo micro. 8.1 10.01 10.01 10-1/2 

Even more c l e a r l y  t han  w a s  observed i n  F igure  52, t h e  c e n t e r  g r a i n  

s i z e  does no t  vary d i r e c t l y  with t h e  s u r f a c e  a rea .  The p e l l e t  f a b r i c a t e d  from . .  

t h e  1200°C-8 hour ca l c ined  had a c e n t e r  g r a i n  s i z e  of  10  (11.2 p d i a .  ). The 
2 

s u r f a c e  a r e a  of  t h e  micronized, ca l c ined  powder was only  5 .2  m /gm. The 



2 
s u r f a c e  a r e a  of  t h e  micronized,  as-received powder was 8.1 m /gm, approximately 

1 . 6  t i m e s  g r e a t e r ,  b u t  t h e  c e n t e r  g r a i n  s i z e  of  t h e  p e l l e t  f a b r i c a t e d  from t h i s  

powder w a s  on ly  10 .5  (9.4 p ) ,  a va lue  which ag rees  very well  with previous  

r e s u l t s ,  ASTM # lo ,  F igure  39. 

n. , t i  l nese  resul t : ;  siiov. t h e t . p e r b n e t e r s  ::ther tr.;.n t h e  i:*zfece s r ek  "' 

trie 2 o ~ j d e r  en6 consequent ly  , t i le s ~ x f a c e  energy IIecess2ry f ~ r  den? . - : i f i c~ i ; i~n  

icf iuence  . g r e i n  grcwtk. The pene l t y  accorn;p:r.ying. t he  higher  teqere-cure 

p w i f i c s t i o n  c e l c i n s t i o n  i s  a reduced s u r f a c e  a rea  unich i s  no t  r e z d i l y  

i r c r e e  seu  by e d d i t i o c a  1 n ic ron iza  t i o n a .  

Secause of t h e  euun te rac t ing  e f f e c t s  cf  c ~ l c i n i n g  on dec reas ing  

p a r t i c l e  su r f ace  a r e a ,  which reduce:; g r e i n  growth, end cn i n p w i t y  r e ~ o v a l ,  

which i n c r e a s e s  g r a i n  grczdth, t he  e f f e c t s  of czlc:.nlng terripera t ; ~ r  end t i n e  

2: t t,i?:n?eratue el-? c c t  s t r e  i g b t f  c,,r;;z;-C. Thus t h e  ef f 'ect  cf iricree s e c  
. . 

c a l c i n i s g  time E t t t e a e  e l e v a t e d  terripera t .wes  i s  cocs idered  to have reduced 

g r a i n  s i z e  , i r  t h e  s i n t e r e d  p e l l e t  bssause  of p r t i c l e  d e n s i f i c s t i c c  r e s u l t i n g  

i n  reduced s l x f a c e  a r e a ,  svqn t h ~ u g h  more e f f e c t i v e  inpurity removzl would be 

expected.  On t h e  o t h e r  hand: the  e f f e c t  of impur i ty  r e n o v b i ~  i s  considered t o  

tlcve predornicef;ed upon r a i s i n g  tiie tempersticre t o  1400 '~  f o r  t h r e e  h c w s  , 
. . 

compered t o  t he  c z l c i n e t i c r i  e t  i200% f o r  tkenty-fox!. h a g s .  

2. h y  Pressed  and P r e t r e a t e d  R e s u l t s  - 1200 and 1 4 0 0 ~ ~  

s i n c e  necklace  p o r o s i t y  was observed i n  some of  t h e  p e l l e t s  

'produced from 1 1 0 0 ~ ~ - 4 8  hour c a l c i n e d  powder, Fl'gure 44, as wel l  as i n  t h e  

p rev ious  c a l c i n e d  samples,  a number of  t h e  p e l l e t s  f a b r i c a t e d  from t h e  1200 and 

1 4 0 0 ' ~  c a l c i n e d  powder were p r e t r e a t e d  a t  9 2 5 ' ~  i n  C02 p r i o r  t o  s i n t e r i n g ,  even 

though t h e  p e l l e t  was f a b r i c a t e d  wi thout  t h e  a d d i t i o n  of  b inder  and l u b r i c a n t  

i n  an  e f f o r t  t o  remove any p o s s i b l e  g a s  forming %mpuri.t,?es. Pe l .14 .~ .  d r y  p ressed  

t o  60% green.  d e n s i t y  from t h e  f o u r  d i f f e r e n t  c a l c i n e d  powders ( 1 2 0 0 ~ ~ - 8  and 24 

hour s  and 1 4 0 0 ~ ~ - 3  and 9 hour s )  a s  wel l  as f a b r i c a t e d  from as- rece ived  

double micronized 136 powder were prehea ted  i n  f lowing CO f o r  3 hours ,  Af te r  2 
pre t r ea tmen t  t h e  p e l l e t s  were s i n t e r e d  a t  1 7 5 0 ' ~  i n  dry  ( 5 3 ' ~  dew p o i n t )  

hydrogen f o r  I$ and 1 2  hours .  The green  and s i n t e r e d  d e n s i t i e s  a r e  t a b u l a t e d  

i n  Tab3e 13. It w a s  a n t i c i p a t e d  t h a t  t h e  pre t rea tment  would remove t h e  cause 



of t h e  necklace p o r o s i t y  thereby  i n c r e a s i n g  t h e  d e n s i t y .  However, many o f  

t h e  s i n t e r e d ' p r e t r e a t e d  p e l l e t s  were o'f a s l i g h t l y  lower f i n a l  d e n s i t y  than  

t h e  i d e n t i c a l  p e l l e t s  without  t h e  pre t rea tment .  The d i f f e r ence .may  have been 

t h e  r e s u l t  of a  light v a r i a t i o n  i n  t h e  maximum tempera ture  because t h e  c o n t r o l  

sample ' fo r  t h e  p r e t r e a t e d  b a t c h . o f  p e l l e t s  is  a l s o  l e s s  dense than  an i d e n t i c a l  

c o n t r o l  sample i n  t h e  nonpre t rea ted  p e l l e t s  as shown below. 

Densi ty Var i a t ions  i n b e t r g a t e d  and Nonpretreated P e l l e t s  
Fabr ica ted  F'rom 1200 and 1400 C Micronized-Calcined 136 Powder 

S i n t e r i n g  
Time. 

Powder Treatment ( h r s )  

H c a l c .  1200°c/8 h r s  + 5 pass  micro. 
2 I ,  ' 

1.5 
12 

S i n t e r e d  Densi ty (gm/cc) 
Not 

Pret.reat,ed Pret,rea.ted 
P e l l e t s  P e l l e t s  

Inc .  Excl.  Inc .  Excl.  
Open Open Open Open 
Pores  Pores  Pores  Pores  ---- 

H2 c a l c .  1200~~/24 h r s  + 5 pass  micro. 1.5 9.46 9.48 9.43 9.46 
I, 12 9.73 9.76 9.80 9.81. 

H c a l c .  1400/3 h r s  + 6 p a s s  micro. 1.5 - - 2 l o  9.56 9.57 12 9.79 9.80 9.85 9.87 

H2 c a l c .  1400/9 h r ~  + 6 pass  micro. 
,I 

v 
0 

Like t h e  nonpre t rea ted  samples a f t e r  I+ hours  a t  '1750 C ,  t h e  

contro.1 p e l l e t  made from t h e  as - rece ived  double micronized powder showed a 

g r e a t e r  c e n t e r  g r a i n  s i z e  than  any of  t h e  p r e t r e a t e d  c a l c i n e d  p e l l e t s ,  F igure  54. 

Thi s  r e s u l t  w a s  an t ic i -pa ted  s ince .  t h e  s u r f a c e  a r e a  o f  t .he as - rece ived  double ' 

8'' 

micronized powder was almost twice  as g r e a t  as any of  t h e  o t h e r  powders used i n  

t h e  experiment. %The very f i n e  p a r t i c l e s  would have a g r e a t e r  s u r f a c e  energy. 

Rapid growth dur ing  t h e  i n i t i a l  s t a g e s  o f  s i n t e r i n g  . . would proceed u n t i l  t h e  

g r a i n s  coarsened so t h a t  t h e  concent ra t ion  o f  i m p u r i t i e s  a t  t h e  g r a i n  boundary 

inc reased  t o  t h e  po in t  t h a t  i t  e f f e c t i v e l y . i n h i b i t e d  a d d i t i o n a l  growth. 



A f t e r  1 2  hour s  at 1 7 5 0 ~ ~ ,  Figure 55, t h e  c e n t e r  g r a i n  s i z e  o f  
2  

t h e  p e l l e t  f a b r i c a t e d  from as- rece ived  powder, s u r f a c e  a r e a  8.1 m /gm,  and t h e  
2 

p e l l e t  f a b r i c a t e d  from t h e  1 2 0 0 ~ ~ - 8  hour c a l c i n e d  powder, s u r f a c e  a r e a  5.2 m /gm, 

were a lmost  i d e n t i c a l  i n  s p i t e  of  t h e  l a r g e  d i f f e r e n c e s  i n  s u r f a c e  a r e a  o f  t h e  

r e s p e c t i v e  powders. I n t e r e s t i n g l y ,  t h e  p e l l e t  f a b r i c a t e d  from t h e  1 4 0 0 ~ ~ - 9  hour 
2 

powder which had .a s u r f a c e  a r e a  o f  on ly  3.3 m /gm showed t h e  widest band o f  

c o a r s e  g r a i n s  around t h e  p e l l e t  e x t e r i o r .  Being t h e  p e l l e t  with probably t h e  

p u r e s t  s t a r t i n g  powder b u t  t h e  c o a r s e s t  p a r t i c l e  s i z e ,  i t  might be pos tu l a t ed  

t h a t  t h e  e l imina t ion  of' p o r o s i t y  a l o n g  t h e  g r a i n  boundaries  starts a t  t h e  pe l -  

l e t  s u r f a c e  and proceeds toward t h e  p e l l e t  i n t e r i o r .  S ince  t h e  1 4 0 0 ~ ~ - 9  hour 

i s  t h e  l e a s t  inh i ,b i ted ,  i t  h a s  t h e  g r e a t e s t  gr,+in boundary mobi l i ty . .  Ther-efore 

i n  t h e  t ime  a v a i l a b l e  before t h e  p e l l e t  s u r f a c e  becomes h igh ly  dense, po ros i ty  

i s  e l i m i n a t e d  and g r a i n s  grow. Because o f  t h e  high powder p u r i t y  t h i s  process  

i s  more ex tens ive  i n  t h e  h igh  tempera ture  c a l c i n e d  powders. However, because 

t h e  h i g h e r  tempera ture  c a l c i n e d  powder has  a much lower s u r f a c e  a r e a  (denser  

p a r t i c l e s ) ,  t h e  d r i v i n g  f o r c e  f o r  i n i t i a l  s t a g e s  of  s i n t e r i n g  i s  s i g n i f i c a n t l y  

reduced.  Therefore  t h e  c e n t e r  g r a i n  s i z e  remains sma l l e r  even though t h e  

e x t e r i o r  o f  t h e  p e l l e t  showed s i g n i f i c a n t  g r a i n  growth. It i s  t h e r e f o r e  

probable  t h a t  a d d i t i o n a l  t ime a t  tempera ture  and/or i nc reased  temperature 

would have r e s u l t e d  i n  t h e  coa r se  e x t e r i o r  g r a i n s  extending a c r o s s  t h e  e n t i r e  

p o l l o t  c rocc  ccc t ion .  

A comparison o f  t h e  c e n t e r  g r a i n  s i z e  of  t h e  p r e t r e a t e d  and 
. . .  . , 

nonpre t r ea t ed  p e l l e t s  f a b r i c a t e d  from t h e  mul t ipass  H ~ - c a l c i n e d 1 2 0 0  and 
. , 

I ~ O O ~ C ,  136 powder i s  shown on page 93. 
i 

It i s  c l e a r  t h a t  t h e  p e l l e t  p re t rea tment  d i d  no t  r e s u l t  i n  l a r g e  

g r a i n s .  S ince  t h e  as - rece ived  double micronized c o n t r o . l . p e l l e t  a l s o  showed a 

reduced g r a i n  s i z e  ( l a r g e r  ASTM g r a i n  s i z e  number.), i t  i s  h igh ly  probable t h a t  

a s ' l i g h t l y  reduced . s i i i t e r i n g  temperature i s  t h e  ' cause - f o r  t h e  reduced u l t i m z t e  

g r a i n  s i z e .  . 
An examination o f  t h e  r e s u l t i n g  mic ros t ruc tu re  showed t h a t  t h e  

. ,  

9 2 5 U ~  C O  pre t rea tment  d i d  no t  e l i m i n a t e  t h e  formation of necklace po ros i ty .  2 . . .  
The prksence of t h e - n e c k l a c e  p o r o s i t y  is  not  a t t r i b u t a b l e  t o '  a s l i g h t l y  reduced 

. . i s . . ;  i - - - .  

s i n t e r i n g  temperature.  If t h e  pores  were t h e  r e s u l t  of ox ida t ibn  , ... !6f .. carbonaceous 
i I 

.T:, ; -.,. 
i m p u r i t i e s  forming CO gas which was t rapped  i n  pores  dur ing  d e n s i f i c a t i o n  and 



Grain S i z e  Var ia t ions .  i n  P r e t r e a t e d  and Nonpretreated:  
Hydrogen c a l c i n e d  1200 and 1 4 0 0 ~ ~  Dry Pressed  P e l l e t s  

S i n t  e r i n g  Center  ASTM Grain S i z e  No. 
. Time Fig. Not Fig.  

Powder Treatment ( h r s )  P r e t r e a t e d  No. P r e t r e a t e d  No. 

H2  talc. 1 2 0 0 ~ ~ / 8  h r s  + 1 . 5  < 14 . 54 , 12-1/2 5 2 
5 pas s  micro. 12  11 -1/2 5 5 10 53 

He c a l c .  1 2 0 0 ~ ~ / 2 4  h r s  + 2.5 < 14 54 < I 4  52 
--5 pas s  micro. 1 2  13-1 /2 5 5 .  11-3/4 5 3 

H c a l c .  14.00~6/3 h r s  + 1.5 ' < 14 54 . 13-1/2 5 2 
26 pas s  micro .  , . . .. . 1 2  ,13-1/2 5 5 11 5 3 

H c a l c .  1400*~ /9  h r s  + 1.5 < 14 54 < 1 4  5 2 
26 pas s  micro. 1 2  < 14 5 5 1 3-1/2 5 3 

As-received + ,  . 1.5 13 54 . 1 2 - 1 2  52 
double microniza t ion  1 2  11-1/2 * 55 . 10-1/2 5 3 

g r a i n  grow$h, it i s  no t  c l e a r  why t h e  C02 pre t rea tment  d i d  no t ,  e l imina te .  t h e i r  

formation. It may be t h a t  t h e  instrument  grade  C02 (10-15 ppm 02)  w a s  t oo  pure 

and d i d  no t  e f f e c t i v e l y  remove t h e  carbon dur ing  pre t rea tment .  .Another  p o s s i b l e  

explana t ion  i s  t h a t  t h e  necklace p o r o s i t y  i s  t h e  r e s u l t  o f  entrapment of  

adsorbed CO wi th in  t h e  p a r t i c l e  pores ;  t h e  C02 from t h i s  source  i s  much 2 
g r e a t e r  than  t h a t  from carbonaceous i m p u r i t i e s  from th'e micronizer .  I n  agree-  

ment with . t h e  l a t t e r ,  t h e  necklace . porogi ty  . was more apparent  i n  t h e  , g e l l e t s  

made from t h e  powder c a l c i n e d  a t  1 2 0 0 ~ ~  f o r  8 hours  and micronized ( 5  p a s s )  
2 

with a s u r f a c e  a r e a  o f  5.1 m /gm t han  it was i n  t h e  p e l l e t s  made from powder 

ca l c ined  a t  1 4 0 0 ~ ~  . f o r  9 hours  and micronized (6  pass) wi th  a s u r f a c e  a r e a  pf  
. . 

3.3 m2/gv.   ow ever, because g r a i n  growth i s  more ex tens ive  i n  t h e '  p e l l e t s  

f a b r i c a t e d  from t h e  1 2 0 0 ~ ~ - 8  hour-H2 ca l c ined  powder, 9 g r e a t e r  amount o f  t h e  

p o r o s i t y  i n  t h e  p e l l e t  would be  swept t o  t h e  g r a i n  boundaries ,  t he reby  r e s u l t i n g  

i n  more necklace p o r o s i t y  b u t  a cons tan t  t o t a l  po ros i ty .  F i n a l l y ,  i t  i s  poss i -  

b l e  t h a t  t h e  necklace p o r o s i t y  i s  not  t h e  r e s u l t  of t h e  decomposition o f  a 

ca;b.onac&ous ma te r i a l  and t h e  CO atmosphere i s  t h e r e f o r e  i n e f f e c t i v e  i n  remov- 
2 

i n g  t h e  gas-forming impuri ty .  These r e s u l t s  i n d i c a t e  t h a t  if o the r  e x p e r i s  

menters d i d  f u r t h e r  eva lua t ions  of- Tho2 p e l l e t  s i n t e r i n g  and g r a i n  growth 

behavior ,  it may be d e s i r a b l e  t o  determine t h e  q u a n t i t y  and na tu re  of t h e  

atmosphere t rapped  wi th in  t h e  pores  of even t h e  ve ry  h igh  d e n s i t y  p e l l e t s .  



Cer t t i i n ly  from 2 com~or i so r i  of t h e  g r e l n  eroxt:.i betiieen the sellel;  c<r;st.r 
. . , . . . . . . 

where necklace p o r o s i t y  i s  ex tens ive  ana t h e  a r e s  w i t h i n  Q. 1d :cch of + . . c .  " l , ~  

p e l l e t  e x t e r i o r  where t n e r e  does r i ~ t  sppeer  t o  be mxcn ?oroi;ity or" .Eny kt&, 

one would have t o  conclude t h e t  t h e  poro.;i.ty 2 - c ~ ~  mt ir;f luezce greir: grc:,.t% 

i n  sny  \day. i ' ievert 'neless, krowledge of t h e  ::;ye and :3uzr.titjr of ge:. i i n  ti?e 

p o r e s  !u~y  sjell p rovide  e n  i x ~ r c v e d  insignt i n t c  %hi- eszc';  yoie cf i ~ J . ~ i t i e i :  
. ... .:.. - I n ~ e r i n g  end g r e i c  growth k i n e t i c s  Lc Tk:?,. 

cz 

3. L/S Agglomerated R e s u l t s  - 1200 and 1 4 . 0 0 ~ ~  

Granula t ion  o f  t h e  etarting powder hy t . he  1 i q ~ ~ i d / ~ % o l  i r l s  process 

r e p r e s e n t s  a d u p l i c a t i o n  o f  a product ion process .  It has  been . e s t ab l i shed  t h a t  
L _ 

b e n e f i c i a l  r e s u l t s  were ob ta ined  by c a l c i n i n g .  t h e  s t a r t i n g  powder. However, it 

was a l s o  shown ( 1 1 0 0 ~ ~  a i r - c a l c i n e d  m a t e r i a l )  t h a t  t h e  g r a n u l a t i o n  method has  

a s i g n i f i c a n t  i n f l u e n c e  on t h e  f i n a l  s i n t e r e d  p r o p e r t i e s .  To determine i f  t h e  

method of powder g r a n u l a t i o n  used by t h e  product ion f a c i l i t y  was capable of  

u s i n g  c a l c i n e d  powder and t o  determine i f  t h e  mul t i -micror izac ion  of the  1~&] 

and 1 4 0 0 ~ ~  c a l c i n e s  were b e n e f i c i a l ,  0 .53  inch  diameter  p e l l e t s  were pressed  

u s i n g  136  powder agglomerated by t h e  L/S process  from powder ca l c ined  a t  1 2 0 0 ~ ~ -  

8 hour-H (dry) a n d  1 4 0 0 ~ ~ - 2  hour-H, (&Y) , The ca l c ined  powder ,used i n  these  
2 L I 

s t u d i e s  was micronized tw ice  a t  t h e  r a t e  o f  350 gm/min both be fo re  and a f t , e ~  

c a l c i n a t i o n .  The powder i s  c o a r s e r  ( l e s s  s u r f a c e  energy)  . . -than t h a t  produced by 

a n  equ iva l en t  c a l c i n a t i o n  bu t  sub,jected t o  t h e  multi-pas?. micrsniza,t,;i,nn. Pel - . 
, . 

0 
l e t s  f a b r i c a t e d  from t h e  1200 C-8 hour powder were pressed  a t  60 and 62 % green 

. - 

d e n s i t y  and p e l l e t s  from t h e  I ~ O O ~ C - ~  h o w  powder were p re s sed  a t  60 and 65 ,% .: _ . 

green  density.  Grain s i z e s  as a f u n c t i o n  o f  p e l l e t  c r o s s  s e c t i o n  f o r  t h e  

preceding  f o u r  c o n d i t i o n s  a r e  shown i n  F igu res  56-59, r e s p e c t i v e l y .  I n  

a d d i t i o n  t o  t h e ,  "dry" hydrogen (53% dew p o i n t  a s  measured I n  t h e  fu rnace  ... . . 

h o t  ,zone) r e s u l t s ,  a l i m i t e d  amount o f  d a t a  i s  inc luded  from i d e n t i c a l  pel-.  . .: . . . 

l e t s  which were s i n t e r e d  i n  t h e  product ion  f a c i l i t y . i n  a "wet" ( 1 1 0 ~ ~  .dew - .  

p o i n t  as measured i n  t h e  incoming hydrogen) hydrogen. atmosphere. 
.I .-. 

, . The g r a i n  s i z e  a c r o s s  t h e  c e n t e r  d iameter  o f  t h e  p e l l e t s  s i n t e r e d  

In t h e  l a t t e r  atmosphere is l a r g e r  and more uniform than  t h a t  of  i n  i d e n t i c a l  

p e l l e t  s i n t e r e d  i n  t h e  former atmosphere f o r  t h e  same l eng th  of  t ime. This  
.- . . . ' 7  . . .  

. . .. ,. < 



e1'1'ect i s  g r a p h i c a l l y  i l l u s t r a t e d  by'  t h e  g r a i n  s i z e  ' v a r i a t i o n  shown i n  f igure . s  

$ - a d  57. This r e s u l t  could have been a n t i c i p a t e d  i n  view of  t h e  k i n e t i c  : . 

g r a i n  growth s t u d i e s  (NO. 7' and 9; F igures  27 and 3 0 )  .and t h e  information i n  ' . 

Sezt ion  1V:C. ' The wet hydrogen would have  a; tenden'cy t o  promote a  d e f e c t  

s t r u c t u r e  i n  t h e  Tho and inc rease  t h e  g r a i n  boundary mobi l i ty .  The inc reased  
2  

niobl i i ty  of t h e  g r a i n  boundar5es would a l low t.hem t o  move more readi l 'y 'beyond 
. . 

t h e  pinning impur i t i e s .  

The g r a i n  s i z e  r e s u l t s  from t h e  1 2 0 0 ~ ~ - 8  hour powder without  
2  

g ranu la t ion  and micronized t o  a s u r f a c e  a r e a  of 5.1 m /gm ( ~ i ~ u r e  53)  had a  

l a r g e r  c e n t e r  g r a i n  s i z e ,  ASTM #10 ( 2  ) than  t h a t ,  ASTM #12 ' ( 5 .6  P) , '  

( ~ i ~ u r e  56)  .of  t h e .  p e l l e t  f a b r i c a t e d  from. powder c a l c i n e d  i n  t h e  same ba tch  
. . 

bu t  g ranu la t ed  by t h e  l i q u i d / s o l i d s  process  and micronized t o  a s u r f a c e  a r e a  ., 

2 
of  4.6 m /gm. Thus t h e  e f f e c t  of i nc reased  s u r f a c e  a r e a  on in.creaSing g r a l n  

growth i s  aga in  i ' l l u s t r a t e d . r e g a r d l e s s  .of agglomeration technique  ... . . . ..+ . 

,!'. , 
I ' 

f i g u r e  57 i s  s i m i l a r  t o  f i g u r e  56 except t h e  samples were pressed  
. . . . 

. t o  a green d e n s i t y  of  a p p r ~ x i m a t e l y  62 %. The c e n t e r  g r a i n  s i z e  i n c r e a s e s  with 
1 I i n c r e a s i n g  t ime a t  tempera ture ,  . . < 14, < 14, '< 14, 1 3 , 1 0 . 5 ,  a n d 9  f o r  0 ,  7 ,  IF,  

. . 
0 "' 

. , 

5, 1 2 ,  and 22 hours  at 1750 C ,  r e s p e c t i v e l y .   in t h e  p e l l e t s  s i n t e r e d  i n  
. .  . 

"wet" hydrogen not  on ly  had l a r g e r  g r a i n s  than  bqth t h e  1 2  hour knd 22 hour 
. :  . .  .. 

"dry" hydrogen s i n t e r e d  pel le tF ' , '  bu t  t h e  g r a i n s  a c r o s s  t h e  "wet" hydrogen 
. . 

s i n t e r e d  p e l l e t  were more uniform. For any given cond i t i on  t h e  g r a i n s  o f  t h e  
, .  . " .  

! .  

p e l l e t s  pressed  at  62 % green d e n s i t y  were l&rger than  t h o s e  pressed  a t  60 % 
. ,  . .. : . . .  . . . 

'. . .. . .. 
and s i n t e r e d  a t ' e q u i v a l e n t  t imes  and temperatures .    his may be t h e  r e s u l t  o f  

. . * .  , - . . . . 

t h e  a d d i t i o n a l  t ime r e q u i r e d  f o r  p 0 r 6 s i . t ~  e l imina t ion  i n  t h e  p e l l e t s  o f  lower . 
. . .. . 

green d e n s i t y ,  . . . . 
. . . . 

. . The e f f e c t  of  s i n t e r i g g  t ime at  1 . 7 5 0 ~ ~  . .  . i n ,  .dry hydrogen o n  ' p e l l e t s  

f a b r i c a t e d  f rom L/S ; granula ted ,  micronized,:  c a l c i n e d .  (,I 400-3 h o u r s - ~ ~ )  powder. 

l o t . 1 3 6 ,  .F igu res  58 and 59,. ,showed t h a t  extended t ime (.up.to 22 hour s )  a t  . . .  . . . 

temperature w a s  no t  capable. o f  i n c r e a s i n g  t h e  g r a i n  s i z e  above ASTM #I 3 ... . (4  CI. ) 

r e g a r d l e s s  of  green compaction dens i ty .  Although. t h e  chemical impur i ty  phase , 
. . 

may have been removed, t h e  low p a r t i c l e  s u r f a c e  a r e a  d i d  no t  provide  s u f f i c l e r t  

g r a i n  boundary energy f o r  high l e v e l s  of g r a i n  growth o r  even dens i f i ca t io t ? .  



Tor p e l l e t s  pressed t o  I green dens i ty  of 6% the  s i n t e r e d  densi ty  var ied  

' from a loid of 8.62 @/cc a t  0 hpurs a t  1750'~ t o  a  high of only 9.27 gm/cc a f t e r  

22 hours s t  1 7 5 ~ ~ ~ .  Press ing a t  6 @  green d e n s i t y  d i d  not  s i g n i f i c a n t l y  

improve t h e  g r a i n  s i z e s  or d e n s i t i e s .  The s in te red  dens i ty  varied from 8  lo^; 

of 9.25 gn/cc t o  a  maximum of 9.45 gn;/cc. Tine center  g ra in  s i z e  of a l l  the  
- p e l l e t s  f a b r i c a t e d  from the  1 4 0 0 ~ ~ - 3  hour calcined powder, Figures 58 and 59, 

by L/S agglomeration was RSTM #13.5 o r  f i n e r  regtirdless of green dens i ty  or  

time a t  1750'~. 

D. Powder Blcnds 

Experimental r e s u l t s  have shown two important po in t s  r e l a t i v e  t o  

g r a i n  growth i n  Tho2 compacts: calcinkng t h e  i n i t i a l  powder appears t o  remove 

' impur i t i e s  which may i n h i b i t  g ra in  growth, and the  powder surface area i s  

+ t i c a l  t o  the formotion of a  uniform gra in  s t r u c t u r e  of acceptable s i ze .  

$for tunate ly  c a l c i n i n g  decreases t h e  surface  area.  Calcining t o  higher 

temperatures appears t o  remove more impurity phase and thus reduces the  

f o r c e s  r e s i s t i n g  g ra in  boundary movement; however, it f u r t h e r  reduces the  

su r face  energy, t h e  d r i v i n g  force  f o r  g ra in  boundary movement. Several  

a t tempts  have been made t o  increase  t h e  surface  area of t h e  ca lc ined powder. 

Extending the number of micronizat ion passes beyond the  i n i t i a l  one or two 

was determined n o t  t o  be a  very  e f f e c t i v e  means of increas ing the  surface  

area  of t h e  ca lc ined powder ( sec t ion  Vll.~), s ince  the  micronizat ion process 

i s  b a s i c a l l y  a  p a r t i c l e  reduction process. Any attempt t o  increase  the  

surface  area  by p a r t i c l e  s i z e  reduct ion faces  t h e  same problem i n  t h a t  it i s  

extremely d i f f i c u l t  t o  reduce the  p a r t i c l e  s i z e  below 1 or  2 w. The 

micronizat ion process i s  f u r t h e r  l imi ted  s ince  it involves t h e  impacting of 
.- .- / *  

l i k e  p a r t i c l e s  a g a i n s t  each other. This process may e f f e c t i v e l y  remove the  

i r r e g u l a r  surface  of t h e  p a r t i c l e s  o r  f r a c t u r e  l a rge  agglomerates bu t  

probably does l i t t l e  t o  a c t u a l l y  f r a c t u r e  l a r g e  p a r t i c l e s  o r  produce the  u l t r a  

f i n e  s o l i d  p a r t i c l e s  necessary t o  have a  surface  area equivalent  t o  the  

porous p a r t i c l e s  of the  as-received powder. 



\ 
! .Re la t ive ly  high s u r f a c e  a r e a s  were achieved by v i b r a t o r y  b a l l  

m i l l i n g ;  however, ex t ens ive  contamination of  t h e  powder sample r e s u l t e d  from 

a t t r i t i o n  of t h e  i r o n  . b a l l s ,  Sec t ion  VIII. Surp r i ? ing ly ,  autogenous v i b r a t o r y  

m i l l i n g  was u n s a t i s f a c t o r y  s i n c e  t h e  t h o r i a  b a l l s  were t o t a l l y  consumed i n  a 

ma t t e r  of  a few minutes. 

1 ,  Blended Calcined and ks-Received Lot 136 Powder 

I n  an e f f o r t  t o  i n c r e a s e  t h e  s u r f a c e  a r e a  o f  t h e  powder and still '  

maintain a low impur i ty  con ten t ,  i t  was decided t o  b lend  i n  equal  p ropor t ions  
2 

2-pass micronized as - rece ived  136 powder ( s u r f a c e  a r e a  6.5, 8.8 m /gm) and 
0 

6-pass micronized 1400 C-3 hour-H2 
2 

(dry) ca l c ined  136 powder (4.4 m /gm). The 
2 

r e s u l t i n g  s u r f a c e  a r e a  o f  t h e  mixed powders w a s  7 .6 ,  5 . 2  m /@I. This  experiment 

was in tended  t o  determine i f  s u f f i c i e n t  impur i ty- f ree  m a t e r i a l  could be blended 

with s u f f i c i e n t l y  high s u r f a c e  a r e a ,  as - rece ived  powder t o  d i l u t e  t h e  impur i ty  

content  of t h e  mixture below some c r i t i c a l  l e v e l  while  still maintaining a t o t a l  - 
s u r f a c e  aregdapproaching t h a t  of  a 2-pass, as - rece ived  powder. The g r a i n  s i z e  

o f  t h e  blended powder p e l l e t  a f t e r  I+ hours  a t  1 7 5 0 ' ~  i s  shown i n  Figure 60. 

The p e l l e t  h a s  a f i n e  g ra ined  c e n t e r ;  however, t h e  g r a i n s  a r e  s l i g h t l y  c o a r s e r ,  

ASTM #12t ,  than  those  of  t h e  p e l l e t  f a b r i c a t e d  from as- rece ived  2-pass powder 
2 

( su r f ace  a r e a  8.1 rn /gm) ASTM #I24 and s i g n i f i c a n t l y  c o a r s e r  than  t h a t  of  t h e  

p e l l e t  made from 100 % c a l c i n e d  powder 6-pass micronized, ASTM 134. The s i n t e r e d  

d e n s i t i e s  decreased i n  t h e  same o r d e r ,  9.89, 9-88, 9.56 gm/cc f o r  p e l l e t s  f a b r i -  

ca t ed  from t h e  mixed powders, t h e  as - rece ived ,  and t h e  as -ca lc ined;  r e s p e c t i v e l y .  

The b e n e f i t s  o f  blending t h e  ca l c ined  and as - rece ived  powders a r e  even more 

apparent  a f t e r  1 2  hours  a t  1 7 5 0 O ~ ,  F'igure 61. The p e l l k t  f a b r i c a t e d  from t h e  

blended powders had a c e n t e r  g r a i n  s i z e  o f  ASTM #64 (38 p ) ,  t h a t  f a b r i c a t e d  from 

t h e  100 % as-received powders ASTM #lo+ (9.4 p )  and t h a t  f a b r i c a t e d  from 100 % 

ca l c ined  powder ASTM #I1 (7 .9  p ) ,  The s i n t e r e d  d e n s i t i e s  f o r  t h e  t h r e e  powders 

a r e  9.97, 10.01, and 9.84 gm/cc, r e s p e c t i v e l y .  

These r e s u l t s  suggest  t h a t  t h e  dense impur i ty- f ree  p a r t i c l e s  no t  

reduced by microniza t ion  have h igh  g r a i n  boundary mob i l i t y  and a r e  a b l e  t o  

grow at t h e  expense of  t h e  high s u r f a c e  energy b u t  i n h i b i t e d  f i n e  p a r t i c l e ? .  

Typica l ly  l a r g e  p a r t i c l e s  o r  agglomerates  a r e  no t  d e s i r a b l e  i n  a high q u a l i t y  

ceramic s i n c e  they  may conta in  undes i rab le  p o r o s i t y  which i s  very d i f f i c u l t  t o  

remove, a r e  g e n e r a l l y  de t r imen ta l  t o  uniform g r a i n  growth, and may block shrinkage 



o f  t h e  s m a l l e r  p a r t i c l e s .  I n  t h i s  ca se ,  however, t hey  may a c t  as nuclea t ion  s i t e s .  

f o r  g r a i n  growth. The l a r g e  number o f  nuc lea t ion  s i t e s  r e s u l t s  i n  uniform g r a i n  

growth. The h igh  m o b i l i t y  o f  t h e  g r a i n  boundaries  r e s u l t s  i n  s i g n i f i c a n t  g r a i n  

development and h igh  l e v e l s  o f  d e n s i f i c a t i o n .  
- - 

The r eason  f o r  t h e  improved s i n t e r e d  d e n s i t y  i s  not  completely 

obvious.  The densi t j r  o f  t h e  blended powder p e l l e t ,  F igure  6 1 ,  was 9.97 gm/cc 

which i s  even g r e a t e r  t han  t h e  9 .92  gm/cc determined f o r  t h e  5-pass  micronized, 
0 

c a l c i n e d  1200 C - 8  hour powder o f  s i m i l a r  s u r f a c e  a r e a  and cons iderably  g r e a t e r  

t,ha.n t h e  9-85 gm/cc determined f o r  t h e  6-pass micronized, 1400'~-3 hour Hz- 

c a l c i n e d  powder p e l l e t s , .  F igure  53. Standard techniques  t o  i n c r e a s e  t h e  . 

s i n t e r e d  d e n s i t y  by e l i m i n a t i n g  i n t r a g r a n u l a r  p o r o s i t y ,  Refs .  9,  11, 1 2 ,  and 
, -< , 

27,  g e n e r a l l y  l i m i t  g r a i n  boundary movement a s s o c i a t e d  with secondary 

r e c r y s t a l l i z a t i o n .  Grain growth i n h i b i t o r s  added f o r  improved s i n t e r i n g  

g e n e r a l l y  r e s u l t  i n  a g r a i n  s i z e  sma l l e r  than  t h a t  which i s  a s s o c i a t e d  with 

t h e  u n i n h i b i t e d  s t r u c i u r e  o f  t h e  m a t e r i a l .  It appears  t h a t  t h e  mechanism 

r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  d e n s i t y  with a concomitant i n c r e a s e  i n  g r a i n  

s i z e  i s  d i f f e r e n t  i n  t h e  case  of  t h e s e  t h o r i a  powders. 

The a b i l i t y  t o  improve g r a i n g r o w t h  by b lending  powders of  high 

p u r i t y  and  high s u r f a c e  a r e a  i s  s i g n i f i c a n t  s i n c e  it a l s o  r e p r e s e n t s  a process  

which is f e a s i b l e  f o r  l a r g e  volume product ion , .  

2 ; Blended Calc ined  and As-Received Lot  136 Powder - P r e t r e a t e d  . 
. 

To f u r t h e r  s u b s t a n t i a t e  t h e  i n i t i a l  r e s u l t s  ob ta ined  by blending 

c a l c i n e d  and as - rece ived  136 powder and t o  determine t h e  in f luence  of t h e  pre-  

t r ea tmen t  p roces s  on d e n s i t y  and g r a i n  growth, p e l l e t s  f a b r i c a t e d  from t h e  same 

50/50, 1 4 0 0 ~ ~ - 3  hour/as-received b lend  o f  powder used i n  t h e  preceding sec t ion  

were p r e t r e a t e d  at 9 2 5 ' ~  f o r  3 hours  i n  C02 p r i o r  t o  s i n t e r i n g  a t  1750'~.  The 

t ime dependent g r a i n  growth r e s u l t s  as a func t ion  of  p e l l e t  c r o s s  s e c t i o n  a r e  

shown i n  F igure  62. The pressed  p e l l e t s  were p r e t r e a t e d  a t  9 2 5 ' ~  i n  C02 t o  

e l i m i n a t e  any carbon p o s s i b l y  in t roduced  dur ing  microniza t ion .  The g r a i n  s i z e  

and uni formi ty  i n c r e a s e d  as t h e  t ime at  temperature i nc reased ,  The c e n t e r  

ASTM g r a i n  s i z e  (260 x i nches  i n  from t h e  p e l l e t  s u r f a c e )  a f t e r  I), 5, 
and 1 2  hour s  a t  t empera ture  w a s  11$ (7 l2  P ) ,  10 (11.2 P), and 6 ( 4 5 ' p ) ,  

r e s p e c t i v e l y .  The g r a i n  s i z e  130 x 10-3 in'ches from t h e  s u r f a c e  f o r  t h e  same 



I' t i i ree  p e l l e t s  was 1 2  (5 .6  p ) ,  7+ (27 p ) ,  and 5* (53 p ) ,  r e s p e c t i v e l y .  Ir1 s p i t e  

of  t h e  f a c t  t h a t  consi 'derable t ime had e lapsed  from t h e  experiments descr ibed  

i n  1 above and t h e  furnace'  temperature had been cyc led  i n  t h e  i n t e r i m ,  t h e r e  

was r e l a t i v e l y  good agreement between t h e  'data  ob ta ined  f o r  t h e  p r e t r e a t e d  and 

nonpre t rea ted  b lends  o f  calcined/as-received 136 powder. The c e n t e r  ASTM gra in ,  
0 

s i z e  of  t h e  nonpre t rea ted  p e l l e t s  a f t e r  1t and 12. hours  a t  1750 C (F igures  60 
and 61 ) was 1 2 t  (5 .2  p )  and 63 (38 p ) ,  r e s p e c t i v e l y .  The same two va lues  taken  

130 x inches  from t h e  p e l l e t  s u r f a c e  were. 12-314. ( 4 . 3  p )  and 7 (32 p ) ,  

The g r a i n  growth i n  t h e  p r e t r e a t e d  p e l l e t s  may be s l i g h t l y  gr .ea te r  t han  observed . . 

l i i  t h e  e a r l i e r  nonpre t rea ted  p e l l e t ;  however, ,agreement w i th in  one ASTM number 

i s  probably reasonable .  

I n i t i a l  o p t i c a l  examination o f  t h e  p e l l e t s  used. i n  F igure  .62 

showed t h e  mic ros t ruc tu re  t o  be similar t o  t h a t  p rev ious ly  observed f o r  t h e  
0 

nonpre t rea ted  p e l l e t s  of t h e  same composition and  t ime a t  1750 C ,  i . e . ,  

"necklace" o r  g r a i n  boundary p o r o s i t y  was not  e l imina ted  by t h e ' p r e t r e a t m e n t ,  

i n d i c a t i n g  t h a t  r e s i d u a l  carbo* from rubber  in t roduced  by micronizing w a s  no t  
. . 

an important  cause f o r  * h i s  r e s i d u a l ,  po ros i ty ,  , ,, . . 

a l c i n e d  L g t  136 and !.s-Received Lot  096 Powder 

To de termines ' the  in f luence  o f  c a l c i a  a d d i t i o n  on g r a i n  growth 

i n  t h e  blended powder, a h lend  of ca l c ined  ( 1 ~ 0 ~ ~ - 3  hour-3 double pas s  

microniza t ion)  136 powder and as - rece ived  (1 double pas s  microniza t ion)  096 

powder were f a b r i c a t e d  i n t o  p e l l e t s  by t h e  d ry  p r e s s  p roces s  (no b inde r  o r  

l u b r i c a n t )  and s i n t e r e d  a t  1 7 5 0 ' ~  i n  "dry" hydrogen i n  t h e  l a b o r a t o r y  furnace .  

The e f f e c t  of  ~ i n t e r i n g  t ime a t  1 7 5 0 ' ~  on g r a i n  growth as a f u n c t i o n . o f  p e l l e t  

c r o s s  s e c t i o n  is ~hown i n  F igure  63. A s  p r ev ious ly  demonstrated . in  F igu re  62, 
g r a i n  s i z e  and g r a i n  uni formi ty  inc reased  with i n c r e a s i n g  t ime a t  temperature.  

The c e n t e r  g r a i n  s i z e  a f t e r  I*, 5, and 1 2  hours  at 1 7 5 0 ~ ~  was ASTM #11-3/4 ( 6  p ) ,  

103 ( 9 . 4  p ) ,  and 7 t  (30 p ) ,  r e s p e c t i v e l y .  The same t h r e e  va lues  determined a t  

a p o s i t i o n  130 x 10-3 inchOs from t h e  s u r f a c e  were 1 2  (5-6 p ) ,  11 (7 .9  p ) ,  and . 

7 (32 p) .  T h e s e , r e s u l t s  a g r e e  t o  wi th in  3/4 o f  an  ASTM number wi th  t h e  non- 

p r e t r e a t e d  p e l l e t  made from a blend of calcined/as-received 136 powder ( F i g a r e s  

60 and 61)  and appear  t o  be s l i g h t l y  sma l l e r  than  t h e  g r a i n s  observed . in  t h e  

p r e t r e a t e d  calcined/as-received 136 powder. It w a s  a n t i c i p a t e d  t h a t  p e l l e t s  . .  



f a b r i c a t e d  from t h e  b iend  of  c a l c i n e d  136/as-received 096 would produce l a r g e r  , 
2 1 

g r a i n s  s i n c e  t h e  c u r l a c e  a r e a  o l  t h i s  blend w a s  g r e a t e r ,  8.8 m /gm ve r sus  
2 

7 . 6  m /gm. .Why t h i s  d i d  n o t ,  i n  f a c t ,  t a k e  p l ace  i s  not  c l e a r .  The 

i n f l u e n c e . o f  t h e  c a l c i a  a d d i t i o n  may have been reduced because t h e  "dry" 
0 hydrogen s i n t e r i n g  w a s ,  i n  f a c t ,  no t  very water f r e e  (dew po in t  + 59 F % 

18,000 ppm 30) ; however, as shown i n  Sec t ion  I V .  C ,  C a O  l o c a t e d  a t  g r a i n  

bounda r i e s  would r e t a r d  g r a i n  growth. 

Even though t h e  136/096 blend p e l l e t  d i d  not  y i e l d  g r a i n s  

s i g n i f i c a n t l y  l a r g e r  than  t h o s e  observed i n  p e l l e t s  produced from a blend o f  

t h e  136  powder a lone ,  t h e  r e s u l t a n t  g r a i n  growth was g r e a t e r  than  i n  p e l l e t s  

f a b r i c a t e d  s o l e l y  from e i t h e r  of t h e  components, as shown below and i n  

F i g u r e s  64 and 65.  h he as- rece ived ,  not  micronized 096 powder was inc luded  

even though it w a s  no t  one o f  t h e  components of  t h e  b lend  because it had a 

s u r f a c e  a r e a  very c l o s e  t o  t h a t  of t h e  b lend . )  

~ e n e f  i c c a l  I n f l u e n c e  of Blending Calcined and As-Received 
n o ,  Powder on Grain Growth i n  P e l l e t s  

L- 

ASTM 
Center  

S i n t e r i n g  Surface,  Grain 
~ e l l e k  Tim c 

%Oa 
S i z c  

I D  Powder Treatmcnt ( h r s )  (m /gm) No. 

3373 #I (50% as- recd  0 96, 2-gaas micro, ) 1.5 8.8 1 I* 
Blend (50% c a l c ,  136, 1400 C-3 hr-H2 

microniza t ion  (6  pas, 

32l.2 ,UG-  I I 12 11.. 11 11' 

15p  As-rec'd. 096, 2-pass microniza t ion  1.5 1 0 . 3  < 14' . 

13F  
,I 12  1 0 . 3  10  

, . 

3'7 As-rec ' d. 096 1 .5  8 .2  < 14 

4H I 1  1 2  8 . 2 .  . I 2  



i C i e a r i y   he p e l l e t  f a b r i c a t e d  frw t h e  blend of c a l c i n e d  136 and as - rece ived  

~ 6 , ~ c w d e r  had more uniform and . l a r g e r  . g r a i n s  t han  those  obte ined  i n  p e l l e t s  

f c b r i c a t e a  from t h e  i n d i v i d u a l  powders. 

-The  r e s u l t s  observed i n  t h e  p e l l e t s  mzhe from t h e  blended 

ca lc ined/as - rece ived  powder a r e .  s i g n i f i c a n t  s i n c e  they  suppor t  a  product ion  

:.:pprooch vhere  only  a  f r a c t i o n  of t h e  t o t a l  amount of t h o r i a  powder necessery  

f u r  l a r g e  s c a l e  product ion  of b l anke t  s i z e  p e l l e t s  needs t o  be ca l c ined .  . 

4, Poros i ty  D i i t r i b u t i o n  o f  Blended Powder P e l l e t s  

It w a s  shown t h a t  t h e  g r a i n  growth of t h e  p e l l e t s  f a b r i c a t e d  from 
. . 

t h e  blended powders was g r e a t e r  and more uniform than  could be achieved s o l e l y  

with e i t h e r  powder. The r e s u l t i n g  p e l l e t s  were o f  very h igh  d e n s i t y  (> 99% TD) 

and had a uniform mic ros t ruc tu re  r e l a t i v e l y  f r e e  from poros i ty .  S u r p r i s i n g l y ,  

i n  view of t h e  r e l a t i v e  s u r f a c e  a r e a s  o f  t h e  ca l c ined ,  micronized and as- 
2  received, ,  micronized s t a r t i n g  136 powders, 4.4 and 8 m /gm, r e s p e c t i v e l y ,  

, '  

t h e r e  was r e l a t i v e l y  l i t t l e  p o r o s i t y  t rapped  wi th in  t h e  g r a i n s  o f  any o f  t h e  

blended p e l l e t s  which were s i n t e r e d  a t  1 7 5 0 ~ ~  f o r  1 2  hours .  The p o r o s i t y  

which was d e t e c t e d  was l o c a t e d  mostly a t  t h e  g r a i n  boundaries .  Figure 66a i s  

a  photomicrograph o f  sample R/C 75-3372 #2 1 ~ 0 ~ ~ - 3  hour/as-received 136 

powder, 1 2  hdurs  a t  1 7 5 0 ~ ~ .  showing t h e  unetched p e l l e t  mic ros t ruc tu re  from 

t h e  s u r f a c e  t o  a depth o f  approximately 0.018 inch  a long  t h e  p e l l e t  c e n t e r  

diameter .  The first 3-4 x  inches  a r e  p r a c t i c a l l y  pore f r e e  and r e p r e s e n t  

an a r e a  i n  which t h e  i n h i b i t i n g  impur i ty  was removed by con tac t  with t h e  

s i n t e r i n g  atmosphere and t h e  p o r o s i t y  could d i f f u s e  t o  t h e  su r f ace .  The 

remainder of  t h e  p o r o s i t y  was r e l a t i v e l y  coa r se  and l o c a t e d  mostly a t  g r a i n  

boundaries .  Th i s  p o r o s i t y  d i s t r i b u t i o n  remained r e l a t i v e l y  uniform a c r o s s  t h e  

p e l l e t  t o  t h e  p e l l e t  c e n t e r ,  Figure'66b: Figure 67a i s  a photomicrograph ,o f  

t h e  1$ hour p e l l e t  made from t h e  same blended powder and shows a n  a r e a  extend- 

i n g  from t h e  p e l l e t  s u r f a c e  ipproximate ly  18 x i n c h e s  toward t h e  p e l l e t  

cen te r .  A& i n  t h e  1 2  hour sample, narrow band approximately 3-4 x  i n c h e s  

o f  pore- f ree  ma te r i a l  e x i s t s  around t h e  e x t e r i o r  of  t h e  p e l l e t .  It i s  s i g n i f i -  

can t  t h a t  t h e  th i ckness  o f  t h e ' p o r e - f r e e  band is no t  dependent on t h e  s i n t e r i n g  

time. This .would h e l p  suppor t  t h e  p o s s i b i l i t y  t h a t  t h e  pore- f ree  r im  i s  t h e  result 



o f  a s u r f a c e  e f f e c t ,  e.g.  ,' r e s i d u a l  p re s s ing  a t r a i n s  o r  a f r e e  su r f ace .  The 

l a t t e r  i s  most probable  i n  view o f  k i n e t i c  s tudy  r e s u l t s ,  .f i&ure'23, m e  a r e a  

immediately a f t e r  t h e  pore- f ree  s u r f a c e  rim'shows t h e a p r e s e n c e  of  both. coa r se  

and  f i n e  p o r o s i t y ;  however, , t h e  p o r o s i t y  i s  r e l a t i v e l y  uniformly d i s t r i b u t e d  

and  i s ' n o t  n e c e s s a r i l y  . ,concentrated a t - g r a i n  boundaries .  T h i s  a r e a  . extends  . 

approximately 30 t o  40 x i n c h e s  i n t o  the '  p e l l e t  from t h e  su r f ace .  The., 
I remainder  o f  t h e  p e l l e t  c r o s s  s e c t i o n ,  f i g u r e  67b, c o n s i s t s  o f  r e l a t i v e l y :  f i n e  

p o r o s i t y ,  uniformly d i s t r i b u t e d ,  The g r a i n s  a r e  small i n  t h i s  a r e a ,  3-4 p i n  

d i ame te r ,  and hence t h e  pores' m a y  be  l o c a t e d  pr im&ily a t  g r a f n  boundaries.  

S ince  t h e  e l i m i n a t i o n  of  p o r o s i t y  i s  a normal par t  of t h e  

s i n t e r i n g  p roces s  and because t h e  e l imina t ion  o f  p o r o s i t y  t a k e s  p l ace  .by 

d i f f u s i o n  even tua l ly  t o  t h e  p e l l e t  s u r f a c e  once r e s i d u a l  p o r o s i t y  is c losed ,  
. . , . 

a f i n e r - g r a i n e d  c e n t e r  wi th  c o a r s e r  g r a i n s  a t  th'e l i e l l e t  e x t e r i o r  would be  

expec ted  t o  be t h e  mic ros t ruc tu re  i n  any ceramic body made from f i n e  powder 

tb t  %as n o t  s i n t e r e d  t o  completion. If o the r  experimenters  conduct f u r t h e r  

e v a l u a t i o n  of s i n t e r i n g  and g r a i n  growth' of ThOp based p e l l e t s ,  it appears  

t h a t  a d d i t i o n a l  s t u d i e s  of t h e  pore morphology a s  a. f u n c t i o n  of t ime would be 

d e s i r a b l e .  The e s t zb l i shmen t  of s r e l a  t ionShip  between dens i ty ,  g r a i n  growth 

snd  p o r o s i t y  may h e l p  i n  b e t t e r  understanding t h e  r o l e  of pores  i n  d e n s i f i c a -  
. . 

:ion and g r a i n  growth. 

To q u a n t i f y  t h e  v a r i a t i o n  i n  p o r o s i t y  as. a -func.l;ion. of' .L-ieie a r ~ d  

p e l l e t  c r o s s  s e c t i o n  i n  t h e  p e l l e t s  made from powder b lends ,  phot.omicrographs 

o f  t h e s e  two samples were analyzed with t h e  ep id iascope  at tachment  . to  t h e  ' 

Quantimet.  A t  t h e  magni f ica t ion  necessary  t o  r e s o l v e  t h e  s o l i d  and pore phases.  

on t h e  ep id iascope  (1 OOOX),  t h e  c o n t r a s t .  ,between t h e  f t n e  pores  and t h e  s o l i d  

phases  w a s  on ly  marginal .  E s p e c i a l l y  f o r  t h e  sample s i n t e r e d  a t  1 7 5 0 ' ~  f o r  

14 hour s ,  it is p o s s i b l e  t h a t  some of t h e  sma l l e r  pores ,  e s p e c i a l l y  a t .  t h e .  

p e l l e t  c e n t e r ,  went undetected.  The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  a r e  shown 

i n  F igure  68. Both t h e  1% hour and 1 2  hour samples showed an  extremely low 

p o r o s i t y  content  n e a r  (3-4 x inches )  t h e  e x t e r i o r  s u r f a c e ,  0 ,086  v/o and 

0.060 v/o, r e s p e c t i v e l y .  On t h e  s u r f a c e  of  t h e  two p e l l e t s  t h e  ASTM g r a i n  

s i z e s  a r e  aimost .equal  t o  11 (7 .9  P )  and 1 0 . 5  (9.4 P ) respect-ively:. The 

p o r o s i t y  o f  both s a m p l e a i n c r e a s e d  r a p i d l y  i n  t h e  next  5 - t o  1 0  x 10-3 inches .  



A maximum% p o r o s i t y  content  of 2.1 v/o i s  reached .10  x  10-3 i n c h e s s  from t h e  . ,  

s u r f a c e  i n  t h e  sample s in. tered hours.  The g r a i n  s i z e .  a t  t h i s  p o i n t  w a s  

a i s o  a maximum of 9 .5  (13,.4 w), Figure  60, . Af te r  reaching .  t h e  maximum t h e  

p o r o s i t y  decreased as d i d  t h e  g r a i n  s i z e  i n  ... moving 'toward t h e  p e l l e t  centex-,,. 
- 3 A low o f  0 .5  v/o porosi ty .  was d e t e c t e d  37, x  1 0 , .  . i nches  ,.from t h e  e x t e r i q r  : :;),: 

su r f ace .  The minimum,. g r a i n  s i z e  of  #13.5 (3:3 , p )  w a s  determined t o  b e  . , 

approximately 45 x  inches  from t h e  e x t e r i o r  su r f ace .  If t h e  p o r p s i t y  - 

measurements were extended a c r o s s  t h e  e n t i r e  p e l l e t : c r o , s s  s e c t i o n ,  t h e  mini- . . . . .  .. 

mums i n  p o r o s i t y ,  va r i ed  widely, poss ib ly  t h e  r e s u l t  o f  d e t e c t i o n  d i f f i c u l t y .  
. , ,<:, , ,-- , .;; . I . . , .  . . 

I n  s p i t e  o f  t h e  problems with t h e  d e t e c t i o n  o f  f i n e  po ros i ty ,  it appears  t h a t  '. . :  . . .. . . 
t h e  s h q r t e r  s i n t e r i n g  t ime r e s u l t s  i n  a sample with g r e a t e r .  po ros i ty .  . . .With . . . . 
i n c r e a s i n g  t ime t h e  p o r o s i t y  i s  swept and , . concent ra ted  a t  t h e  g r a i n  boundaries .  

. . . . 

. . .  The  p o r o s i t y  of  the. p e l l e t  s i n t e r e d  f o r  12; hour s  a t  1750% , . 

i nc reased  t o  approximately 0.97 v/o a t  6 x  inches  from the . su? fa$e  and' ,: 

remained r e l a t i v e l y  cons tan t  f o r  about  1.5 x  10-3 inches .  The maximumgrain . 

s i z e  of  ASTM #6 was recorded  30 x  i n c h e s  from t h e  p e l l e t  s u r f a c e ,  . , 

. Figure 61. .Some o f  .$he s c a t t e r  experienced.  i n  , t h e  r e s u l t s  may b e  due t o  poor 

s t a t i s t i c s  and f i n e  porosJ ty .  . . . ~ .  

' I n  s p i t e  of t h e  d i f f i c u l t i e s  noted above it hea been ccncludea 

from t h i s  p re l i&nary  examination of t h e  pore morphology t h a t  g r a i n  growth 
. . .. 2 

Gnd gore  shape, s i z e  and l o c a t i o n  a r e  a  f u n c t i o n  of,  t h e  e x t e n t . o f  g r z i n  

grow+,h and t h e  time a t  t empera twe.  

It is p o s t u l a t e d  t h a t  t h e  very f i n e  micronized, as - rece ived  
2 

powder ( su r f ace  a r e a  w 8-10 m /gm l o t s  136 and 096) is h igh ly  s i n t e r a b l e  as - 

demonstrated by t h e  f a c t  t h a t  a f t e r ,  on ly  11 hours  at  1 7 5 0 , ~ ~  t h e  p e l l e t ,  s u p  

f a c e  was r e l a t i v e  void f r e e .  The reason  f o r  a l a c k - o f  g r a i n  .growth at  t h e  

p e l l e t  c e n t e r  may be  p a r t i a l l y  due t o  t h e . r a p i d  r e a c t i o n  a t  t h e  p e l l e t  su r -  .; 

face. .Because.of  t h e  i n t i m a t e  . c o n t a c t  .with t h e  s i n t e r i n g  atmosphere, t ,he 
a 

p o r o s i t y  a t  o r  n e a r  t h e  s u r f a c e  is qu ick ly  removed as a r e  any p o s s i b l e  g r a i n  

growth i n h i b i t i n g  i m p u r i t i e s .  The l a r g e  s u r f a c e  energy i s  a s t r o n g  d r i v i n g  

f o r c e  caus ing  d e n s i f i c a t i o n  and grain. .growth r e l a t i v e l y  e a r l y  i n  t h e  s in t . e r -  

i n g  cyc le .  A h ign  d e n s i t y  o u t e r  r i m  impedes t h e  removal o f  p o r o s i t y  from t h e  

p e l l e t  i n t e r i o r  and may a l s o  reduce communication with t h e  s i n t e r i n g  atmos- 



phere .  The importance o f  t h e s i n t e r i n g  atmosphere has  been rioted previous ly  

i n  t h i s  r e p o r t .  .Keeping t h e  s i n t e r i n g  atmosphere'away from t h e  p e l l e t  i n t e r -  

. i o r . b y  forming a h igh  d e n s i t y  o u t e r  r i m  may r e t a r d  impur i ty  e l imina t ion  and 

g r a i n  boundary mobil i . ty .  The ox ida t ion  and subsequent a c c e l e r a t e d  g r a i n  

boundary movement r e s u l t i n g  from a wet hydrogen atmosphere may be  r e s t r i c t e d  

t o  j u s t  a s u r f a c e  e f f e c t  t f  a high d e n s i t y  o u t e r  r i m  i s  formed e a r l y  i n  t h e  

s i n t e r i n g  cyc le .  

It may t h e r e f o r e  be hypothesized &at t h e  h i x t u r e  o f  IWIO'C' 

c a l c i n e d  powder con ta in ing  h igh  d e n s i t y  bu t  impur i ty- f ree  p a r t i c l e s  with 

a s - r ece ived  and micronized powder with r e l a t i v e l y  f i n e  b u t  impuri ty-bearing 

p a r t i c l e s  r e s u i t s  i n  a compact t h a t  does n o t  form a high dens f ty  s l r ~ t e r e d  

s k i n  as e a r l y  as t h e  p e l l e t s  made from 100 % as- rece ived  powder. Therefore ,  

a g r e a t e r  amount of  i m p u r i t i e s  may be  removed by t h e  s i n t e r i n g  atmosphere, 

as w e l l  as provide  inc'reased g r a i n  boundary mobi l i ty .  P e l l e t s  f a b r i c a t e d  

from 100 % c a l c i n e d  powder a l s o  do n o t  g e n e r a l l y  r e s u l t  i n  g r a i n s  as l a r g e  

as t h o s e  r e a l i z e d  from t h e  powcer b l ends  because t h e  s u r f a c e  a r e a  of t h e  

c a l c i n e d  powder i s  s i g n i f i c a n t l y  lower than  t h e  as - rece ived  o r  blended powder, 

If t h e  s u r f a c e  a r e a  of t h e  ca l c ined  powder could be inc reased  t o  t h e  same 

va lue  as t h e  as - rece ived  or.blended powders, it is p red ic t ed  t h a t  t h e  r e s u l t i n g  

g r a i n  s i z e  would be l a r g e r  and more uniform. 

-5. Grain Boundary Curvature 
. . 

S t e r o t e x  voids  common t o  a l l  o f  t h e  p e l l k t s  f a b r i c a t i d  with t h e  

a d d i t i o n  of  d r y - S t e r o t e x  powder a f t e r  agglomeration t y p i c a l l y  had smooth void 

s u r f a c e s  i n d i c a t i n g  no g r a i n  boundary cu rva tu re ,  F igure  69a . .  Even p e l l e t s  . 

f a b r i c a t e d  from c a l c i n e d  powder which showed s i g n i f i c a n t  g r a i n  growth a f t e r  a 

r e l a t i v e l y  s h o r t  t ime pe r iod  a t  1750Uc, F igure  69b, had a similar S t e r o t e x  void 

su r f ace  morphology.. However, t hose  p e l l e t s  f a b r i c a t e d  from t h e  ca l c ined  powder 

and s i n t e r e d '  a t  1 7 5 0 ~ ~  f o r  1 2  hours ,  showed cons iderably  more grain-boundary 

c u r v a t u r e  a t  t h e  f r e e  s u r f a c e . l e f t  by t h e  S t e r o t e x  l u b r i c a n t ,  F i g u r e . 6 9 ~ .  The 

s t r u c t u r e  i n  F igure  69c r e p r e s e n t s , a n  equi l ibr ium conf igu ra t ion  determined by 

t h e  s u r f a c e .  energ ies .  That t h e  curved g r a i n  boundary s u r f a c e  is r e p r e s e n t a t i v e .  



of an equi l ibr ium condi t ion  h a s  been shown f r e q u e n t l y ,  e .g .  by Burke, Ref.  22, 

and may be r ep re sen ted  by t h e  equat ion:  

Y = 2 Ysg cos  'p/2 
s s < .  

where Y c c  = su r f ace  energy between t h e  two s o l i d  g r a i n s '  
' 

LI C 

I 'a I.._ 

:y . = s h f a c e  : .&era '%&tween 'the. s o l i d  g r a i n  and t h e  .g& o r  vacuum ' I .  

..sg , . . . . . 
phase i n  t h e  void 

.$ ="';i'i~edral ang le  between equiva len t  in te rphase- ,boundar ies  :. 
0 .  - 

wfiere 'p i s  some "value leks- than  180.- ; .. . . . . _. . . , . . . 

The .p rac t i ck  6 f  t he r%l  ' e tch i ig :  us& thisc .concept  t o  accenijiia& 

t h e  g r a i n  boundaries.  The s o l i d  s u r f a c e  i s  r a p i d l y  hea ted  u n t i l  t h e  s u r f a c e  

has  s u f f i c i e n t  energy t o  achieve  i ts  equi l ibr ium p o s i t i o n .  This  r e s u l t s  i n  ~ 

t h e  so l id -gas  boundary curv ing  downward as it i n t e r s e c t s  t h e  s o l i d - s o l i d  

boundary. Th i s  type  of  s u r f a c e  r e l i e f  r e s u l t s  i n  t h e  d e l i n e a t i o n  of t h e  g r a i n  

boundaries  by subsequent r e f l e c t e d  l i g h t  examinations, 

' The mic ros t ruc tu re s  a t  t h e  so l id-gas  i n t e r f a c e  i n  F igu res  69a and 

b a r e  unusual i n  t h a t  t h e  boundary energy i s  no t  independent of  t h e  c r y s t a l l i n e  

surface'  and r e p r e s e n t s  a nonequil ibr ium condi t ion .  For tl-iis. t o  occur  a n d .  . 

remain ' s t ab l e  f o r  an extended t ime per iod ,  F igure  69a, an i n h i b i t i n g  s p e c i e s '  . .  

must be present .  Th i s  f u r t h e r  suppor t s  t h e  conclusion t h a t  an  impur i ty  i S  
'i - 

presen t  which i s  capable 'o f  i n h i b i t i n g  g r a i n  growth. -.. 

The d i s t r i b u t i o n  of  t h e  f i n e  p o r o s i t y  i n  ~ i ~ u r e s  69b and c  

shows t h a t  t h e  g r a i n  boundaries  a r e  a b l e  t o  move p a s t  t h e  c lo sed  pores.  Af t e r  

u 3 . i  n growth i s  neayly complete and t h e  movement o f  g r a i n  boundaries  is 

considerably.. s _ l ~ w e . ~ . , ~ ~ ~ ~ . & u . r e '  69c, t h e  pores  a r e  swept by boundaries .  
-. 

. , 6 .  ' Densi ty o f  P e l l e t s  Fabr ica ted  from Calcined Powder 

. Calc in ing  of t h e  t h o r i a  powder was i n s t i t u t e d  t o  remove g r a i n  : 

growth i n h i b i t i n g  i m p u r i t i e s ;  however, some e f f ec t  of t h i s  p r a c t i c e  upon 

d e n s i f i c a t i o n  might a l s o  be de t ec t ab le .  The d e n s i t i e s  of  p e l l e t s  f a b r i c a t e d  
2 from as-received 136 p e l l e t s  with a powder s u r f a c e  a r e a  of  5.55 m /gm were 

determined t o  be,  a f t e r  1) hours  a t  1750°c, 9.357 gm/cc (ave)  and, a f t e r  1 2  

hours  a t  1750°c, 9.65 gm/cc ( ave ) ,  Table 13. The comparable d e n s i t i e s  o f  



p e l l e t s  f a b r i c a t e d  from c a l c i n e d  (1 200'~-8 h o u r s - H ~ )  136 powder micronized t o  
2 

a s u r f a c e  a r e a  o f  5.17 m /gm a r e  9.77 and 9.91 gm/cc, r e s p e c t i v e l y .  S i m i l a r l y ,  
0 

t h e  cor responding  d e n s i t i e s  o f  p d l l e t s .  f a b r i c a t e d  from c a l c i n e d  (1100 C-48 h o u h  

H2) 136 powder and double micronized t o  a s u r f a c e  a r e a  o f  5.91 gm/cc a r e  9.79 

and 9 . 8 2  gm/cc, a f t e r  I$ and 1 2  hours  of  s i n t e r i n g ,  r e s p e c t i v e l y .  P e l l e t s  

f a b r i c a t e d  from a 50/50 b lend  of calcined/as-received 'powder a l s o  showed an 

i n c r e a s e  i n  d e n s i t y  over  both  - t h e  as - rece ived  and t h e  c a l c i n e d  powder p e l l e t s ,  

p rovided  t h e  s u r f a c e  a r e a s  were similar. 

:, To f u r t h e r  explore  t h e  e f f e c t  of i nc reased  s i n t e r a b i l i t y  and 

g r a i n  growth r e s u l t i n g  from powder. c a l c i n a t i o n ,  t h e  s i n t e r e d  d e n s i t y  va lues  

o f  t h e  b i n d e r l e s s  p e l l e t s  f a b r i c a t e d  from t h e . v a r i o u s  co.nditions o f  l o t  136 

powder were p l o t t e d  a g a i n s t  t h e  s u r f a c e  a r e a  o f  t h e  powder i n - F i g u r e  70. 

, . , .. 
Egcfi ' s t r a i g h t l i n e  ' segment f o r  " ' the variduk cond3tionS joink 0nl.y ..' 

two d a t a  p o i n t  p a i r s ;  t h e  d i f f e r e n c e  i n  i n i t i a l ' s u r f a c e  a r e a - f o r ' t h e  aB-received 
0 

and 1100 C c a l c i n e d  powders r e p r e s e n t s  an e f f e c t  of micronizing (as -ca lc ined  
0 

v s  micronized)  a t  cons t an t  c a l c i n i n g  t ime and t h a t  f o r  t h e  1200 and 1400' 

m a t e r i a l s  w a s  developed by inc reased  t ime a t  temperature (1200°c/8 and 24 . 

. hou r s  and 1 4 0 0 ~ ~ / 3  and 9 hour s ) ,  a l l  m a t e r i a l s  be ing  s i m i l a r l y  micronized. . It 

i s  c l e a r l y  demonstrated t h a t  with lower impur i ty  l e v e l  r e s u l t i n g  from higher  

tempera ture  c a l c i n i n g ,  a g iven  f i r e d  d e n s i t y  can be developed with l e s s  a c t i v e  

powders, i . e . ,  , a t  lower s u r f a c e  a r e a .  A similar t r e n d  i s  noted f o r  l o t  096 

powder ( d a t a  f o r  as - rece ived  and 1 1 0 0 ~ ~  ca l c ined  on ly )  except  t h a t  t h e  s lope  of 

d e n s i t y  v s  s u r f a c e  a r e a  i s  on ly  about one- th i rd  of t h a t  observed f o r  l o t  136. 

However, t h i s  may simply be a man i fe s t a t ion  of (1) h ighe r  s ~ ~ r f a c e  area i n  t h e  

i n i t i a l  powder s i n c e  as - rece ived  l o t  096 was micronized once a t  350 gm/min 

p r i o r  t o  any o t h e r  process ing ,  ( 2 )  a p o s s i b l e  b e n e f i c i a l '  e f f e c t  of t h e  C a O  

a d d i t i o n  r e s u l t i n g  i n  somewhat h ighe r  f u e l  d e n s i t y  a t  lower s u r f a c e  a r e a s  

( C ~ O  a d d i t i o n s  have been used a s  dens i fy ing  agen t s  i n  Tho2, Ref. 12 ) .  (3) t h e  

f a c t  t h a t  an  u l t i m a t e  d e n s i t y  near  9.9 g/cc was a t t a i n e d  f o r  both t h e  CaO-free 

and CaO-containing m a t e r i a l s  a t  t h e  h i g h e s t  s u r f a c e  a r e a s ,  and (4 )  t h e  poss i -  

b i l i t y  t h a t  a d d i t i o n a l  d a t a  a t  in t e rmed ia t e  s u r f a c e  a r e a s  would show a l l  mater- 

ia ls  t o  have similar i n i t i a l  s l o p e s  and then  reduced s l o p e s  approaching t h e  

t h e o r e t i c a l  maximum d e n s i t y .  



. . 

E. E f f e c t s  of  powder Process ing  Parameters  on Grain ~ r o w t h  - 

Thor ia  0.53 Inch Diameter P e l l e t s  

I n  l i g h t  of a l l  of  t h e  d a t a  c o l l e c t e d  on p e l l e t s  made from d i f f e r e n t  

powders "ca lc ined  f o r  "vzrious t imes  a t  s e v e r a l  t empera tures ,  Table 13, an i n i t i a l  
. . 

e f f o r t  w a s  made t o  c o r r e l a t e  some'of t h e s e  d a t a  t o  determine t h e  r e l a t i v e  

e f f e c t s  o f  c a l c i n i n g  tempera ture ,  p a r t i c l e  s i z e ,  and f a b r i c a t i o n  technique  on 
. . - .  . . 

s i n t e r e d  &ain  diametkrs .  W i t h  t h e  e x i s t i n g  d a t a  it w a &  extrem&iy d i f f i c u l t  
.. * 

t o  make a co ' se la t ion  between e i n t e r e d  g r a i n  d iameter  and c a l c i n i n g  tempera ture  

because t h e  s u r f a c e  a r e a  of  each c a l c i n a t i o n  var ied .  Even a f t e r  d i f f e r i n g  

amounts of  microniza t ion ,  t h e  s u r f a c e  a r e a s  o f  t he ' powder s  v a r i e d  widely. I n  

a d d i t i o n  t o  having v a r i a b l e  s u r f a c e  a r e a s ,  t h e  t ime a t  tempera ture  of  each 

ca l c ina t ion '  a l s b  w a s  no t  h e l d  cons tan t .  The c a l c i n i n g  t imes  and tempera tures  

were s e l e c t e d  i n  an e f f o r t  t o  produce t h e  maximum &ain  s i z e  r a t h e r  t han  t o  

produce a balanced,  unconfounded experiment. The i n a b i l i t y  t o  promote s i g n i -  

f i c a n t  g r a i n  growth at 1 7 5 0 ~ ~  i n  p e l l e t s  made from powders wi th  s u r f a c e  a z e a s .  
2  l e s s  than  4.4 m /gm was unan t i c ipa t ed  and l i m i t e d  t h e  s e l e c t i o n  o f  c a l c i n i n g  

condi t i o n a .  
. . 

A c o r r e l a t i o n  between s u r f a c e  a r e a  and f i n a l  s i n t e r e d  g r a i n  s i z e  

was observed f o r  t h e  ca l c ined  and t h e  as - rece ived  powder, F igure  71. For 
. . 

ally -giv;[r su<face area, t h e  p e l l ' e t n  f r ibr ida ted-  from powder which had beer, 
0 2alcined a t  1100 C o r  h ighe r  had ' l a rge r  g r a i n s  a f t e r  1 2  hour s  a t  1 7 5 0 ~ ~  i n  

dry hyd$ogen than  p e l l e t  f a b r i c a t e d  from as- recef  ved powder. P l o t t i n g .  t h e  

d a t a  from wide v a r i e t y  of c a l c i n i n g  t imes ,  t empera tures ,  powder compositions,  

and f a b r i c a t i o n  techniques  on' semi-log .paper.  ( ~ i g u r e  72)  s u r p r i s t n g l y  ,good 
I * ' ,  

s t r a i g h t  l i n e  fit of  t h e  data .  was obta ined .  The' t h r e e   population^ (as - rece ived ,  
.i : r , ,  . 

calcified, and c a l c i n e d  and s i n t e r e d  i n  wet hydrogen) were n o t  t e s t e d  for 
s t a t i s t i c a l  d i f f e r e n c e s .  .however, i t  appkars  t h a t  the* d i f f e r e n c e s  between t h e  

. : . . 

two  population^ OF ca lc ined  and .as - rece ived '  are r e a l  wi th in  approximately 80 % 
confidence - l e v e l s .  From t h e  d a t a  t h e  equat ion .  l o g  ( g r a i n  s i i e  (p ) )  = 0.318 

. 2  
( s u r f a c e  a r e a  m /gm) - 0.621 was de r ived  which. p r e d i c t s  t h e  s i n t e r e d  g r a i n  S i z e  ' 

f o r  0.53 inch .d i ame te r  p e l l e t s  p re s sed  t o  60 % green  d e n s i t  from powder ' c a l -  

c ined  t o  1 1 0 0 ~ ~ .  o r  g r e a t e r  and s i n t e r e d  a t  1 7 5 0 ~ ~  i n  H2 (dry3 f o r  1 2  h e w s .  

I n t e r e s t i n g l y  it may 'be observed'  from Figure  72 t h a t  ' t h e  c e n t e r  v a i n  s i z e  of 
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the sintered pellet doubles for each square meter per gram surface area of

the starting calcined powder.  With starting surface areas of 4, 5, 6, 7, and
2

8 m /gm the resulting center grain sizes are predicted to be 4.5, 9.5, 20, 40,

and 80 X, respectively.

Another interesting result was that with one exception all of the

center grain sizes of the pellets fabricated from 50/50 blends of calcined/
as-received powder, sintered for 12 hours in H2(dry), fell on the curve

generated by the equation log B = 0.318 (SA) - 0.621 representing calcined

starting powder.  The lone exception was the pellets fabricated from the        c

136/096 powder blend.  The center grain size of these pellets was significantly

smaller than what would be predicted from the generated equation.  A possible

explanation for the reduction is that the pellets were only pressed to approxi-

mately 58 % green density.  In addition, the sintering temperature was probably

lower, as confirmed  by  the fine grain  size  of the pretreated 136/136 blend,
Figure,52, than that of the unpretreated blend; the former was sintered along

with the 136/096 blend.

What may be a more difficult question is why any of the pellets made

from 096 powder lie on the same line as the pellets made from calcined 136

powder.  It was postulated, Section IV. C, that in the stoichiometric Th02

lattice, the presence of CaO could enhance oxygen ion diffusion rates.  Since

it has been shown in other material systems, Refs. 9, 12, and 29, that the

trace element addition may concentrate at or near the grain boundaries, grain

boundary mobility could be altered by even very small concentrations of

additives or impurities. If, however,.the Th02 lattice was substoichiometric
in oxygen content the self-diffusivity of thorium may be greatly reduced and

the Ca ions may associate with the defect, thereby additionally reducing grain

boundary mobility.  It has also been postulated, Section IV. C, that : with

increase in the oxygen activity in the hydrogen atmosphere the structure                  

would become more oxygen-enriched which may occur by an increase in thorium ion

lattice vacancy concentration.  The increase in Th defect concentration leads to

an increased self-diffusivity.  The ·CaO lattice defects would be associated

with the thorium ion defect.  The exact nature of these defects is not fully

understood; however, the influence of calcia on densification of Th02 as a

110



func t ion  of  t h e  s i n t e r i n g  atmosphere has  been r epor t ed ,  Ref. 49, Approximately 

-$ w/o C a O  added as t h e  carbonate  o r  f l u o r i d e  inc reased  t h e  d e n s i t y  of  Thop 

from 99 t o  100 % TD when s i n t e r e d  i n  a i r  o r  argon b u t  had no e f f e c t  when ' t h e  

compacf . . w a s  s in t ee red  i n  d ry  hydrogen. 

I t  i s  hypothesized t h a t  the  benef ic ia l '  e f f e c t s  of CaO and poss ib ly-  

even U02 . on t h e .  g ra in  growth.. i n  Tho2 w i l l  be rea l ized  only when s in t e r i ng  i s  ... 
perfo,med i n  an atmosphere of higher oxygen po t en t i a l  than t h a t  corre.sponding 

.. . - 
t o  dew points  - . .  of - 5 0 9  as  ex i s ted  during t h i s  study i n  t h e  Binary Production 

F ~ c i l i t y  . or . even + 53% as. exis ted during t h i s  study i n  the  Thoria Production 
, . 

.I ' 
Experimepta 1 :Furnace. The detrirqenta . . 1 ef  fec ti of a highly reducing 

. ' .  

atmgsphere . . have been demonstrated, a s  have the  benef ic ia l  e f f e c t s  of a more 

oxidizing a.@nosphere. 

Final ly ,  two batches; of p e l l e t s  .were fabr icated by the  . l i qu id j so l i d s  

process, from c.al.c_ined ,136 powder. The powder used, i n  the  f i r s t  batch was, . , 

calcined a t  1 2 ~ 0 ' ~  -8 hours-H2 and the  second batch 1 4 0 0 ~ ~ - 3  hours-HZ: ,Pel le ts  

from each batch weye s intered a.t 1750'~ i n  hydrogen with dew points  of 110%: 

and approximaeely 53OF'..,. The center gra in  s ize .  from each, batch of: p e l l e t s  ,., 

sin.tered i q . t h e  .hydrogen with the  higher dew point  had l a rge r  center  g ra in  

s izes .  Th,e di f ferencesin  the  center gra in  . s ize  were apprqximately .. .. two ASTM 

numbers. These rq su l t s  fu r ther  demonstrate the  benef i ts  of a.more oxidizing 

atmosphere f~y;grain . ,growth - . .  i n  thor ia  without any.addit ives.  . . 

. . 

A program was i n s t i t u t e d  with Westinghouse Research'Laboratory t o  
. . 
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perform supglgnental  experiments on both t h e  pure t h o r i a  and t h e  thoria-U. 

p e l l e t s .  The n a t u r e  of t h e  program with WRL was two-fold. The first phase o f  

t h e  program cons i s t ed  o f  examining Tho2 and Tho2-U02 p e l l e t s  f a b r i c a t e d  a t  

t h e  B e t t i s  Laboratory t h a t  showed c h a r a c t e r i s t i c  m i c r o s t r u c t u r e s  ( i .  e. , medium 

sfzed grallls on e x t e r i o r  and very l a r g e  o r  very f i n e  a a i n s  a t  p e l l e t  i n t e r i o r ) .  

Examinations cons i s t ed  of o p t i c a l  metallography, i o n  probe, e l e c t r o n  micro- 

probe, and X-ray microfocus d i f f r a c t i o n  t o  d e t e c t  sto,ich,iometry d i f f e r e n c e s  

between s u r f a c e  and c e n t e r  o f  p e l l e t s .  The second phase o f  t h e  program con- 



s i s t e d  o f  f a b r i c a t i n g  0,.53 i n c h  d iameter  s i z e  p e l l e t s  from as- rece ived  and 

c a l c i n e d  t h o r i a  provided by t h e  B e t t i s  Laboratory and adding U02 t o  s imu la t e  

a c t u a l  b i n a r y  p e l l e t  compositions.  I n  a d d i t i o n ,  p e l l e t s  would be  f a b r i c a t e d  

from e x t r a  high p u r i t y  Tho2 produced by WRL. Grain growth de termina t ions  would 

b e  made as a - f u n c t i o n  o f  atmosphere and p e l l e t  composition. 

b e  p e l l e t s  s e n t  t o  WRL, t h e  green and s i n t e r e d  d e n s i t i e s ,  f o r  each - 

p e l l e t ,  and  t h e  ASTM g r a i n  s i z e  a t  t h e  p e l l e t - e d g e ,  middle,  and c e n t e r  a r e  

s h o d  i n  Table 15. Samples 74-3462-7 and 74-34-10 were examined i n  t h e  g r e a t e s t  

d e t a i l .  O f  t h e  elements  cons idered  most l i k e l y  t o  be r e s p o n s i b l e  f o r  g a i n  

s i z e  v a r i a b i l i t y ,  d e f i n i t e  evidence w a s  d e t e c t e d  only  f o r  carbon with both ion  

probe and e l e c t r o n  microprobe examination. Most d l r e c t  evidence f o r  carbon 

w a s  observed  i n  l a r g e  po res  which a r e  presumed t o  be remnants o f  t h e  S t e r o t e x  

a d d i t i v e s .  I n  a f ew.cases  calcium was a s s o c i a t e d  with t h e  carbon i n  t h e s e  

pores .  No evidence f o r  calcium o r  carbon w a s  noted i n  small g r a i n  boundary 

po res ,  i n d i c a t i n g  e i t h e r  t h a t  carbon w a s  p r e sen t  as a v o l a t i l e  g a s  which 

escaped dur ing  me ta l log raph ic  p repa ra t ion  o r  t h a t  undetec ted  impur i ty  elements 

were conta ined  t h e r e i n .  A f u r t h e r  i n v e s t i g a t i o n  of t h e  con ten t  and q u a n t i t y  

of  t h e  g a s - f i l l e d  po res  was n o t  done a t  t h i s  time. Such an  i n v e s t i g a t i o n  may 

be worthy of f u t u r e  experiments .  Small concen t r a t ions  of A 1  were d e t e c t e d  a t  

the  s u r r a c e  of some of  t h e  p e l l e t s .  The t r a c e  q u a n t i t y  nf alumina i~ most 

l i k e l y  due t o  v a p o r i z ~ t i o n  of t h e  alumina r e f r a c t o r i e s  du r ing  s i n t e r i n g .  

23j0 E l e c t r o n  microprobe a n d  i o n  probe a n a l y s i s  o f  t h e  two Tho2-1.66 56 U 

b i n a r y  p e l l e t s ,  ~ a d l e  15, s u b s t a n t i a t e d  t h e  r e s u l t s  ob ta ined  f o r  t h e  pure 

thorla p e l l e t s  wi th  two a d d i t i o n a l  f i n d i n g s .  The UO:, concen t r a t ion  a t  t h e  

grain boundar ies  was above t h e  ma t r ix  concent ra t ion .  Most important  w a s  t h e  
. . - 

d e t e c t i o n  o f  low l e v e l  q u a n t i t i e s  of  sodium and potassium. These r e s u l t s  a r e  

o f  p m t , i c u i a r  i r l l e r t t s t  s i n c e  t h e s e  two elements  were observed t o  decrease  as ' 

" 

a r e s u l t  of c a l c i n i n g  experiments  conducted a t  t h e  B e t t i s  Laboratory a t  I IOOOC 

i n  bo th  a i r  and hydrogen atmospheres,  Table 14, It w a s  a l s o  r e p o r t e d  by WRL 



t h a t  t h e ' s h a p e . o f  t h e  thorium and uranium peaks a t  t h e  c e n t e r  of  t h e  p e l l e t  

where t h e  g r a i n s  were very f i n e  were d i f f e r e n t  f r o m ' t h e  shape o f . t h e  peaks . 

ob ta ined  a t  t h e  p e l l e t  s u r f a c e  where t h e  g r a i n s  were cons iderably  l a r g e r .  It 

was hypothesized t h a t  t h e  observed v a r i a t i o n  i n  -peak shape ..may b e . r e l a t e d ,  to. 

t h e  s to ich iometry  of  t h e  two oxides.  . . 

X-ray d i f f r a c t i o n  examination usirig a rnic'rofocus camera showed nd 
0 

d i f f e r ence  i n  l a t t i c e  parameters  between t h e  s u r f a c e  (5.4970 .& 0 . 0 0 0 1 ~ )  and 
0 

t h e  c e n t e r  (5.4976 * 0 . 0 0 0 5 ~ )  i n d i c a t i n g  'again t h a t  i m p u r i t i e s  a r e  i n s o l d b l e  
. 3 .  o r  a r e  present  a t  very smail l e v e l s .  

' 

Thermogravimetric analysis of green p e l l e t s  hea t ed '  t o  5 0 ° c  at 50°c/ho&- 
. . 

i n  a i r  and C02 showed 1.64 96 weight l o s s  i n  t h e  former and 1.43 w/o i n  t h e  

l a t t e r  atmosphere. On s i n t e r i n g  i n  wet hydrogen total ' .we. ight  l o s s  i n  bo th  

cases  was 1.8 h/o i n d i c a t i n g  t h a t  t h e  4 5 0 ' ~  p r e t r e a t  removes o n l y  a f r a c t i o n  
. . . . 

o f  a l l  - 'vo la t i les .  
. . 

The conclusion dram from t h i s  s e r i e s  of d iagno,s t ic  t e s t s  was t h g t  t h e  
. . 

i n h i b i t i n g  impur i t ies  were at extremely low l e v e l s  making i d e n t i f i c a t i o n  v e r y .  
. . 

d i f f i c u l t ,  
. .  . 

The second phase o f  t h e  work ' cons is ted  of  f a b r i c a t i n g  p e l l e t s  from 

powders suppli ,ed by t h e  Be t t i s .Labora to ry .  P e l l e t s  were p r e s s e d - t o  62 % green 

d e n s i t y  wi th  no b inde r  o r  l u b r i c a n t  a d d i t i o n s  us ing  both  CaO-free ( lot , , '136)  
.., . 

and CaO-containing ( l o t  095) powders, as well  as t h e  l a t t e r  r eca1c ined" in  air  
. . 

at 1 9 0 0 ~ ~  (1 038'~)  f o r  48 'hours.  , Thi s  powder i n i , t i a l l y  r e c e i v e d  t h e  normal . 
. . ... . . .  . , . , . .  

1 8 0 0 ~ ~  (982°~)-24  hour a i r  c a l c i n e  a t  t h e  manufacture. , The p e l l e t s  were - 

s i n t e r e d  i n  . wet . hydrogen, with no p r e t r e a t m e n t ,  for,. 1 2  h o q s  a t . 1 7 5 0 ~ ~ .  The . . . , 

h e a t i n g  r a t e  t o  temperature w a s  7 0 ~ ~ / h o u r .  I n i t l a l  examination . . r e v e a l e d  t h e  

follow,ing, . . . . .  
. .  . 

. . 
Grain Diameters ( ~ i c r o n )  

. . ,  . . Sur face  . . C'enter , .. 

. .. 
095, CaO-containing powder 15 A 2 

, . 

' 136, CaO-free powder - 22.5 - 2  . . .  

095, 1 9 0 0 ~ ~  r e c a l c i n e d  CaO-ctg powder 1 7 . 4 ,  17.9 2 4  ' .  

(some l u g e  g r a i n s ,  42 p.) . . 



These r e s u l t s  he lped  t o  confirm t h e  e a x l i e r  B e t t i s  conclus ions  concerning t h e  

p re sence  of  an i n h i b i t i n g  impuri ty .  I n  a d d i t i o n ,  some i n i t i a l  examinations 

normal a d d i t i v e s  made o f  l o t  087 (R/C #3256, A-1) .  As-s in te red  a t  B e t t i s  i n  

wet hydrogen, t h e s e  p e l l e t s  showed g r a i n  s i z e s  of: 44 IJ, a t  t h e  surface.  and 

9.5 p a t  t h e . c e n t e r .  However, when s i n t e r e d  a t  t h e  Research Lab i n  wet 
. . 

n i t r o g e n ,  t h e  s u r f a c e  and c e n t e r  g r a i n  s izes .  were i d e n t i c a l ,  14 p .  Apparently,  

r e l a t i v e  t o  c e n t e r  g r a i n  s i z e ,  t h e  h ighe r  oxygen p o t e n t i a l  o f  t h e  wet n i t rogen  

atmosphere y i e l d e d  l i t t l e  b e n e f i t  compared t o  t h e  wet hydrogen atmosphere. 

The r e d u c t i o n  i n  g r a i n  s i z e  of  t h e  s u r f a c e  i n  wet n i t rogen  sugges t s  some 
. . 

i n h i b i t i o n  due t o  t h i s  atmosphere. 

I n  an  e f f o r t  t o  minimize t h e  confounding e f f e c t s  o f  a decreas ing  s u r f a c e  

a r e a  wi th  i n c r e a s i n g  c a l c i n a t i o n  temperature,  Sec t ion  V I I . C ,  c a l c ined  powders 

were s e n t  t o  WRL and t h e  average p a r t i c l e  s i z e  w a s  decreased  by v i b r a t o r y  

m i l l i n g .  Vibra tory  m i l l i n g  appeared t o  be t h e  one p a r t i c l e  s i z e  r educ t ion  

method which w a s  e f f e c t i v e  i n  t h e  micron and submicron p a r t i c l e  s i z e  range ,  

Ref. 44, Unfortunately,  a s i g n i f i c a n t  amount of contaminat ion r e s u l t e d  from 

t h e  i r o n  b a l l s  used i n  t h e  m i l l .  A s  a r e s u l t ,  a l l  of  t h e  mi l l ed  powders had 

t o  be  l eached  wi th  H C 1  and washed with d i s t i l l e d  water .  Af t e r  t h e  powder w a s  

d r i e d ,  t h e  cake w a s  r e t u r n e d  t o  t h e  m i l l  f o r  approximately one minute. 

A p re l imina ry  rev iew o f  t h e  'g ra in  s i z e  d a t a  ob ta ined  from 0 .53  inch  

d iameter  p e l l e t s  f a b r i c a t e d  at  WRL from as-received and c a l c i n e d  096 and 136 
t h o r i a  powder, Table  16, i n d i c a t e s  t h a t  t h e  a d d i t i o n  of  u r a n i a  and t r a c e  

q u a n t i t i e s  of phosphorus promoted g r a i n  growth. I n i t i a l  da t a  show t h a t  i n  

s p i t e  of t h e  dec rease  i n  p a r t i c l e  s i z e  r e s u l t i n g  from m i l l i n g  and leaching,  

p e l l e t s  f a b r i c a t e d  from t h i s  powder d i d  n o t  show an  inc rease  i n  g r a i n  growth. 

Samples f a b r i c a t e d  from as- rece ived  and ca l c ined  096 powder which had been 

m i l l e d  and leached w i t h  K C 1  a c t u a l l y  showed a r educ t ion  i n  c e n t e r  erain s i z e  

a s  compared t o  t h e  r e s u l t s  ob ta ined  from p e l l e t s  f a b r i c a t e d  from i d e n t i c a l  

powders which were n o t  sub jec t ed  t o  t h e  a d d i t i o n a l  process ing .  The l a c k  of 

g r a i n  growth r e s u l t i n g  from t h e  use of m i l l e d  and leached t h o r i a  powder was 

a t t r i b u t e d  t o  t h e  l each ing  process .  It was p o s t u l a t e d  t h a t  t r a c e  elements 

which in f luenced  g r a i n  growth were e i t h e r  added o r  removed. I t  has been 

p r e v i o u s l y  e s t a b l i s h e d  t h a t  t r a c e  i m p u r i t i e s  i n  t h e  a  s-received powder 



i n h i b i t  g r a i n  growth. Addi t iona l  i m p u r i t i e s  imparted t o  t h e  powder by t h e  
. . 

a c i d  l e a c h  could r e t a r d  g r a i n  growth even f u r t h e r .  
. . 

To demonstrate the.  i n f luence  of i m p u r i t i e s  i n  t h e  s t a r t i ng .powder  on 

g r a i n  growth i n  t h o r i a  f u e l  p e l l e t s ,  high p u r i t y  t h o r i a  w a s  p r e c i p i t a t e d  from 

t h e  o x a l a t e  and ca l c ined  a t  9 0 0 ~ ~  f o r  2  hours .  Th i s  powder was sub.sequently 

used i n  t h e  f a b r i c a t i o n  of  0 . 5 3  inch  diameter  p e l l e t s  by d r y  p re s s ing  t o  52 % 
green d e n s i t y  and s i n t e r i n g  a t  1 7 5 0 ~ ~  i n  dry hydrogen. ( ~ e w  po in t  of  t h e  

source hydrogen was - 7 0 ' ~ ;  however, t h e  dew po in t  i n  t h e  furnace  hot  zone h a s  

not  been measured. ) P e l l e t s  produced from t h i s  powder had a uniform g r a i n  

s t r u c t u r e  with an  average g r a i n  diameter  of  approximately 30 p (N ASTM #7). 

R e s u l t s  of a spark  source  mass spec t rographic  a n a l y s i s . o f  t h e  WRL . . 

produced Tho2 powder a long  wi th  t h e  136 as - rece ived  ( 1 0 3 8 ~ ~  a i r  ca lc ined)  and . . 

t h e  136 c a l c i n e d  ( 1 1 0 0 ~ ~ - ~ ~ - 4 8  hour)  powders a r e  shown i n  Table 17 .  With 

t h e  except ion o f ' sod iwn  and f luoFine ,  t h e  WRL produced powder was lower i n  

i m p u r i t i e s  than  e i t h e r  t h e  as - rece ived  o r  c a l c i n e d  136 powder. The presence ' 

. of  '40 ppm sodium and 20 ppm f l u o r i n e  i n  t h e  oxide  powder i s  d i f f i c u l t  t o  

understand s i n c e  t h e  s t a r t i n g  o x a l a t e  contained only  1 0  ppk o f  t h e s e  two e l e -  
.. . 

ments. S ince  t h e  p r e c i p i t a t i o n  process  and subsequent c a l c i n a t ~ o n  g e n e r a l l y  

r e s u l t  i n  a p u r i f i c a t i o n  of  t h e  powder, lower l e v e l s  'were a n t i c i p a t e d .  It ' 

was suggested by cognizant  w ~ L  personnel  t h a t  t i e  sample takeri f o r  spectra- 
. , 

graphic.  a n a l y s i s  was contaminated. . ' 

. . 
2  

. .  . .  

The su r f ace  a r e a  of  t h e  WRL-thoria powder was 13 ,2  m /gm which i s .  

oonsiderably greater t .han  even t h e  mi l l ed  and leached ,  as - rece ived  136 powder; 

however, t h e  average p a r t i c l e .  diameter  was, approximately 1 p ,  The high su r -  

f a c e  a r e a  and r e l a t i v e l y  l a r g e  p a r t i c l e  s i z e  is i n c o n s i s t e n t  u n l e s s  t h e  p a r t i c l e s  

themselves a r e  porous. This  r e s u l t  i s  very s i g n i f i c a n t  i n  t h a t  i t  h e l p s  con- 

f i r m  e a r l i e r  r e s u l t s  a t  B e t t i s  and may exp la in  t h e  r e l a t i v e l y  poor f a b r i c a b i l i t y  

of  ca l c ined  powder. Calc in ing  t h e  s t a r t i n g  powder removes t h e  i m p u r i t i e s  t h a t  

i nh ib i t .  p a i n  growth i n  t he  compacted p e l l e t ;  however, c a l c i n i n g  may a l s o  

reduce t h e  i n t e r n a l  p o r o s i t y  o f  t h e  t h o r i a  p a r t i c l e s ,  as i n d i c a t e d  by a com- 

pa r i son  of  t h e  avera,ge p a r t i c l e  diameter  c a l c u l a t e d  from t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n  d a t a  and t h e  g a s  adso rp t ion  da ta .  It h a s  been shown, Ref. 'u, 



t h a t  c a l c i n i n g  r e s u l t s  i n  s i g n i f i c a n t l y  l a r g e r  dec reases  i n  s u r f a c e  a r e a  than  

i n  i n c r e a s e s  i n  average  p a r t i c l e  s i z e .  Th i s  r e s u l t  can only be explained by 

assuming a decrease  i n  su r f ace  roughness o r  i n t e r n a l  po ros i ty .  E lec t ron  

micrographs of t h e  c a l c i n e d  p a r t i c l e s  show only  a moderate rounding o f  sha rp  

c o r n e r s  and  almost no change ik  shape. A decrease  i n  i n t e r n a l  p o r o s i t y  

t h e r e f o r e  seems t o  b e  more reasonable .  

It may be  p o s t u l a t e d  t h a t  as a r e s u l t  o f  t h e  reduced p o r o s i t y  t h e  

c a l c i n e d  t h o r i a  p a r t i c l e  i s  s t r o n g e r  and l e s s  f r i a b l e  than  an  equ iva l en t  as- 

r e c e i v e d  p a r t i c l e .  During p e l l e t  compaction t h e  a s - r ece ived  p a r t i c l  e s  f r a c -  

t u r e ,  t he reby  changing t h e  p l a t e - l i k e  morphology and i n c r e a s i n g  t h e  mechanical 

i n t c r l o c I r i n g  o f  p a r t i c l e s .  

IX. POSSIBU FUTURE EXPERIMENTS 

Not having z b s o i u t e l y  i d e n t i f i e d  t h e  impur i ty  o r  i m p u r i t i e s  r e spons ib l e  

f o r  t h e  g r a i n  growth i n h i b i t i o n  observed i n  the .Th02 and Th02-U02 p e l l e t s  

l e a v e s  a n  obvious phzse of t h e  i n v e s t i g a t i o n  incomplete.  Therefore a d d i t i o n a l  

a n a l y t i c a l  work could be d i r e c t e d  toward a  more d e f i n i t i v e  i d e n t i f i c a t i o n  of 

t h e  amount and l o c a t i o n  of Na .and K i n  t h e  s i n t e r e d  p e l l e t  and powder. How- 

eve r ,  it i s  v e r y  p o s s i b l e  t h a t  t h e  concen t r a t ion  of t h e  impur i ty  p h a s e , i s  s t  

o r  v e r y  nea r  t h e  l i m i t s  o f . d e t e c t i o n  of t h e  b e s t  a n a l y t i c a l  t o o l s  a v a i l a b l e .  

To overcome t h i s  o b s t a c l e ,  p roduct ion  of a  v e r y  h igh  p u r i t y  t h o r i a  s t a r t i n g  

from t h e  i n i t i a l  T ~ ( N O ~ ) ~  could  be accomplished. Th i s  may r e q u i r e  some time 

t o  deve lop  t h e  neces sa ry  techniques;  however, i t  would be e a s i e r  t o  produce 

a n  impur i ty- f ree  t h o r i a  t han  it would t o  pur i fy  t h e  contaminated powder. , 

Varying amounts of suspec t  elements could  be added t o  t h e  pure powder; and 

t h e  r e s u l t a n t  p e l l e t  g r a i n  s i z e  could  then  be c o r r e l a t e d  t o  t h e  a d d i t i v e .  

T h i s  experiment could n o t  on ly  i d e n t i f y  t h e  i n h i b i t i n g  impuri ty ,  hut i.t 

could  a l s o  i n d i c a t e  t h e  q u a n t i t y  r e spons ib l e  f o r  I n h i b i t i o n .  

Because t h e  t h o r i a  p a r t i c l e s  d e n s i f i e d  wi th  i n c r e a s i n g  c a l c i n i n g  

tempera ture ,  t h e  d i s t a n c e  t h e  i n h i b i t i n g  impur i ty  had t o  d i f f u s e  p r i o r  t o  

v o l a t i l i z a t i o ' n  i nc reased  thereby  reducing  t h e  e f f e c t i v e n e s s  of t h e  increased 

c a l c i n i n g  temperature.  Th i s  sugges ts  t h a t  f o r  f u r t h e r  experiments thorium 

o x a l a t e  be heated f o r  extended time pe r iods  a t  temperatures  $elow 982'~. 



Since the  blending of equal  q u a n t i t i e s  of calcined and as-received 

powders was s o  successful  i n  promoting g ra in  growth i n  t h e  s i n t e r e d  compact, 

a s e r i e s  of experiments could be designed t o  determine the  amount of ca lc ined 
. . , ,  . . .  . . . 

powder, t h e  time and temperzture f o r  ca lc ina t ion  and the  number of microniza- 

t i o n  passes necessary ' f o r  optimum grain  growth. 

F i n a l l y  th ree  f u r t h e r  experiments discussed i n . t h e  r e p o r t  t h a t  a r e  
-. . 

designed t o  determine t h e  amount and nature of the  gases trapped i n  closed 

pores, t o  determine the  growth mechanisms of exaggerated gra'ins, 'arid t o  

explore t h e  mechanisms responsible  f o r  g ra in  growth s s  a funct ion of p a r t i c l e  
. . 

s i z e  could provide considerable i n s i g h t  i n t o  the  mechanisms responsible  f o r  

g ra in  growth i n  Tho2. 

The author i s . ex t remely  g r a t e f u l  t o  D r .  B. Lustman whosk personal  ' 

. . .. 

guidance and contr ibut ions  t o  every 'phase of t h i s  document were extremely;, 

he lpful .  Thanks a r e  a l s o  extended t o  Mr. C.  C . Busby. who was instrumental  i n  

the  f a b r i c a t i o n  of the  many samples used i n  t h i s  repor t ;  t o  M r .  P. A.. Antonella 

who made most of the  physica l  property measurements; t o  M r .  C.  .P. Gamber. and 
. . . . .  

the  metallography personnel who prepared the  samples and performed the  

numerous g ra in  ' s ize  measurements; t o  Dr. 0. 0. Gamba f o r  the  e l e c t r o n  micro- 
. . 

probe analys is ;  t o  M r .  I. Cohen for  t h e  ~uan t ime ' t  work; t b  M r .  C .  E. Campbell 

,.'and M r .  R. 3. Nagy f o r  the  SEM examinations; t o  D r .  J. S .  Bfyner f o r  the  g ra in  

s i z e  meas.urements, with t h e  e l e c t r o n  microscope; t o  D r .  W. D. Kingery and D r .  . 

R.  L. Coble f o r  t h e i r  views on idiomorphic g ra in  growth;. and t o  M s .  E. M. Bonnell 

f o r  her e f f o r t  i n  converting a handwritten paper i n t o  a manuscript. 
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TABLE 1 
. . 

Pret rea t&& and ~ i n t e r i n g  Schedules f o r  t h e  
i . .  . Production of  100 % Tho2 P e l l e t s  

I 

.. . . . .  
Pretreatment  Schedule . . 

- - . .  
, #ea;t.ine Ra.ke . . . .  &X Time a! 

0 ( c/hr) Temp. ( '~1 Temp. ( h r s l  Atmosphere 

. . 
S i n t e r i n g  Schedule 

. . TABLE 2 

. . .  
F'rotzeatmeirt ' and S i n t o r i n 8  Pchrtd1.1.1 RS f ~ r  t . h ~  

' 

. ,  Production of Binary Tho2& P e l l e t s  

. . 

Pret rea tment  Sch.edule 

Heat ing  Hate Max 'lime 
O ~ , / h r  > !l&gQ, ( O C ~  ~ e ~ , l h r s )  ' Atmosphere 

S i n t e r i n g  Schedule 

1 00 1750 12 H2 
(-1 



Sintering and Density Data fo r  Pe l le t  ~ t r u c t u r ;  St- #I 

. , Geometric 
Pe l le t  Max. Time Q 

, Number Temp .' .- (hrs  ) . 

~ . . . . <  

Broken, 
pe l l e t  

.. ... . . ,  . 
I.. 1 ( ' e 1 .  -3 T'Cl cC . ,.:,., :;b 

 ater rial: 0.53 inch diameter : p e l ~ e t s ,  Tho / c ~ o ,  . i b t  W.-l-li . 
-* !,; C. I .. . ,.>-- .,,- 3 . aj. k. , ,  i , :  2 ,e  c . . -;. ..: % .  . . .t. 

- :~inder./~ubricant: .I w/o~~ar.~uw,ax;,~000/0.2 w/o Storotex 

*.::>.,. ; 1.-.o 
~retkeatmenf:  5'0 . ~ /h r ,  . 20 '~  to  ,425'~ i n  C02, 3 @s 8 Temp. 

Ave. Carbon Content a f t e r  Pretreatment: 1700 - ,3000 ppm. 
. . 

Sintering ~ o n d .  : : 10oO~/hr ,  20°c to  1 7 5 0 ~ ~  i n  H ~ , ( ~ ~ ~ )  cooling not controlled 



TABLE 4 

S in te r ing  and Density Data . f o r  P e l l e t  ̂ S t r u c x r e  

study #2 

S in te r ing  Sintered ' 

1ni t . i a l  P e l l e t  Pzoper t ies  Conditions P e l l e t  Proper t ies  
Green $I Shrinkage Time S i ~ t e r e d  $ Shrinkage 

Coqacted Pre t rea ted  Ih r i ng  19 Gemet r ic  Dwing 
P e l l e t  Density Density Pretreatment Temp. Temp. ,3=-sity ' Sin t e r i n  
lumber (gm/cc) (gm/cc) Axial Badial OC ( h r s l  &/CC ) Axial Radizl 

1-2 6.218 6.369 1.1151.424 1600 0 B:.olcen Broken Broken 

Material : 0.53 inc3  & m e t e r  p e l l e t s ,  l'ho2/ca0, ~ o t  097-1-01.A 

~ i n d e r / ~ u - m i c a n t :  7 w,/o ~arb~w%x,/0.2 w/o Sterotex 

~ r e t r e a t m s n t  : 50z~/hr!  20:~ 7 450:~ i n  CO?, 4 hrs B temp. ., c o ~  to' 2 0 ; ~  
50 c*, 20 C 3 925. C i n  CO 3 hrs 8 temp., co3l t o . 2 0  C 2 ' 

0 / SintGring Cond. : 1 coO~/hr, 2 0 c ~  7 1 7 5 0 ~ ~  i n  H ~ ( ~ Y ) ,  c o l ~ l e l  B 1 :C C/hr 



. . .  

TABLE 5 . . . 

t-' 
rU 
U1 

. . :  
~ i n t e r i n g  and Density Data fo r  Pe l le t  Structure 

. .. Study #3 

. . . .. . . 

. .- Sintering . Sintered 
In i , t ia l  Pe l le t  Properties Conditions Pe l l e t  Properties 

Green I, $ Shrinkage Time Sintered 5 Shrinkage 
Compacted Pretreated , k i n g  8 Geometric During 

Pe l l e t  . Density Density Pretreatment Tgmp. Temp. Densit  interi in 
Number & m / c c )  f-gm/cc) Axial Radial C (hrs) (gm/ccy axia l  RadiEl 

13-3 Ep.238 . -  6.389;;>. 1.1001.392 1600 0 Broken Broken Broken 

9-3 E .  226 6.';72 ~ 1 . 0 8 6 1 . 3 9 2  1800 0 9.698 . 13.23. 12.22 

. . 

Material : 0 .,52:inch .@,&meter r .  . .  pel lets ,  Th0~1ca0, Lot  097-1-01]. . . - . . ? ' i;l r- . . 
Binderpubricant : I :w/i C&bowax/3.2 w/o Sterotex 

Pretreatmenh : 50:C/hr, 2 0 ° ~  2 450':~ i n  Cop, 4 hrs 8 temp. , cool to  20:~ @ 50:c/hr 
50 C / h r ,  2 0 ' ~  7.925 C i n  C02, 3 hrs 8 temp., 'cool to  20 C 8 50 C / h r  

6 
F .  

Sintering Cm~d. : 1 Oo°C/hr, 20 '~  2 1 8 0 0 ~ ~  i n  1 1 2 ( 9 ) ,  cool 8 150?~/hr to  20°C 
I-' 
W 
t-' 

1 P 



I-' 
N 
0\ Sinter ing and Density Data f o r  P e l l e t  35ructure 

Study #4 c 

With 48 &-. , 1 3 0 0 ~ ~  Hold' Time ' 
I 

Sin te r ing  ~ i n t e r e d  

. . 
I n i t i a l  P e l l e t  PLoperties Conditions P e l l e t  Proper t ies  

F @een $ Shrinkage Time Sintered % Shrinkage 
Ccmpacted Pre t rea ted  During @ i Geometric During 

P e l l e t  Density D ~ n s i t y  B e  treatment Tgmp. Temp. Density S in te r ing  
, , Number -' (-/cc) (gm/cc) Axial Radial C ( h r s )  . (gm/cc) Axia lRadia l  - 

31-4* 6.230 6.177 0.02790.2104 175W 12* ;,, ,Broken Broken Broken 
\. 

e l :  0. j 3  inch diameter pe l l e t s ,  T ~ c . ~ / c ~ o ,  Lot 097-1-OIA 

~ i n d e r / ~ u b ~ i c a n t :  1 w/cc Carbovax/0. 2 w//o Sterotex 

Pret reated:  50°C/hr, 20°C 7 4 5 0 " ~  i n  C02, 4 hrs B temp., cool t o  2 0 ' ~  8 50°C/hr 

S in te r ing  Cond. : 1 0~:C/hr, 20°c0> 1 3 0 0 ~ ~ ~ i n   wet), hold f.>r 48 ps 
10C C,'hr, 1300 C 7 1750 C i n   wet), cool $9 150 C ~ L C  t o  20°C 

*Not subjected t o  48 h r .  , 1 3 0 0 ~ ~  hold time. 



. TABLE 7 

. . .S in te r ing .  and Densi ty Data f o r  Fuel P e l l e t s  .. 

' Kine t i c  Study #7 
. . . . .. . ... 

. .  . s  I .  .>:  : . . 
S i n t  e r i n g  - 

I n i t i a l  P e l l e t  P r o p s r t i e s  ,::- .. Condit ions .: S i n t e r e d  P e l l e t  P r o p e r t i e s  
Green $ Shririkage Time S i n t e r e d  % Shrinkage 

. .. . . Compacted. P r e t r e a t e d  . .  ' :During . . , .- @. . Geometric During 
P e l l e t  ~ e n s i  t Densi ty Pre t rea tment  Densi t   interi in 

. . 
Tg:p ) (grn/ccY Axial R,a:.ial Number (gm/ccY (gn/cc) , Axial . Radial -. 

LI . - .  . . .  
, :! : I 

Material : 0.53 inch & a q s t e r  p e l l e t s ,  Tho2/ca0, Lot 088-1-16 
. . 

~ ~ ~ l o m e G t . i o n  : ~ i ~ u i d / ~ o l . i d s ,  1 w/o Carbowax p l u s  0.2 w/% ~ t e i o t e x  (added '  dry). 

Pretreatment:  50°c/hr 20°C t o  450 '~  i n  C02, 4 hrs @ temp, cool  t o  20:~ 

, .. 
50°c/hr 2 0 " ~  t o  925 '~  i n  C02, 3 h r s  @ temp, cool  t o  20 C 

I-- 

~ i n t e i i n ~  (.. Conditions: 103O~/hr 2oPc t o  17560~ in  'H2(dry) , l  coo1 @ 150°c/hr 
t-' 
W 
I-' 



TABLE 8 . . 

S-intering and Densiky Data f o r  Fbel P s l l e t s  . 
Kine t i c  Study #9 

. .  . 

S i n t e r i n g  
I n i t i a L  P e l l e t  P r o 2 e r t i e s  condi t iong  3 i n t e r e d  P e l l e t  P r o p e r t i e s  

Grem $ Shrinkage ' Time S i n t e r e d  . % Shrinkage - 

, . Compacted P.yetre.ated . . Durlng . @ Zeometri c  During - 
P e l l e t  J T;;e!;g Pre t rea tment  7emp Temp Densi t  ~ i n t e r i ;  
Nunber Axial Radia l  OC (hra)  (gm/ccJ Axial Ra:ial 

Mater ia l : '  0.52 in'cn Z a m e t e r  p e l l e t s ,  Ths3 f ~ a 0 ,  Lot. 088-1-16 2 . . 

Agglome2Atibn: ~ . i ~ u i d / S o l i d s ,  1 ,w/a ~ & b m a i p l u s  9 . 2  %/c S t a - o t e x  (added-!dry) ' . . 

Pre t rea tment  : 50:~/hr 20 :~  t o  4 5 0 ' ~  i n  Cg2, 4 h r s  B temp, cool  t o  Z C ~ C  
50 ~ / h r  20 C t o  925' '~ i n  C02, 3 h r s  O temp., cool t o  20 C 

S i n t e r i n g  Conditions: 1 OClOc/hr 2 0 ' ~  t o  1 7 5 0 ' ~  i n  H;(wet), COG @150~C!/hr 
8% 



.: TABLE 9, . . .  . .  , , . 
" . .. . . . "  . . .  .. . 

.Thoria P e l l e t  Densi t ies  . . ,.... .. . ,. . 

- - . Aft& Thermal Exposure. i n -  Wet Hydrogen . , . , , 

Material :: .,.:Thoria P e l l e t s  Produced from 'powder Lot 088 and 
. . . . .  .. - ....?r essed t o  a..Gre,en Density of ,57$ According t o  :. . . .: ,. ,.. . 

... . 
. .  . . .. . , s.tandardU:~horia Produc.t&on Procedures . . - .  , - < 

.,.., ..... . <  

I n i t i a l  S in te r :  1 7 5 0 ~ ~  - 12 H r s  - H2 (wet ) , Dew:Poigt ?;:43°~ 

Second S in te r :  1 8 0 0 ~ ~  - 12  H r s ;  -' H2 (wet), Dew Point 2 5 ' ~  

Density (gm/cc) , Density (gm/cc) After  Change i n  
P e l l e t  After Expo syre , . Additional Exposure Denki ty 
Number t o  1 7 5 0 ~ ~  f o r  12' ' H r s  . ' t b  1 8 0 0 ~ ~  f o r  12 Hrs (% 

. . 
Thoria .Pe l le t  Densi t ies  

. After Th~~jlm.1 Exposure i i i  Vacuum (4. lo-' t o r r )  . . 
< -. 

Material : . . Thoria P e l l e t s  Lot 088-1-16PLRS Pressed t o  Green 
Density of 56% According t o  Standard Thoria Production; 

. . Procedures 

I n i t i a l  S in te r :  1750' - 24 H r s  - (Wet), Dew Point 43 '~  H2 
: ,  

Second  inter: 1850 '~ - 12 Hrs - 4 . 1 0 - ~  t o r r  @ Temp 
.. . 

As-Sint ered . . 

Condition (gm/cc) 
Pe l l e t  Geometric . Wet 
Number Density Density 

4 9.033 
,--' :. 

9,041 

5 '9,882 
4 

9.870 

6 9.866 9.830 

? .  

Vacuwn Heat-Treated Change i n  ~ e n s i t v  - 
a t  1850 '~ (gm/cc) (% ) ,. ', 

" 

Geometric Wet Geometric . Wet 
Density Density Density aens i ty  

9.060 9.852 .I 0,346 0,111 



TABLE 11 

Recrystal l izat . ion Around Hardness Indentat ions 

Mater ia l :  Tho P e l l e t s ,  0;53 I n ,  ,Dia.. , Fabricated from 
~ o w 2 e r L o t  087 - Green Density = 55 %; Sintered Density = 96 % - 

Grain Diameter . . 
Microns 

; Ratio of Length of Recrysta l l ized 
Zone.to Length of Indentat ion 

Knoop Indentat ion . DPH Indentat ion 

- 
8-1 0 . . No recrys .  zone . . 

. ' .  No recrys. .  zone 
11 . . .  . . .  



TABLE 1 2  

Becrystallization Around Hardness Indentations 
i n  Thoria Fuel Pellets  . '  

Tho2 Lot # Grem Sintered ASTM G r a i n  S i z e  Recrystallization 
and Pellet Density Density - After Sintering Observed About I n d e n t s  

Identity % T.D. % T.D. Surface Middle Center Surface Middle Center 

97.34 . 6  9.5 9.0 . Yes No No 
97.66 5.5 6.5 6.0 Yes Yes Yes 
93.93(?) .8.0 6.5 5.5 Yes: Yes. Yes 
95.96 7 • 5 12 12 Yes No No 

8 11.0 11.5. 
(8.5)* (8.5)" (8.5)" . Yes Yes- Yes 

7.0 8.0 8.0 Yes Yes Yes 
,5.5 '. 6.5 8.5 Yes Yes Yes 
4 . 0  5 4.5 4.0  5 Yes Yes Yes 
5.5 7.5 4.5 Sample, destroyed during H.T. 
7.5 12.8 12.0 Yes No No 
6.5 10.5 10.0 Yes NO ' No 
8.5 8.5 8.0 y e s  Yes Yes 

Seed-Size P e l l e t s  

96.95. :. 6.5 10 < 13 Yes ' . NO No 
98.10 : 6.5 6.5 7.0 Yes Yes Yes 
98.61 5.5 6.5 7.0 Yes Yes Yes 

*Grain size measured after recrystallizat! on treatment. 



S m m  of Thoria Pellet,  and Powder Proper t ies  

Calcine 
Coxditions 

P e l l e t  Pcwder T e m ~  Time 
Number Lot (OC! (hrs) 4 

surface krea 
:m2/g:) 

Aftsr After 
Calcine Micrc 

4.42 5.91 

3 b r i c a t i o n  S in te r ing  
Procedure Green Conditions E i n t ~ r e d  

B i ~ d e r -  With lens i ty*  Time Tem Density* 
1 s s s  Binder (gm/cc, (h rs )  4 At. (gm/cc) -- 

Grain S ize  Segregation++* 
kSTM # Diameter Ratinq 

f),130,260 P Edge Center 

Slurry 5.726. 3 H 9 . 3 1  
6.139 0 9.630 

*Gecmetric Density 
H S e e  : )n 111 H. 



TABLE 1 3  (Cont'd.) 

Summary of Thoria P e l l e t  and Powder Proper t ies  

Calcine Surfase Area Fhbrication S in te r ing  
Conditions m f  Procedure Green . , Conditions Sintered Grain Size . Segregation* 

Pel le5 Eowde2 Temp Tine After After Binder- Wi:h Densit * Time Temp ASTM # Diameter Rating 
Lot (OC) ( h r s l  & Calcine Micro l e s s  Binder (gm/ccT (hrs )  Atrn 0,130,260 P a Center 

1100 48 A i r  2.82 5.55 

P e l l e t s  Sintered i n  a Subsequent S in te r ing  Run (with P e l l e t s  of  H2 Calcined ~ a t e r i a l l  

W 
"Geometric Density 

+*See Sect ion 111 H. 1 

*Not polished through center  



TPBLE 13 (Cont'd.) 5 
"4 

.Summary of Thoria P e l l e t  and Powder Proper t ies  . 

t- 
'4 
P 
P 

Segregation* 
rat in^ 

Center 

Calcine 
Conditions 

P e l l e t  Powder Tern Time 
Number l o t  ( O C ~  (h??~)  & -- 

Surf i c e  i-rea Fabr ica t io l  S in te r ing  
('.n2,'g :I hocedure  Green condit ions Sintezed Grain S ize  

After hf te? Binder- Vith Densit Time Ter I e n ~ i : ~ "  ASTM # Diameter 
Calcire  I'licm l e s s  Binler  (Emlcc? ( h r s )  ( o ~ Y  A i m  (gm/~C:) 130,260 11 ---- 
3.52 5.29 S lur ry  5.837 0 . . H2 

(53) 8.243 14,14 2.8,2.8 
6.101 0 8.780 

2-3 136 - As-Received 
2-1 5 

'e l le ts  Sintered I n  a  Subseque~t  S in te r ing  Run (wi th  P e l l e t s  of H, Cslcined  ater rial) 

3-26 096 1100 4 8 '  X i r  3 5.29 
3-30 
3-34 
3-38 

+-  t r i c  Density 
M :c t ion 111 H .  



.'. <. 
. . 

S i m q  of Thcria P e l l e t  and Powder Propert ies  

8 .  

... . ' 
Calcine S in te r ing  

. . Procedure Green Conditions ' Sintered Grain Size SegregationM . . Conditions 
P e l l e t  ?owderr" Temr, Time A f t e r  After Binder- Wth  7;FtY y:.) '8 Densit ASTM # Diameter Rating 
Number ,Lot (OC) (hrs )  Calcine Micro l e s s  Bir-der m cc A t m  ( am/cc~*  130,260 P Cer~ter  

L.- ,- 

2-25 136 . As-~e'cbiied " 8.10 S l u r r y  5.636 1 2  17% H ~ ( ~ ~ )  9.545 13.13 4 . 0 . 4 . 0  6 6 
. . 2-1 . 5.796 1 2  9.598 11,lO 7.9,11.2 .7 7 . . 

6.032 1 2  9.720 ' 93,93 13.4,13.4- 5 5 .  2-29 ' 

2-13 . . 6.165 1 2  9.759 9 9 15.9,15.9 3 3 
,., 2-33 . 6.382 1 2  9.723 6 ,  38.38 3 3 . . ,  

21 37 6.511 12 9.706 6-5,8 ' 38,22.4 4 4 

.Pe l le t s  Sintered i n  a  Subsequent S in te r ing  Run (with P e l l e t s  of H, calcined   ate rial) . . 
c. 

slimy 5.626 ' - i 2  
6.035 12 
6,390 1 2 '  
6.513 1 2  

S lur ry  ,5.667 12 
5.9-16 12 ' 

6.380 12 
6.519 '12. 

rcGemetric T)enc.it;y 
wSee  Sect ion I11 E. 



s. > 
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I-' 
w 
t-' 
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TAB= 13 ( ~ o n t  ' d. ) 

Summay of 3 0 r i a  P e l l e t  and Powder Propert ies  
t-' 
W 
cn 

Calcine 
Conditicns 

P e l l e t  
Number 

Fabrication Proce iwe  Green S i n t e r i n g  I2oniitioxs 
After After With Densit * Time Teno 

Cnlcin? Nicm Bind!erless Bi,der (gm/ccT :hs) At. 

S intered Density 
(gm/cc )** 

Inc.  Exc . 
Grain Size 

ASTM # Diameter 
Open Pores Open Pores 

9.563 9.573 2.82 2.82 Dry b s s e d  6.00 12 1 7 j 3 3 ;  (.f 3) 2D-467611 136 1100 48 Air 
Cal , IJo Micro 

3~-467611 096 1100 48 Air 
Cal,No Micro 

2G-469891 136 As-Received 

4H-469891 096 As-Received 

13F-467608 096 As-Received 
Dbl Micro 

1 B-467607 096 1100 48 Air 
Cal, Micro 

9E-467608 136 As-Received 
Dbl Micro 

5A-467607 136 1100 48 Air 
Cal ,Micro 

15P-467608 096, As-Received 
Dbl Micro 

5~-467608 136 As-Received 
Dbl Micro 

4K-467607 096 I100 48 ~ i r  
Ca1,Dbl Micro 

58-469891 1.36 As-Received 

2s-46j607 . . 136 1100 48 Air 
Cal , Dbl. Micro 

7M-467611 ' 096 - 1 1 0 0  48 Air 
Ca1,No Micro 

4L-467611 136 1100 48 Air 
Ca1,Na Micro 

3T-4.63801 096 As-Received 

*GI , i c  Density 
**Immersion Density 

*HMat.eri a1 1 ost durine b l o t t i n e  



TABLE 13 (Cont'd.) 

Summary of Thoria P e l l e t  and Powder Propert ies  

~ a l c ' i n e  Surface &ea Sintered Density : 

Ccnditions (,,,2/=) Fabrication Procedure Green S in te r ing  Conditions (@n/cc)** .Grain Size 
P e l l e t  Powder Tern Time After After With Densit * Time Tern Inc. Exc . 'ASTM # Diameter 
Number Lot & Calcine Nicro Binaerless Binder (hrs)  ( O C ~  At. Open Pores  Open Pores 130,260 p, 

W/R 467608 $7 1.35 As-Received 
Dbl Micro 

8..1 Dry Pressed 

Dry Pressed 

W/R 467608 $8 
Dbl Micro 

As-Received 

W/R '467608 $1 
Dbl Micro 

As-Received Dry Pressed 
Pretreated 

W/R 46760884 '" 
Dbl Micro 

As-Received 

~ A A  096 
As-Calcine 

Dry Pressed 

. . 
0 48 " 6DD 

3 Ca1,Dbl Micro 

*Geometric Densit-1 
**Immersio~ Densi t r  

*?Material l o s t  during b l o t t i n g  
I 



Summary of Thoria Pe l l e t  and Powder Propert ies  

Sintered Density P 
Calcine Surface Area i*, 

Conditions (rn2/g) Fatr icat lon Prozedure Green Si3tering h ? d i t i c n s  (grn/cc)** Grain Size 
Pe l l e t  Powder Fern Time Aftsr After With Densit Terns Inc. EX. ASTM # riameter 
Number Lot & Calcine Micro Bxnlerless Binder (grn/ccy 7::;) fi At IT Cpen Pores Open pores 130,260 P 

2EE 096 1100 48 3 4.77 4.77 Dry ?rsssed 6.00 14 1750 Hz(":' 9;630 9.620*** 134,139 2.3.3.0 
As-Calcine 

2FF 
Ca1,Dbl Micro 

4GG 136 ' 4.4 4.4 
As-Calcine 

8 :-I2 Dry 

I, .I 

I ,  ., 
t t  'I 

.3  

I, . I  

I, .I 

9 ,  ., 
,, ., 

,, ., 

8 ,  ., 
I, .I 

I, .I 

I, .1 

8 " 

,, ., 

*Ceom+-+ Density 
**Irnrnsl Density 

***Mat 21 ost during b lo t t ing  



TABLE 13 (Cont'd. ) 

Summary of Thoria Pellet  and Powder Properties 

. . 
Calcine Surface Area . Sintered Density ' 

Conditions (m2/g) Fat~rication Procedure Green . (gm/cc )** Sintering Car-ditions 
After After Inc. Exc. 

en Pores Open Pores 

Grain Size 
ASTM # Diameter 
130,260 P 

7,7  32 32 

Pel le t  Po;ider 
Fumber L2t 

R/C 75-3373 #8 
j% As-Rez'd 096 
j% C i l  136 

3/c 75-3773 #1 
5% As-Rs'd 096 
50% Cal 136 

R/C 75-3x3 #5 
50% As-Rec'd 096 
5% Cal 136 

R/C 7 3-3272 #6 
5% As-R~c'd 136 
50% Cal 136 

R/C 75-3372 #3 
50% As-Rec ' d. 136 
5% Cal . .I36 

. . 

R/C 75-3'72 #4 
50% 'As-Rec'd 136 
50% Cal 136 

R/C 75-3372 #2 
50% As-Rec'd 136 
50% Ckl 136 

8.8 Dry Pressed 
10.3 
4.4 . . 

8.8 Dry Pressed 
10.3 
4.4 

8.8 Dry Pressed 
10.3 

4.4 
. . 

7.6-5.2 Dry Pressed 
8.8-6.5 (925 Pretreat)  
4.4 

7.6-5.2 Dry Pressed 
8.8-6.5 (92: pre t rea t )  
4.4 

7.6-5.2, Dry 'Pressed 
8.8-6.5 (92: f i e t r e a t  ) 
4.4 

7.6-5.2 Dry Pressed 
8.8-6.5 

7.6-'5.2 Dry Presse'd ' .. . 5.95 - 13 
8.8-6.5 . 

R/C 75-3372 '#I 
50% As-Rec'd 136 
5% Cal 2 36 

P 

, *Geomet.ric Density 
**Inmer,sion Density . -. 

***Material l o s t  during blott ing 



TABLE 14 
, . 

Spark Source Mass Spectrographic Analyses of As-Received and 
Calcined (48 Hours, 1 1 0 0 ~ ~  i n  Hydrogen and ~ i r )  Tho2 Powders 

(Concentrations Expressed i n  ppm Wei.ght.) 

Thoria- 096-03 Air-Calcined 136-01 136-01 Air-Calcined 
Micronized H2-Calcined Run 7719 As-Received H2-Calcined Run 7728 

SA=8.2 rn2/grn SAz4. 8m2/grn SA=3.5 m2/gm SA=5. 5m2/gm SA=4. 4m2/gm SA=2.8 m2/gm 

462 C 554 
U 8 < 0.1 3 < 1 < 0.1 < 1 
Pb 1 0 . 1 1 2 0.3 2 
Au 5 0.7 < 0.3 5 0.3 5 0 . 4  < 0.3 5 1 
P t  0.04 < 0.01 0.02, < 0.01 < 0.01 < 0.01 
W 0,01 0.03. 0. w 0.01 .= 0.01 0.6 
Ta 5 1 < 0,4 , - < 0.3 -< 0.9 < 0.5 2 
Sm 0.08 0.06 . 0.06 /- 0.01 0.02 < 0.01 
N i l .  0,2 0.06 0. 09 U.U1 0.04 . <  0.01 
Pr  ' 0.04 < 0001 0.02 < 0,01 < 0.01 < 0.01 
C e 0.03 0 02 0.02 .< 0.01 0 007 iI.01 
& 0.1 0.1 0.1 0.4 0.1 , : 0.4 
Sn 0.05 3 0.4* 0.04 2 0,2* . 
43 0.01 < 0.01 0.06 0 01 < 0.01 ' 0.03 
Mo 0.04 0.01 O w l *  0.02 0.009 . Om2* 
~b 0 . 009 0.004 . 0.4* 0.06 0.006 . I* 
Zr 2 2 2 3 2 3 
Y 0.006 < 0.01 0.005 0.005 < 0.01 0.006 
Sr 0.1 0.06 0.08 0.05 0.03 . 0.05 
R b  0,004 < 0.001 0.002 0,001 <0 ,001  , 0.002 
Br 0.04 0.007 0.02 0.03 0.004 0.03 
AS 0.01 0 . 03 0.000 0. 003 o 002 0.006 
Ga 0.002 0.008 0.02 0,002 0.005 , 0 02 
Zn 0 2 0,2 1 * 0.09 0.06 0.3" 
cu 0.4 U.Y g* 0 . 7 0.6 5* 
Nl 28 21 1 WO* 60 66 f 3oo* 
CO Oe05 Oe06 ' I* 0.2 0.05 . I* . 

Fe 20 14 i90* I I 13 190s . 

Mn 0.4 0.5 56* 0.5. 0.4 1 6* 
Cr 14 11 81 0* 24 . . 27 ' 760" 
V 0.03. nand 0 . 7* 0.7 0.03 I* 
T i  2 2 ' 21 * 1 0.6 28* 
Sc 0.01 < 0.005 0.006 < 0.01 < 0.01 0,008 
Ca 98 'IN 119 2 J z 
K 3 1 1 0.6 0.8 0.8 
CJ. 2 30 1 2 25 1 - s 67 45 37 37 18 

. . 2 3 - P 0 . 6 0.2 0.3 1 0.5 1 
Si 42 ,300t 67" 80 9Ot 77" 
Al 5 5 4 2 1 4 
Mg 4 4 1 0 .2 0 7 0.5 

+ N a  22 5 12 23 4 18  
-'F 2 2 0?4 3 1 1 

N 005  - 19 0,4. 0.6 6 0.7 
B 0.06 O p l  I 8* O ?  07 0.05 4* 
Be 0.007 OpO03 0.004 0.007 0 001 0.009 
Li 0.005 0 . 002 0.02 0,004 0.002 0.013 

H and He not determined. A l l  o ther  elements a r e  l e s s  than 0.01 ,ppm. , . 
*Attributed t o  Inconel boat contamination. 
t A t t r i b u t  ed t o  quartz  boat contamination. 
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TABLE 15 WAPD-TM-1311 

Thoria and Thoria-Urania P e l l e t s  Used by WRL t o  
Perform Diagnost ic  Examinations 

THORIA PELLETS 

P e l l e t  Green ' S i n t  ered '. Grain S i z e  
.JIlmbEL Density ' Density E - M C NLO Lot , 

74- 3460-1 
f i n e s ,  -3  
200 mesh) -5 

-7 

74-3461 -1 
-100 mesh -3 
nscreenedj  -5 

-7 

74-962-1 
-1 00 mesh, -3 
200 mesh) -5 

-7 

56 95.8 7 11 11.5 ,087 . :  

59 96.3 . 7  . . :  19.5 10 
61 96.7 7 '3 6.5. 
64 96.8 6.5 ' 3.5 1 .o 

55 95.7 6.5 11 .5 
57 , 96.6 ,5.5 10.5 . .  '10.5 
60 96.7. '5.5 4.5 . . 5  
67 96.5 ' 6.5 2.5 2.5 1 w/o cw 

0.2% 
5 6 94.2 7.5 11 11.5- . S t e r o t e x  

58 96.2. 9.5 10 7.5 : 
61 4.5 . . 

. . %  96.3 ,:7.5 
63 '  . . . 96.8,: :.7.5 1 .(I 

55 95.8 . .$.o 11.5 ' 11.0 
;. $ 59 96.5;.,1 ,.,,. 0 9.5 8.5 

62 96.y .7.5 0 00 .. 

64 ,, 96.3 7.a5 2.5 '. 1.5, v . . 
I 

BINARY PELLETS - Tho '-#3302 .2- 

Blend No. 149-4-01 - Mount #1 Long. C.S. 

Blend No, 149-4-01~- Mount #2 . I ,~ng .  C. S, . . 
. . 

Tho2 Lot # l49 ,  U U ~ L O ~  #I22 - 6%. G . D . ,  46,956 S.D. 

2$ CW, 0.2% S te ro t ex  



I-' 
c 
IU 

W 
I- ' .  
I-' 

~. 

Estimated Grain S i z s  o f  Tho Fuel P e l l e t s  
20 2 

Fabricated a t  WiiL anrl Sintered a t  1750 C f o r  12 HIS i n  H, ( D=Y 1 
L- 

AS - ~ e c  'd Calcined Calcined, 
Location As-Rec 'd Milled & & Milled & 

of Grain Size Milled & Lead-&& Calciged Milled & leached, 
Determination AE - ~ e c  ' d Isached UO?+P (1100 C j Leacked UO>+P 

Wge Large Large Large Large Large Large 

Center LargE Small IBrge. Large Mixed La.rge 
} gztder 

Large 
& 3 n 5 l l  

Edge Medium Large Large Large Large 136 

Center Sm'all Small Mediun Small Large 
large } Povder 
Large 

" Mge Iar ge Large Large 

Center Smal k Small Large 

? 136 
Powder 
Dbl Micro 



TABLE 17 ' :  

spa rk  ~buY'b&,, Mass ' Spe&tro&raphi6 Aialy a i s  o f  
.-Thorium'.Oxide and Oxalat  e '-Powders 

#30127 
WRL - Tho 136-01 #30130 

,Oxide (900 ,C As-Received (1 0 3 0 ~ ~  136-01 (~2- . " '+JRL- ~h 
' . c a l c i n e )  . . Air c a l c i n e )  Calc ined  11 OoOc.) . :. Oxala te  

. . . . . . . . .  . . . .  . '  ! . .  , . . . .  I . . .  . . '  . . . . . . . .  . . .  
u .  < 1 < 0.1 
Pb ' < 0.5 2 0.3 < 0.5 c < 0.3 ..: . Au , . - 0.4 , . 

P t  < 0.1 < 0.01 < 0.01 < 0.1.::: 
W < 0.1 0.01 < 0.01 . < 0.1 'P 

< 0.5 T a .  , 1' 0.9 
. - . . < 0.01 Sm " 0.02 

Nd < 0.01 0.04 
. . 

< 0.01 8 .  . pr : < 0.01 . - . . 

Ce ;.. < 0.01 0.007 
0.4 Ba . 0.1 ~. 

Sn < 10 0.04 2 4.0 
Ag 0.01 < 0.01 

< 0.1 0.009 Mo 0.02 CO.1 : '  .- 

~b 0.06 0.006 
Z r  . . !. . 3 2 
Y .o. 005 < 0.01 . .  . . .  

Sr 0.05 
. . .  

0.03 
. . . .  Rb - . . .  . .  ' 1 .  0.,001 . ' -  :.<0;001 . : '  . . 

.: . Br " . '  , 
, . .  . . . . . .  0,.03 . . . . . . . . : : .  

. . . . .  , . .  
.. '0,004 

A s  . .  . . . . .  ' , ' -  0.003 :o. 002 ... .:: 

Ga . .  O,OO2. . .  . 0.005 . 
Zn. . , .. " 0.5 0.09 0.06 2 

. . C u <..I ' . . . . : 0;6. . 
' ' .  0.7 6 

N i  < 1 60 66 6 
C o < 0.2 0.2 0.05 0.4 
Fe 2 11 13 4Q 
Mn 0.5 0.4 
C r  < 0.1 24 27 : 5 
V 0.7 0.03 
Ti < 0.5 1. 0.6 1 
Sc < 0.01 < 0.01 
Ca < 2 2 3 20 
K 0.6 0.8 
C 1 2 25 
S 10 37 18 60 
P 3' 1 0.5 30 
S i 20 80 90 b 



TABLE 17 ( ~ o n t ' d .  ) 

Spark Source Mass Spectrographic Analysis of 
Thorium Oxide and Oxalate Powders 

WRL - Tho 
Oxlde (.900 C 

Calcine ) 

#3oi 27 
136-01 

As-Received (I 030 '~  
. . 

fir calcine) 
136-.ol ( M ~ - ~  ; 

Calcined 1100 C )  

NOTES: 1. The analyses  of the  WRL powders and t h e  136 powder were 
performed at  d i f f e r e n t . l a b o r a t o r i e s ;  however, both laborator ies .  
performed t o t a l  analyses. The absence of a value f o r  a given 
element i n d i c a t e s  1.I; w a s  not observed t o  be present .  

2. Additional da t a  on 136 and 096 powders a r e  included i n  Table 11. 
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FIGURE I
POSTULATED DEFECT LATTICE STRUCTURE OF Th02 a Th02 WITH CaO

"VACUUM-TREATED" Th02 WET-HYDROGEN TREATED Th02STOICHIOMETRIC Th02
P02 < |O-IO AT P02 > |O-|0 AT

0 0 0 0 0 0 0 0 0 0 0 0
000000000 00000'000 0•0•0•0•0
0 0 0 0 0  0 ecle 0 0 eoe 0  000000'000 000'00000 0•0•0•0 0< )   NO CaO
0 0 0 0 0  0 eE'e O 0000
000000000 000'000.0 000•000•0
0 0 0 0 0 0 0 0 0 0 0 0

la) lb)                        Ic)

0 OXYGEN ION CHARGE 2- 0 0 0 0 0 0 0 0 0 0
| | OXYGEN ION LATTICE 00000000000 00000000000

VACANCY 0  0  0 eOe 0 0 0 0 0 0
I THORIUM ION CHARGE 4+ 000'0000000 000•00000•0
  THORIUM ION LATTICE 0 0 0 0 0 0 ecle 0  0  0  CaoVACANCY 0•oeo•oeo•o 000.0.0.0.0  E  CALCIUM ION, CHARGE 2+ 0 0 0 0 0 0 00* 0  0  0e FREE ELECTRON, CHARGE 1-
e ELECTRON HOLE, CHARGE 1+ O•0•0•0 0•0 O•0•0•0•0•0  El0 0 0 0 0 0 0 0 0 0   M

&                              Id)                     le)



Fl GURE    2

p= KINETIC STUDY  NO. i. CHANGE IN DENSITY  AS A FUNCTION  OF TIME                     t. -
AND  TEMPERATURE  I N Th02 PELLETS FABRICATED  FROM ''

/-3

POWDER  LOT  088, L/S AGGLOMERATED  WITH  1.0 w/0 CARBOWAX-                 fH
0.2 w/0 STEROTEX (ADDED DRY), AND PRESSED  TO A GREEN DENSITY OF 55%        4

1.-1

TEMPERATURE,  °C
1000 1750

10                      1               1

0 0009 0

MATERIAL: 088-1-110
28 PRETREATMENT: 450°-4 HOURS-C02
 ,                                                                                              HYDROGEN  ATM:  DEW  POINT= 25°C

 

E 7              00

6

0

5                           1                         1                         1
0                                   10 20 30 40

TIME,  HOURS



FIGURE 3 

KINETIC STUDY N0.I EFFECT OF SlNTERlNG TIME AT 1750°C IN WET HYDROGEN W. 
GRAIN GROWTH IN T h o e  PELLETS FABRICATED FROM POWDER LOT 088 ,  L/S 

AGGLOMERATED WITH 1.0 w/o CARBOWAX - 0.2 w/o STEROTEX (ADDED DRY 1, AND PRESSED 
TO A GREEN QENSlTY OF 5570 

. M A ~ L . ,  0 8 8 - 1 - 1 1  : :  ' 
PRETREATMENT: 450°C - 4 HRS - C02 

- 
.. . . .  . HYDROGEN ATM: DEW POINT 25OC - . . . .. . 

NOTATION: PELLET NO., SINTERING TIME, SINTERED DENSITY 
- 

- 

SINTERED 

NO. 1750 OC - -  
0 9 " 20'HRS 9 . 3 7 4  . . 
8 12HRS 9 . 2 6 8  . ,  

X 7  7 HRS 9 . 4 4 6  - - 9 . 2 5 5 -  ' . - 
A 5 1/2 HRS 

9 . 2 5 5  '' 

5 1 /2HRS .. 9 . 0 4 5 '  
8 I2.HRS . 9 .268  

VALUES DETERMINED 
BY ELECTION 
MICROSCOPY 
EXAMINATION - 

EXACT POSI'TION - ' NOT DETERMINED'- 

- 

- 



. .  , , FIGURE 4 
'RELATIONS'HIP BETWEEN GRAIN G R O W T H  

- . . . 

ZONE AND T IME FOR KINETIC STUDY N0. I  

l 0 0'0 

800 

600 

400 

m 
I 

2 
x 
cn 
w 
x 2 0 0  
0 

Z 
d 

W 
0 

2 
fY 
3 

'" 100 
!- 
W 

8 0 - -  
W 
n. 

6 0 . -  
0 
[L 
L L  

W 
0 

4 0 , -  
4 
t- 
v, 
n 

2 0  

I  I  I I  I . I l I I  I  I  I  I I  - 
. .. 

- 
ASSUMING A STRAIGHT L I N E  

- . BEST F I T S  T H E  DATA 
- y = m x + b  

W H E R E  . . 
- , y  = I nn (D ISTANCE) ,  

' X = LOG ( T I M E )  ' ' 

- b  = LOG ( k )  
m =  CONSTi lNT 

- THE FOLLOWING RELATIONSHIP 

IS  D E R I V E D '  
d = k t m  
WHERE 

- k = 8 . I  
m =  0 . 4 5  . , 

t = T I M E  (SEC) 
d = DISTA'NCE ( M I L S )  

. 

- 
. , 

- 

- 

- 

- 



. . FIGURE 5 . 
KINETIC STUDY NO. I ,  EFFECT OF SINTERING.TIME AT 1750°C ON 

GRAIN GROWTH IN T h o 2  P E L L E T S  FABRICATED FROM 
POWDER LOT 0 8 8 , L / S  AGGLOMERATED WITH 1.0 V&O CARBOWAX- 

. 

0 . 2  w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN DENSITY 0.F 5 5  %' 

- I I I  I  I  I l l ' ]  
- 
- 
- 
- - 
- 
- - 

PELLET EDGE - - 
m = 0.555 

- - 
- - 

- - 
- 0 . 0 3 "  IN FROM 

- 
- PELLET EDGE 
- m = 0 . 8 4 6  - 
- - 

- - 

0 . 0 5 " l N F R O M 7  / 
- PELLET EDGE 

0 
- 

- 
- 

- 
/ 

m = 1.35 - 
- MAT'L : 088-1-1 1 - 
- 

PRETREATMENT: 450°C - 4  HRS-Cop - 
- HYDROGEN ATM: DEW POINT 2 0 °  C 

- 

- 
PELLET EDGE EQUATION ~ 2 f  t m  

7 
- 

WHERE 
D =GRAIN DIAMETER - - 
t = T I M E  
m = CONSTANT 

I 1 I 1 . 1  I l l 1  I I  1 I  I  I I I I  I I I . I  I I )  

2 '  7 12 2 0  70 
TIME (HRS) 



FIGURE 6 

KINETIC STUDY N 0 . I  EFFECT OF SlNTERlNG TIME AT 1750°C ON 
GRAIN GROWTH IN T ~ O ~  P E L L E T S  FABRICATED FROM 

P0WDE.R LOT 0 8 8 ,  L / S  AGGLOMERATED WITH 1.0 w/o CARBOWAX - 
0.2 w/o STEROTEX (ADDED DRY).,.AND PRESSED TO A 

.. .GREEN DENSITY OF 5570 . . 



. . . . . . . . .  - .  . . . - . * ,  . .  . .FIGURE . 7 .  i. : .  . - . 2 .  . 
.a . . . . . . .  . . .  . . .. - .  . . .  . . '  I .  ' _  : a +  . . . . - 

. - . KINETIC 'STUDY N0.2: ".:CHANGE IN DENS~TY A S  A .  F ~ ~ ~ ~ l ~ ~ .  OF TIME.'.  , .. 

9ND TEMPERATURE JN T h o p  PEL LETS, FABRICATED FROM 
POWDER LOT 097, L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX- - 6.2 W/O STEROTE~(: -(ADDED',DRY 1, AND PRESSED TO A GREEN DENSITY OF 62 

' 
. . 

. . . - ,  . . . .  . . . . .  ' .  . 

. . . . . .  " . TEMPERATURE, ..OC 
. . . 1750 . 1000 

. . . . .  . . .  
I 0  - . . .. 6 I I -, . . , .. ? .  

. . 

i 
, : -  

. . '  . . 
.. I .  

. . . . .  . . .  

j '  . . .  .: - 

0 . I. 

MATERIAL : 097- I-01A 
.... 

. . . .  \O9 - . . ' PRETREATMENT: 925O - 3 HOURS- C02 - 
.. . .  . . .  E ' .+ 

. . .  
I ' .  :. . ,  

' '. HYDROGEN ATM : DEW POINT= I5  OC 
m 

. . . .  > 
t- z > .  

Z '  
W 
Q 

. . 
I . . . . 

. . .  
8 - - 

P . . . . . .  . . . . .  . . . . . . . .  vl - . . 
- .  

. P  
. . 

I . 1 - . . ,  I . . . . . .  

5; 
P 

? el 
3 
I .  
P 
W 
P 
t-' 

'1.0 . 20 . e ,, 0 
. . 

, 30 . . . . . .  . . . . . . .  
40 

. . . .  . . . . 
. . . .  TIME, HOURS . ' . . 



FIG,URE 8 
KINETIC STU'DY NO. 2 : EFFECT 3F. SINTERIN'G TIME AT 1750 OC OiV GRAIN GROWTH - IN 

~ h 0 ~  PELLETS FABRIC4TED FROM POWDER LOT 097 ,  L/S AGGLOMERATED 
b .  

,' , . . W I T H  1.0 w / o  CARBCWAX - 0.2 w / o  STEROTEX (AQ3ED D 3 Y . I  , 
AND PRES:SED TO A GREEN DENSITY OF 8 2  '10 

b- v N 

*.*'?!. 0 
! ' 

2 

- 

- 

' . . L .  - 

W 
N 6 -  
V) 

- 

5-2.5-11.2 iRS ,  GD = 6 . 2 3  gm1Cc. S D =  9 . 7 2 7  g n i c c  - 

- 

- 
0 HRS AT 1 7 5 0 ° C  

- .I!2 .HRS AT 1750 OC - 
C I- I / 2  HRS AT 1750°C  

X 5- 112 HRS AT I 7 5 0  "C - 
. .  . @. 13 HRS AT 1 7 5 0 ° C  . 

- 

- - 

. . .  - 
. , .  . 

i .  , . , 
, .  8 

5 '. . 8 .: :; 
- 

; , : * . ;  
, . . . .. , . 

16 . I  . _  . I I . . . /  . .. .. I I I .  I . I  I I I I .  I I I I . . 
. .  . , 

. .  . . . . .  

o '20 43 - .'60': eo loo \ 1 2 0 ' .  . 140"' I 1 3 0  . '.200" t 220 2 4 P  
DISTANCE 'FROM PELLET SURFACE F LONG"",CENTER DIAMETER X INCHES &OMBITUDINAL SECTION) 

I I I I I I I I I I I I I 1 I I I I I I I 

- I 
/ 

WAT'L: 097-1 -014 
- - 

- ./. 
PRETflE4TMENT : , 925  'C - 3 HRS - C O z  
HYDROGEN A-M : DEW POINT I5OC 
NOTATION : NO.. 5 INTERING TIME.  GR'N DENSITY, - 

SINTIRE[: DENSITY 

- - 

6 - 2 .  13 HRS, E D  = E .22 g m / c c ,  SD = 9 . 7 4 6 9  g m / c c  

,. 
h 

' 1  

P 
' W 

b- P 







. 
'Meg. No. $039-$ 

19, Area 3 in. Pime 9 - 100X 
- - 

- :- 
a'', 

Neg. No. 5103-41 
FTGlBE 13, Area 4 in Figure 9 - 1 0 0 ~  





Neg, No. 51039-4 
FTGURE 16, Area 7 i n  figure 9 - 100X 

FIGURE 17. Area 8 in Figure 9 - 5OOX . .  . . 



FIGLTRE 18. Electron Microprobe Examination ~f Tho2 Pe l l e t ,  6-2, 
Blend 097-1-01A i n  Area of Idiomorphic Grain Structure 
Showing Presence of T ~ ( o , s ) ~  Phase: Kinetic Study #2 

18a Optical Hlcxwgraph of White, Nnn&,iny, Second - 
Rase i n  Area of  Idiamorphic Microstructure 
9578J Neg. No. 51Qqo-1 6 Mag. 50OX 

18b Electron Image of Second Phase Structure  - 
Showing Difference i n  Atomic Number 
&om Matrix Phase Mag. 2000X 

Neg. No. 51039-23 



FIGURE 18 ( ~ o n t  ' d, ) 

18c Sulfur Ko! X-Ray Image of &ea i n  - 
Figure 18b Mag.' 2000X 

Neg, No, 51039-25 

18d Oxygen Kcw X-Ray Image of Area i n  - 
Figure 18c Mag. 2000X 

Neg. No, 51039-22 



- - 
FIGURE 19. Electron Microprobe, Semi Quantitative X-Ray 

Trace of White Second Phase, T~(o,s), Show 
w 

in F'igure 18 - Kinetic Study #2 

Neg. No. 51039-1 



F'IGURE 20. Electron Microprobe Examination of :Th02 Pe l l e t ,  6-2, 
Blend 097-d -0lA, i n  Area of Idiomorphf c Grain Structure  
Showing Presence of ~ n ( 0 . s ) ~  Phase: Kinetic Study #2 

20a '0pit;Zcal Mbx~graph  of e e y ,  Ndri@hLny - 
Second Phse i n  Area of 'It%bmoltljrt-fc 
Micms.txuctme $J ' ,Mag;- .5&OX 

Neg. No. $25-8 .< . 

c Electmn Image of Second Phase - 
2. Structure  Figure 19a, Showing 

Difference i n  A ~ C J ~ C  No. from Matrix 
Phase Mag. 2000X . . Neg, No. 51039-26 



F~GURE 20 ( ~ o n t  'd. ) 

20c Sulfur Kol X-Ray Image of Area i n  - 
Figure 19a Showing Presence of 
Su l fu r  i n  Grey Second Phase 
95785 Mag. 3300 

Neg. No. 51039-24 

20d romiwn Kjcv I - Image f Area i n  
Figure l 9 a  Showing Absence of 
Chromium i n  Grey Second Phase 
95785 Mag. 3300 

Neg. No. 51039-21 



I 3TGURE 25. Elec%r~n N i ~ r o p ' t r e ~  Semi Quantkta.tive X-Bay 
Trace ~f Greg. S B C O ~ ~  Pnase, Th ( 0 , ~ ) ~  Sham 
in -Fqgwsr 20 - KTn~t3.c Skudy #2 



FIGURE 22 

KINETIC STUDY NO. 3:  EFFECT OF SlNTERlNG TIME AT 1800'C OW GRAIN GROWTH IN 
Thoz PE-LETS FABRICATED FROM POWDER LOT 097, L/S AGGLOMERATED 

WITH 1.0 w/o CARECWAX - 0.2 w/o STEROTEX ( ADDED 3RY 1, 
AND PRESSED TO C\ GREEN DENSITY OF 62 *A 

a d x  x x X  X X x e -  
CCC---  

X  

8-3.5-InHRS, OD= 6.22 gmlcc ,  SO= 9 7 3 4  g n f c c  

11-3,l-1/2 HRS. GD = 6 . 2 2  gm/cc. SD = 9 157 gm/cc 

0 

0 
A 
0 
X 
a 

I I I I I I I I I 1 I I I 1 I I I I I I 1 1 I I I I I I I 7 

- I 
MAT L L: 0 9 7 -  I - 01A 

- 
r PRETREATMENT: 9 2 5  O c  - 3 HRs - co2 - 

- 

HYDROGEN ATM: DEW POINT 15OC - 
12-3, 13 HRS, G O =  6.29 gm/CC, SO = 9.763 g m l c c  NOT4TION: NO., SlNTERlNG TIME, GR'N DENSITY. 

SINTERED DENSITY - 

0 HRS AT 180O0C 

112 HRS AT 1800  'C 

1-112 HRS AT 1800.C 

5-112 HRS AT I800  OC 

13 HRS AT 1800°C 

8 
5 
G :: 

t 1 
9-3 .  0 HRS. GD = 8 . 2 2 6  gmdcc. S D =  9.698 g m l c c  

le I I I I I . I  I I I 1 I I I I 1 1 I I I I I I I I I I I I I I I I 
0 20 4 0  60 8 0  100 120 140  160 180 200 2 2 0  240 2 6 0  280  3 0 0  

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X  10-3 INCHES (LONGITUDINAL SECTION) 



. FIGURE 23 . 

TIME DEPENDENT GRAIN GROWTH AT 1655°C IN T h o 2  PELLETS,  088-1-11, 
AT SURFACE EXPOSED TO THE SlNTERlNG ATMOSPHERE 

PRETREATED (925 'C-3  HRS-C02) 
AFTER HOLE WAS'DRILLED 

GRAIN GROWTH' 'AROUND. DRILLED 
H O L E - I N  BLANKET PELLE.T W H I ~ H . ~ ~  

WAS PRETREATED (925OC-3 HRS -C02)  . . 
PRIOR TO DRILLING 

I n x  A I-1/2 HRS 

,XI X x 9 H R S . @  
I \ I6 HRS @ 

. . 

- L\ SURFACE OF 
' HOLE DRILLED 

IN CENTER END 
I I I . I A  I 

0 4 0  80 80 . .  4 0  0 
AMETER ' X  l o w 3  INCHES ( LONGITUDINAL' SECTION 1 



FIGURE 24 

KINETIC STUDY NO: 4 :  EFFECT OF S lNTERlNG T lME  AT 1750°C  I N  WET HYC~ROGEN' A N D '  THE EFFECT  

O r  A ,  13CO0G - 4'8 HR - H : ? ~ ~ ) H O L D  T IME ON GRAIN GROWT!H IN  Tho2 P E L L E T S  
FABRICATED FROM POWDER LOT 097, ' L / S  AGGLOMERATEC WITH 1.0 W/O CARBOWAX- 
0.2 w / o  STEFOTEX ,(ADDED DRY 1, AND PRESSED TO A GREEN DENSITY OF 62 % ' 

I- 
0 

2R 

2 

4 

d 6 -  
Z 

I I I I I I I I I I I I I I I I I I I t I I I I I I I 

- - 

- TIVE AT GREEN SIN-ERED - 
PEL-ET I 7 5 0  OC DENSITY CENSITY 

SYMBOL I D  I t R S )  gm/CC) ( g m / C C )  - - - - - -  - 
A 26 -4 / 2  6 1 7  

- 0 2 9  - 4 1 -1/2 6 1 5  - 
X 2 7 - 7  - 5 6 2 0  48 HRS 1300°C HOLD TIME 

- • 2 8 - 4  12 6 2 0  9 3 9 5  - 
3 0  - 1 1 2  6 1 6  9 2 2 9  

- 
MAT'L 0 9 7  - 1  - CoIA 
F f iETPElTMEVT 450°C - 4 HRS - C 0 2  - 
t Y D R O G f N  L T M  DEW POINT 2 5 O C  
PiCqTATICN' NO, SlNTERlNG T I M E ,  GR'N DENSITY, 

SINTERED DENSITY 
- 

Z 
a 
a - 
(3 

- 
V) 

a 
CRACK I N  P E L L E T  

a 
1 2  a a 

o 0 0 .  -%.a- ¤ m • 
- 

b-0-d A 
14 

16 

- - 

- - 

I I I I I I I I I I I I I I I I I I I I I I I I I I 

0 2 0  4 0  6 0  80 100 I 2 0  140 160 180 2 OC 2 2 0  2 4 0  2 6 0  2 8 0  

DISTANCE FROM FELLET SURFLCE ALONG CENTER DIAMETER x 1 0 - 3  IVCHES (LONGITUDINAL SECTION) 
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FIGURE ' '25 

'KINETIC STUDY NO. 6: EFFECT OF HEATING RATE ( ~ O O O C / H R )  AND 
SlNTERlNG TIME AT 1750°C ON GRAI'N GROWTH IN Tho2 PELLETS 

FABRICATED FROM POWDER LOT 0 8 8 ,  L/S 'AGGLOMERATED WITH 
1.0 w/o CARBOWAX - 0 . 2  W/O STEROTEX (ADDED DRY), 

AND PRESSED TO A GREEN' DENSITY OF 55010 



FIGURE 26 

I-' 
a KINETIC STUDY N0.7 : CHANGE IN DENSITY AS A FUNCTION QF f IME c 
03 P 

AND TEMPERATURE IN T ~ O ~  PELLETS FABRICATED FROM TI 7 
POWDER LOT 088, L/3 AGGLOMERATED WITH 1.0 w/o CARBOWAX- 5 

0.2 W/O STEROTEX (ADDED DRY ), AND PRESSED TO A GREEN DENSITY OF 55% a I-' 
t-' 
I-J 



FIGURE 27 

KINETIC STUDY NC.7: EFFECT OF SlNTERlNG TlME AT 1750°C ON GRAIN GROWTH IN 
Tho2 PELLETS FABRICATED FROM POWDER LOT 088, L/S AGGLOMERATED 

WITH 1.0 w/o CARBOWAX - 0.2 w/o STEROTEX ( ADDED DRY 1 ,  
AND PRESSED TO A GREEN DENSITY OF 55 O/o 

I 1 I I I I I I I .  I 

- 
/ EXAGGERATED MAT 'L :  0 8 8 -  1 - 16 W/R 4 7 3 4 6 3  I GRAIN GROWTH - 

/ 
PRETREATMENT: 9 2 5  O C  - 3 HRS - COe 

/ 
1 HYDROGEN ATM: DEW POINT 15 OC 

I / NOTATION: NO.. SlNTERlNG TIME. G R ~  DENSITY, - 
/ 

SINTERED DENSITY 

/ 7 

- 

- 

- 

- 
TIME AT GREEN SINTERED 

- PELLET 1750 OC DENSITY DENSITY - 
SYMBOL ID (HRSI  ( g m l c c )  ( g m / c c I  - - - -  

11-7 0 5 . 5 8  9.16 - 
10- 7 1 /2 5.5 7 9 . 2 0  

9 -  7 1-1/2 5 .49  9.35 - 
8 - 7  5 5 . 4 7  9.38 

7 - 7  12 5 . 5 3  9.35 - 
6 - 7  2 0 5.5 2 9 .30  - 

- 

SIZE FINER THAN 2 . 5 ~  - 

I I I I I 1 I I I I 



'hotom mgra) 
P e l l e t ,  8-7, Sin TI- . 

1 - -^ 

28a Photomacrograph Showing - 
White, Soft  P e l l e t  Center 
Surrounded by an Area of 
Extensive Grain Growth 
981 3-1 Mag. 6X 

Netcl;. No, 51039-36 

28b Photomicrograph of - 
- Ext.er!bxr g&e Showbag an 

Avezage Grain Diameter of  60 1.1 
98.1 %-2 Mae. 10031 

Neg. No, .51039-28 



mGm 28 (Cont 'd. ) 

28c P e l l e t  Center Showing - 
Compfe-te Lack of Grain Growth 
981 3.3-4 Mag. 10OX - Neg. No. 51039-35 

286 Transit ion Area Between - 
Dense, Hard Phase WSth 
Extensive Grain Growth and 
@oft  Phase With ~ l m o s t  
No Grain Growth 
981 9-5 Ma&. IOOX 

Neg, No. 51039-10 



WAPD-TM- 1311 
FIGURE 29. Kinetic Study 8: Photomicrographs of 
Thoria P e l l e t ,  6-7, Sintered for 20 Hours at  1750'~ 

2% Photomicrograph Showing S t r e s s  Twins i n  Grain - 
Exhibiting Exaggerated Growth. Also Note W g e  Amount 
of I n t r a g ~ a n u l a s  Porosity. 981 8 5-7 Ma@;. 250X 

172 Neg, No. 51039-29 



WAPD-TM-1311 
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FIGURE 30 

Km"-' IC STUDY NO. 9: EFFECT OF SlNTERlNG TIME AT 1750°C IN WET HYDROGEN ON 
I 

GRAIN GROWTH IN Thop PELLETS FABRICATED FROM POWDER LOT 088, 
L /S  AGGLOMERATED WITH 1.0 w/o CARBOWAX - 0 . 2  W/O STEROTEX 

(ADDED DRY 1, AND' PRESSED TO A GREEN DENSITY OF 5 5  Oh 

PRETREATMENT: 925OC - 3 HRS -C02 

, - 
5- .+ 
'5 

6-9,  12 HRS, GD: 5 .46  grn/cc. SDz9.453 gm/CC 
r) 

4 - 9 .  1-1/2 HRS.GD'5.47 gm/cc, SD ~ 9 . 3 2 3  gm/cc 

5 - 9 ,  5 HRS, GD= 5.51 grnlcc, SDG 9 . 4 0 7  grn/cc 

1-9.0 HRS AT 1600°C. GD= 5.52 gm/cc, 
SD= 8.610 gm/cc 

3 -9 ,  112 HRS, GD=S.IB g m ~ c c .  
SD  = 9 . 1 8 3  grnlcc 

LESS THAN ASTM 14 

, 0 HRS AT I T 5 0 e C ,  GD ' 3 . 5 2  gm/CC, SD=9.038 grnlcc 

C 4 0  80 
. . 

120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  4 8 0  . .  
IISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3 INCHES (LONGITUDINAL SECTION) 

173 



FIGURE 9 
EFFECT OF SlNTERlNG ATMOSPHERE ON THE GRAIN GROWT-I IN T ~ O ~  PELLETS 

FABRICATED FROM POWDER LOT 088, L/S AGGLOMERATED WITH 1.0 W/O CARBOWAX - 
0.2 w/o STEROTEX (ADDED DRY), PRESSED TO A GREEN DENSITY OF 56 O/o 

AND PREVIOUSLY SINTERED AT 1750eC FOR 12 HRS IN H ~ ( ~ E ~ )  

X X X X X  

I 
s 
C- 

2 

I I I I I I I I 1 I I t I I I I I I 1 1 I I I I 

0 40 # 120 160 2100 2 4 0  280  320 360 4 0 0  440 480 
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1 0 ' ~  INCHES ( LBI\IGlITUDINAL SECTION 

I I I I I I I I I I I 

E 
- $ 

P 

THAN ASTM I 
W 
I-' 
P 

3 - ,]G*x-X--x-x-m< X X  X  

4 - 
0 z 
W 

NOTE: ALL THriEE AELLETS HAD BEEN INITIALLY SINTERED 
AT 1750°C IN WET HYDROGEN (43OC DEW POINT) 

6 
X RESINTERED AT 1800° C IN Ha 

d 

RESINTERED AT 1850°C IN VACUUM 

a 0 INITIAL S NTERED PELLET 



Photomicrograph of Sectioned Pel let ,  Powd% Lot 088, 
Which Frev3.ously Hgd Been Sinteres  at  1750 C and Then 

Heat 'lkeated a t  1800 C in a Wet (25 C )  Hydrogen Atmosphere 

Photo shows the  presence of a second phase at  grain boundary t r i p l e  point, 

- . .  

Neg. No. 51039-31 

Mag. 1500X 



WAPD-TM-1311 
FIGURE 33 

VARIATION GRAIN GROWTH AS A FUNCTION OF T ~ O *  PELLET 
CROSS SECTION FOR A VACUUM SINTERED PELLET FABRICATED 

FROM POWDER LOT 097, L / S  AGGLOMERATED WITH 1.0 w/o 
CARBOWAX -0.2 w/o STEROTEX ( ADDED DRY) 

I I I I I I I I I 1 I I 

MATERIAL: 097-I-01A - GR'N DENSITY: 6 245 gm/cc - 
PRETREATMENT' ROO0 C-24  HRS C02 
PRETREAT DENSITY: 6 164 gm/cc 
SINTERED: 1750°C -12 HRS,8 X 1 0 ' ~ ~ o r r  

- S l NTERED DENSITY 9.608 gm/cc - 

- pama e y  w/(Itae-e-e-e-e - 

- 7 
8aD v - 

- 

- - 

- - 

I 1 I I I I I I I I 1 I 15  
0 4 0  8 0  1 2 0  160 2 0 0  2 4 0  

DISTANCE FROM PELLET SURFACE ALONG CENTER 
176 DIAMETER X 1 0 ' ~  I NCHES (LONGITUDINAL SECTION] 



FIGURE y4 

Photomicrograph Showing ~ecrystallized Grains 
in Area Plastically Deformed by W o p  Indentation 

Material: Tho Pellet 
08-'$02 

74-3256A 

Neg. No. 51b39-20 ' ' 
98265 Mag. MOX 



FIGURE 35 
EFFECT OF CALCINING (IIOO°C -48  HRS-AIR)  AND M l C R O N I Z i N G  (I-DOUBLE PASS) ON GRAIN GROWTH 

IN Thoe PELLETS DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM POWDER LOT 096 AND 
SINTERED AT 1 7 5 0 ° C  - 1-1/2 HRS IN H2 (DRY1 

5 

6 

4K, CALCINED MICRONIZED 

7 GD=6.1 l grn/cc 
SD= 9 . 8 4  grn lcc  

8 
GD = 5 . 9 6  gmfcc  
SD = 9 819 grr/cc 

0 
9 

W 
N - 
cn 

= - 10 
a 
a 
(3 = l l  
V) 
a 

%D= 6.00 gm/cc 

12 5D= 9 . 7 5 0 g m / c c  

13 
GD=6 .20gm/cc  

14 

LESS THAN ASTM-E4 

15 
0 40. 83 120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  480 
DISTANCE FROM PELLET SURFACE PCONG CENTER DIAMETER X 1W3 fNCHES (LOffilTUDINALSECTIONI 



r I t J U K t  J" 

FFECT OF CALCINING (I IQO°C-48 HRS-AIR) AND MICRONIZING (I-DOUBLE PASS) ON GRAIN GROWTH 
IN Tho9 PELLETS DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM POWDER LOT 096 

I 

- 

- 

GD = 5.92 grn/cc 
18, CALCINED, MICRONIZED SD = 9 . 9 0 5  grn/cc 

SA = 5.29 rn2/grn 
GD = 6.1 7 grntcc 
SD = g.ea6 grn/cc 000 00 q 

q 000n00 

13F, AS-REC'D. MICRONIZED 
SA = 10 .28  rn2 /grn 
GO = 5.95 grn/cc 
SD = 9.843 grn/cc 

0 40 8 0  120 160 2 0 0  240 280 320 3 6 0  400 440 480 520 
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3 INCHES (LONGITUDINAL SECTION) 



F'IGURE 37. Center Microstructure 
Showing In t ragranulm Porosi ty  

M? c~ot..f,ntcture of Pellet 3C 
Showing Prominent Grain Bound- 
aries and In t ragranulw Porosi ty  
111~-5 Mag. 10OX 

Neg. No. 51039-40 



FIGURE 37 ( ~ o n t  ' d. ) 

37b Microstructure o f  Pe l l e t  i B  
Showing Grain Smaller Than 
Shown i n  P e l l e t  3C With. Less 
Intragranular Porosity 
1 1 5 ~  Mag. 1oox 

Neg. No. 51039-27 

Microstmcture of P e l l e t  13F 
Showing PoorJy Formed Grain 
Boundaries and Very Fine 
Porosity 
1 1 LCK-5 Mag. 10OX 

- Neg. No. 51039-38 



FIGURE 38 

EFFECT OF CILCINING (IIOOeC-48 HRS-AIR) AND MICRONIZING (I-DOUBLE PASS) 
QN ORAN GROWTH IN ThO;! PELLETS DRY PRESSED WITHOUT BINDER 

OR LUBRICANT FROM POWDER LOT I36 AND SIWTERED AT 
1 7 5 0 ° C  -1-112 HRS IN ~ ~ t ~ ~ ~ )  

6 I I I I I I I I I I I I 1 1 I 1 I 1 I 1 I I I I 

SD=3.582 gm/cc 

GC= 5.94 gm/cc 
S b 9 . 3 5 7  gm/cc 

5 ~ ,  AS-REC~ MICRONbZED 
SD= 8 .730  gm/cc 

~ D = 6 . 0 4  gmics 
S D = 9 . 3 3 1  gm/cc 

000 0 00 

I5 I I I I I I I f I I I I I I I I I I I I I I h 

0 40  80 120 190 200 240 280 320 360 400  440 4 8 0  
DISTANCE FROM PELLET SURFACE RUNG CENTER DIAMETER X 1 0 - 3 1 ~ ~ ~ ~ ~  (LONGITUDINAL SECTION) 



. I IY" I .L  -- 
EFFECT OF CALCINING (llOO°C-48 HRS-AIR) AND MVIICRONIZING ( I -DOUBLE PASS) ON GRAIN GROWTH 

IN Th0* PELLETS DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM POWDER LOT 136 
AND SINTERED AT 1 7 5 0 ° C - I 2  HRS -H2 ( D R Y )  

5A, CALCINED, MICRONIZED 
SA = 5.27 m2/grn 
XI = 5 . 9 9  grn/cc, 
SD = 9 . 7 9 9 2  gm/cc 

0 00 0 0  

SE, AS-REC'D MICRONIZED 
SA =8.10 m2/grn 
GD = 5 . 9 9  gm/cc 
SD = 9 . 9 2 3  gm/cc 

GD = 5 . 9 8  gm/cc 
SD = 9 . 6 5 2  gm/cc 

0 4 0  8 0  1 2 0  I60 200 240 280 320 360 400 440 480 520 
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X INCHES (LONGITUDINAL SECTION) 



WAPD-TM-1311 
F'IGURE 40. Microstructure of  S lu r ry  Agglomerated Thoria 

P e l l e t s  Showing Severe Granular Segregation 

40a Photomacrograph of P e l l e t  - 
2-1 (AS-~eceived 136) 
Sh~wine; Resi d11a,1 Granule 
S t ruc tu r e  
25 5K-LC Mag, hX 

Neg. Nu. 51039-19 

Mb Photomicrograph of P e l l e t  - 
2-1 Showing Poros i ty  
Associated With Granular 
Segmgatiaw 
253-2  Mag, 10OX 

Neg. No. 51039-11 



I 4 . 0 ~  Photomacrograph of  P e l l e t  - 
3-1 5 (A=-calcined 096) 
Showing High Density 
Granules Which Have Not 
Grown Together. Note Voids 
Between Granules Near 

. Top-Center of  Pel le t .  ' 

277~-1 Mag. 6X 
Neg. No. 51039-9 

Md Photomicrograph o f  Pellet - 
3-15 Sbbhng Almost Total 
Separat Lon Between Gmnul es 
277K- 3 Mag, 100X 

Neg. HQ, 51039-43 



WAPD-TM-1311 

FIGURE 41 

EFFECT OF MlCRONlZATlON AND SlNTERlNG TIME ON GRAIN GROWTH IN Thoe PELLETS 
DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM CALCINED (llOO°C-48 HRS - H ~ ( ~ ~ ~ ) X P O W D E R  LOT 096 

2 I I I I I I I I I I I I I I I I I (  

CALCININGTEMPIl0OoC 
1 1 1 1 1 1 1 1 1  

C TIME OF CALCINING: 48 HRS 

3 - 

4 - 

5 - 
\--LARGE IDIOMORPHIC GRAINS 

IN AN AQEA OF FINE GRAINS 

- 
SA = 5.82 m2/gm 
GD26.07 gm/cc X 
SD: 9.825gm/cc 

0. 0 .0.. X  X X X .  

0 0 . 0  O O 0 . 
ZFF, CAL, MICRONIZED 1-1/2 HR SlNTER 

sa = 5.82 m 4 g m  
GD = 5.99 gmJcc x x 
so = 9 .675  gm/oc 

-2EE, GAL, NOT MICRONIZED 1-1/2 HR SlNTER 
SA.  4 77 m7/grn 
GD = 6 . 0 0  gm/cc 
SD = 9 .630  gm/cc 

0 40 80 120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  4 8 0  5 2 0  
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3 INCHES (LONGITUDINAL SECTION 

186 



FIGURE 4 horia Pe l le t ,  4AA, Dry Pressed &om Calcined 
(11 00'~-48 H r s - H $ b T )  096 Thoria Powder and Sintered at I 750°C! i n  H2 f o r  12 Hrs 

42a Photomacrograph of Pe l l e t  
a Showing Large IdiomorpNc 
Grain Structure  i n  Dark Pe l l e t  
Center Observable With the  
Unaided Eye 
240~-1 ~ a $ .  6x 

Neg. No. 9039-32 



42c Photomicrograph of 
P e l l e t  4AA Showing Large 
Idiomorphic Grains i n  Reid 
of  Fine Grains. Note S t r a i n  
Twins May Be Present Even i n  
t h e  Smaller Idiomorphic Grains 
2MK-4 

Neg, No. 51 039-1 

a Another View of t h e  
Sune Area as Shown i n  
~ ~ g u r e  5% 
2 ~ ~ - 5  Mag. I O O X  

Neg. No, 51039-18 



- FIGURE 43 

EFFECT OF MICRONIZATION AND SINTERING TIME ON GRAIN GROWTH IN T ~ O ~  PELLETS 
DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM CALCINED (1 100°C- 48 H R S - H ~ ( ~ ~ ~ ) ) , P O W D E R  LOT 136 

. 1. . . . . . -------------- --- a/........ ............. . 
\ 

a . 0 0 . 0 

000 0 0 0 0  0 0.0 

0000 000 - 0 000 0 0 0  
,) 

7 o. 00 % - B a o  o o 
I 
I 00 5 0 

0 4HH, CAL, MICRONIZED, I -1/2 HR SINTER 
SA = 5.9 I m2/gm 

6DD, CAL, MICRONIZED, 12 HR SINTER 
z 8 F  sn.5 9~ rr2/gm 

~ o . 6 . 9  gm/cc GD= 6.08 gm/CC 
SD= 9 816 gm/cc SD.9.789 grr/cc • 

?- 

ING -EMP. llOO°C 
,I ~ -7 CALCINING 4 8  HRS 
.&\r- #. -. ' F7 / ' 1 CALCINING ATM. He ?: ,* 

H I -  2 INCHES %: , 
TEMP' 17&0°C - L n r ~  

\ MICRONIZATlON ' ':fi&. 2CC. CAL. NOT MICRONIZED, 12 HR SINTER 

\ I ST PASS 150 gm/MIN SA = 4.42 m2/gm 
I I  - 2ND PASS 50 gm/MIN 8 GD ~6.00 (Im/CC I I -  j - \ 

S \ NOTE ALL  SINTERED DENSITY SD = 9.615 gm/CC 

\ DETERMINATIONS WERE MADE 
7'5 - - 

ON C3MPANION PELLETS 
b X L . - I . .  . - , 

I' -.. x f"J 

1 - X X " X 
4GG, CALI NOT MICRONIZED, 1-1/2 HR SINTER 

14 LESS THAN SA=4.42 &gm 
ASTM 14 GD=6.03 grnecc"  - i _  , ' ASTM 14 

SD = 9  2 2 3  g m  /CC - 1 1  

1 5 1 1 i 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1  I I 1 1 1 1 1  
0 .40.  80 120 I 6 0  -2m 2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  4'80 5 2 0  

DISTANC~ FROM PELLET SURFACE ALONG CENTER DIAMETER X 1 0 ' ~  INCHES (LONGITUDINAL SECTION) 



WAPD-TM- 13 11 
FIGURE 44. Porosi ty  DistributAon i n  Thoria P e l l e t s  
Fabricated born Calcined (1 100 C-48 Hrs-~~) Powder 

4.4a P e l l e t  6DD, Calcined, - 
Micronized 136, 12 Hr Sin t e r ,  
Showing Almost Complete Lack 
of Porosi ty  N e a  Exte r io r  Sur- 
face   e eft H a l f  of  Photo) and 
Necklwe  Porosi ty  Toward P e l l e t  
I n t e r i o r  ( ~ i ~ h t  Half of photo). 
Note That Necklace Porosi ty  
Does Not Diminish Grain Size, 
2k3K-2 Mag, 100X 

Neg. No. 31039-12 

44b r e ~ l e L  (;UU, Area a t  - 
Pel l e t  Center Showing Almost 
,To$al Absence of Intragranukas 
'Po~!osidc~ and Extensive In te r -  
@a.nular '' o r  Necklace Porosi ty  
243K-3 M e .  100X 

Neg. No. 51039-17 



ETCURE 44  (Csnt ' d. ) 

#c 'Pe l le t  4HH, Calcined, - 
Micronized 136. 14 H r  Sinter.  

I Showing  hat- ~ u ~ l s x  ~ o r o s i  t i  
1 Distribution Happens Early-. 
, i n  Sintering Cycle 

247K-2 Mag. l e O X  
Neg. No. -51.039-13 

. ,' - b *: - < - f ' ~ q d  - - ., .% RIC, 21.y 
if?,. ' - d pel let  2FF, ealained, 

Micronieed Q96, 1% H r  Sinter ,  
Showing considerable Necklace 

, Porosity Even When Grain 
Growth Was Not Extensive 
24sK-4 ' 1 OOX 

Neg. No. 51039-5 



FIGURE 45 

EFFECT OF SINTERIN3 TbME AT 1750°C ON GRAIN GROWTH IN ThQ PELLETS FABRICATED FROM 
POWDER LOT 096. MICRONIZED. CALCINED (1100'C-48 HRS-H$'~~)), SLURRY AGGLOMERATED WITH 1.75 W/O 

CARBOWAX- 0.2 W/O STEROTEX (ADDED DRY) AND PRESSED TO A TARGET GREEN DENSITY OF 57 % 

POWER SURFACE AREA = 5.82 m2/gn 
PRETREATMENT: 925OC - 3 HRS - Cop 

NOTATION: NO., SlNTERlMG TIME, GRE5N DENSITY, 
SINTERED DENSITY 

22 HR SAMPLE POLISHED 153.6 MILS OFF CEhTER; 
THEREFORE CENTER OF SAMPLE REPRESENTS A 
POINT 107 MlLS FROM THE PELLET IURFACE 
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-, 22 HRS @ 1750°C 
GD = 5 . 8 3  gm/.:c 
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DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3 INCHES (LONGITUDINAL SECTION) 
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. . . -  . .  . FIGURE 46 " ., 

. EFFECT, O F  SlNTERlNG TIME AT I75O0C ON GRAIN ' GROWTH IN PELLETS . FAB;R~.CATED FROM 

POWDER LOT.; 096, MICRONIZED, CALCINED (1 100% -48 HRS - H L ~ ~ ~ ) A S L U R ~ Y  AGGLOMERATED WITH I .  7 5  W / O  

. CARBOW~X - 0.2 W/O~STERCTEX (ADDED DRY AND PRESSED TO A TARGET GREEN DENSITY OF 6 1 %  

PRETREATMENT: 9 2 5 O C  -.3 HRS' - .C .O~  . 

NOTATION: NO., SlNTERlNG T IME,  
GREEN DEN,SITY; SINTERED .DENSITY . 



FIGURE 47 

EFFECT OF SlNTERlNG TlME AT 750°C ON GRAIN GROWTH IN T ~ O *  PELLETS FABRICATED 
FROM POWDER LOT 136, CALCINED I I 100°C-48 H R S - H ~ ' ~ ~ ~ ) ) ~  MICRONIZED, SLURRY AGGLOMERATED 

WITH 1.75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY),AND PRESSED TO A GREEN TARGET DENSITY OF 57% 

TIME AT GREEN SINTERED 

11-57 0 5 .82  9.249 

2-57 12 5 . 8 4  9 .649  - 
POWIER SURFWE AREA = 5.91 m2/gm 
P3E-REATMENT: 925OC - 3 HRS - C 0 2  

DISTDNCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3 INCHES (LONGITUDINAL SECTION)  
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FIGURE 48 . . -  

EFFECT OF SINTERING TIME AT 1750°C ON GRAIN GROWTH IN Tho2 PELLETS FABRICATED 
FROM POWDER LOT 136, CALCINED ( I I O O ~ C - ~ ~ H R S - H ~ ( ~ ~ ~ ' ) ,  MICRONIZED, SLURRY AGGLOMERATED 

WITH 1.75 W/O CARBOWAX-0.2~10 STEROTEX (ADDED DRY), AND PRESSED.TO A GREEN TARGET DENSITY OF 61% 

4 I I I I I I I I I I I I ; I  I I I I I I I I I ... . I 

,_ .a ' .  
POWDER SUEFACE AREA = 5191 m2/gm. "'--- 

. 'PRETREATMEN.T : 9 2 5 0 ~ - 3  HRS-C02  . 

NOTATION: NO., SlNTERlNG TIME,  
GREEN DENSITY, SINTERED 

11-61, o HRS, 6 . 2 8  g m / c c ,  9 . 5 1 8  g m / c c  

5-61,  1-112 HR, 6 . 1 9  g m / c c  9 . 6 3 6  g m / c c  

0 . 4 0  80. . . 120 . I 6 0  2 0 0  2 4 0  . 2 8 0  ' 3 2 0  ' 3 6 0  400 4 4 0  - '4'80 5 2 0  

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER x 10-3  INCHES (LONGITUDINAL SECTION) 



FIGURE 49 

EFFECT OF PRESSED DENSITY ON GR41N GROWTH IN ~ h 0 ~  PELLZTS PRESSED FROM 1100 O C -  

48 HRS-H2 lDRY' CALCINED, MICRONIZED, POWDER LOT 096 SLURRY AGGLOMERPTED WITH 1.75 w/o 
CARBOWAX-0.2 w/b STEROTEX (ADDED DRY) AND SlNTERED AT 1750 OC FOR 12 HOURS 

I NOTATION:N3.. GR'N DENSITY. SlNTERED DEYSITY A 



FIGURE 50 

EFFECT  OF PRESSED DENSITY ON GRAIN GROWTH IN  T h o 2  PELLETS  PRESSED FROM 

I1 00' C - 4 8  HRS-H2  CALCINED, MICRONIZED, POWDER LOT 136 SLURRY AGGLOMERATED W I T H  

1.75 W/O CARBOWAX-0.2 W/O S T E R O T ~ X  (ADDED DRY) AND SINTERED AT 1750° C FOR 12 HRS 

i n .  
a 

I I 

a 0 0  
2-65 ,6 .64  g m / c c , 9 . 6 0 4  g m / c c  

.. . NOTATlON;NO.,SlNTERING TIUE,GREEN DENSITY,SINTERED DENSITY ' 

2-59, 5.95.gm/cc,9.634 g m / c c  

0 4 0  ' 80 120 '  160 200  ' 240. " 2 8 0 '  3 2 0  , .  3 6 0  ' ' 4 0 0  440 ' 4 8 0  5 2 0  
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X INCHES X (LONGITUDINAL SECTION) 



FIGURE 51 

EFFECT O F  PRESSED DENSITY ON GRAIN GROWTH I N  T ~ O ~  PELLIETS PRESSED FROM 
MICRONIZED, AS-RECEIVED POWDER LOT 096, SLURRY AGGLOMERATED WITH 1.75 W/O 

CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750 C FOR 12 HRS 
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0 4 0  8 0  120 160 2 0 0  2 4 0  2 8 0  3 2 0  3150 400 4 4 0  4 8 0  ,520 
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X IFCHES (LO~~GITUDINAL SECTION) 



I-' 
\O 
\O 

. . . . . .  . . 
: . . . . . . . . . . . .  L . . .  . - .. . - 

FIGURE 5 2  . . 

EFFECT OF CALCINING T.IME"AND TEMPERATURE ON GRAIN GROWTH IN T ~ O *  PELLETS FABRICATED 

WITHO~UT BINDER..FROM POWDER LOT 136,  AND DRY PRESSED TO A GREEN DENSITY OF 6 0 %  
(DRY) , SlNTERlNG CONDITION: 1750°C - 1 -  1/2 HRS - H2 

._.. - . . . .  . . - .  . . .  - . . . .  . . 
6 I I I .  I I I I I I I I 1 I "  I I I 1 I . I  I 

. . 'SURFACE ..GREEN SINTERED*, , . . . .  ... 
AREA ' DENSITY DENSITY . 

. . - .  m27gm gm/cc  gmlcc . . . . . .  -.- - . . . . . .  -8. ' .  " . I AS- ~ ~ ' c ' o  EEL MICRO..WR 467608 NO. 8' . . ' . . . .  8 . 1 -  5.97 9.885 ' '. 
- 

.a CALC 12P0°C - .8 HOURS,-,H:~~" R/C 75-3210. NO. 1 .  5.2. 5.92 9 . 7 7 3  , . . 
, .x CALG 1200°C - 2 4  WURS R/C 75-321 1 NO. 3 4.3 5.98 9.427 

- 0' - 0 CACC 1400°C- 3 H O U R S - H ~ ~ ~ "  R/C 75-3212 N0.5 4 .4  - 9.561 . . 

. a CALC 140O0C - 9 HOURS-H:DR" R/C 75-3213N0.7 3.3 5.71 9.317 
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FIGURE 53 

EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH IN T ~ O ~  PELLETS FABRICATED 
WITHOUT BINDER FROM POWDER LOT 136 AND DRY PRESSED TO A GREEN DENSITY OF 60% 

( DRY 1 SINTERING CONDITIONS: 1750°C - 12 HRS - t i 2  

'0 AS- R€b m L  MICRO WR 4617608 NO. 7 
8 CALC 1200°C - 8 HOURS- HJ DRY)  R/C 75-3210 NO. 2 5.2 
.X CALC 1200°C - 2 4  H O U R S - H ~ D R Y )  RK75-3211 N0.4 4.3 
0 CALC 1400°C - 3 HOURS-HTDRy) RE 75-3212 NO6 4;4 
h CALC 1400 OC - 9 HOURS-k) ') WC 75-1213 NO. 8 3.3 

X X  X :  . . .  , 



' FIGURE 54 

EFFECT OF CALCINING TIME AND~TEMPE.RATURE ON GRAIN GROWTH IN PRETREATED (925OC-3 HRS-C02) 
ThoL PELLETS FABRICATED WITHOUT BINDER FROM ..POWDER LOT 136, DRY PRESSED TO ' 

A GREEN DENSITY OF 6 0 %  AND SINTERED AT 175O0C IN H ~ ( ~ ~ ~ '  FOR 1-1/2 HRS. 

... , . . .  
1 1 '  1 I ' . . I  1 1 .  I I 1 1 1 I 1 1 1 I I I 1 

. . . . .. . . .. . . .  
. . 

, : . . . ~ .  - 
,. . SURFACE GREEN SINTERED NO. 

. . .  . . . , .  . .  
AREA .DENSITY DENSITY. . ,MICRO 

rnz/grn grnlcc gm/CC PASSES 

n 

. 0 A S - R E C ~  DBL MICRO WR 4 6 7 6 0 8  N 0 . 4  8.1 6 .00  , 9.889 - 
' CALC 120O0C - .8  HRS - H P R y '  R/C 75-3210'  N0 .5  5.2 5 . , .  

, X CALC 1200DC - 2 4 H R S - H Y y '  R /C75-3211  N0.2 4.3 
I O R Y l  

LC I40ODC - 9 HRS - Hz R/c 75-  3213 N0.3 3.3 - 
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, . 80' 1.20' . ,160 ' .  200 '. 240 .'280 . 320'- 360 -'..1400.':'440 '-4.80 520 ' 

DISTANCE FR3M PELLET SURFACE ALON-G CENTER D'I'WM:ETER OF LONGITUDINAL SECTION ( 1 0 - 3  INCHES) 



FIGURE 55 

EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH !N PRETREATED (925OC-3 HRS-C02) 
T h o 2  PELLETS FABRICATED WITHOUT BINDER FROM POWDER LOT 136, DRY PRESSED TO 

A GREEN DENSITY OF 60% AND SINTERED AT I75O0C I V  H ~ ( ~ ~ ~ )  FOR 12 HRS 

5 

6 

I I I I I I I I I I 1 I I I 1 I I I I I 1 I I I I 
SURFACE GREEN EINTERED . NO. 

AREA DENSITY DENSIT f MlCXO 
rn2/gm grnicc grnlcc: PASSIS .. - -- - 

AS-REC'D .)EL .MICRO WR 4 6 7 0 8  NO. I 8. I 5.9 9 . 9 5 8 *  2 

CALC 120C1°C - 8 H O U R S - H \ ~ ~ ~ '  R;C 7 5 - 3 2 1 0  NO. 8 5.2 6 . 0  9 . 8 8 4  5 

X C A e i  1200°C - 2 4  H O U R S - H ; ~ ~ "  R f C  7 5 - 3 2 1  1 NO. 7 4 . 3  5 . 9  '3.732. 5 

C 14C0°C- 3 H O U R S - H \ ~ ~ ~ )  R,'C 7 5 - 3 2 1 2  NO. 1 4 . 4  - 9 . 7 8 7  6 

a CAL,C 1400°C - 9 HOURS-HiaRy'  R./C 7 5  - 3 2  13 NO. 6 3 . 3  6 . 0  9 . 7  19 6 

UE MAY NOT B E  REPRESEVTATIVE DUE TO LOSS OF SOLID MATERIAL DURING DENSITY 

DETERMIbPTICN.  
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0 0  00 
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a OEEJ • 
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13 - 
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X 000  I OX', 

I 1 I I I I I I I 1 I I 
0 40 80 120  160 2 3 0  2 4 0  2 8 0  320 3 6 0  400 440 480 5 2 0  

DISTANCE FROM PELLET  SURFACE ALONG CENTER'DLAMETER OF LON.3;ITUDINAL SECTION INCHES 1 



FIGURE 56 

EFFECT OF SlNTERlNG TIME AT 1 7 5 0 ° ~ - ~ 2 ( D R y )  ON GRAIN GROWTH IN T ~ O ~  PELLETS FABRICATED 
FROM POWDER LOT 136, MICRONIZED, CALCINED ( 1200'  C-8 H R S - H ~ ( D R ~ ) ) ,  L/S AGGLOMERATED 

WITH 1.5 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN DENSITY OF 60 % 

POWDER SURFACE AREA-4.6 m2/gm . 
PRETREATMENT: 925OC-3  HRS-C02  

- - 

9 0 8 , 2 2  HRS; 6.10 g/CC; 9 .53  ~ / C C  

12 HRS @ 1750° C IN H ~ ( ~ ~ ~ ~ ~ '  

R/C 75-3195; 6 0 %  

00 q 0 0 0  

9 0 5 , 5  HRS;6.12 ~ / c c ;  9 . 4 0  ~ / C C  

. , ... 0 + 1/2 HRS 

I ' 1  I .  I I 

0 4 0 8 0  120 160 2 0 0  ' 2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  4 8 0  5 2 0  
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION ( INCHES) 
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FIGURE 57 

EFFECT OF  SlNTERiNG TIME AT 1 7 5 0 ° ~ - ~ 2 ( D R y )  ON GRAIN GROWTH IN Tho2  PELLETS 
FABRICATED FROM POWDER LOT 136, MICRONIZED, CALCINED ( 1  2 0 0 ° C - 8  HRS - H2tDRY )), 

L/S AGGL.OMERATED WITH 1.5 w/o CARBOWAX - 0 . 2  w/o STEROTEX (ADDED DRY),  
AND PRESSED TO A GREEN DENSITY OF 6 2 %  

I l l  I I I I I 1 I I I I I I I 1 I I 1 I I I , I l I  
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., Q Q Q  : 
- 

z:. ! 0 0  0 

Q  Q  a o 
) ----------- 

/ Q  Q a aoo  Q  Q  o d  a Q  Q\ - 

fi  
0 6 0 0 4 )  0 0 Q  0 0 0  

. \ 
P \ 

POWDER ~ U R F A C E  AREA-4 .6  m2/gm - I 
PRETREATMEMT: 92!i0C= 3 HRS-COP 

NOTATION: NO. SINTERING TIME,  ; \ 

DENSITY 

927 ,  22 HRS, 6 . 2 8  g / C C ;  9 . 4 5  g/CC 

926, I 2  IIR';, G.34 g/CC,  3.55 g/GG 

,-925, 5 HRS, 6 .26  g / C C ;  9 . 4 3  g/CC 

, I I I ' I I . I I I I I I I I I I I I I ~ ~ ~ ~ ~ I ~ I I  - ,  
L 
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FIGURE 58 
. . 

6 EFFECT OF SINTERING .TIME AT I ~ ~ O X C - H ~ ' ~ ~ ~ '  ON GRAIN GROWTH IN Tho2 PELLETS 
FABRICATEDFROM POWDER LOT 136MICRONIZED. CALCINED ( 1400° C- 3 HRS-H 2 ( L/S 

, AGGLOMERATED WITH -1.5 w/o CARBOWAX-0.2 w/o STEROTEX (ADOED DRY), AND PRESSED ,,+,, ,. 
_.  TO 'A GREEN DENSITY OF 6 0  % 

. . ,  . . . .c 2 - . . 
I I *  I I; I I : I  I 1 I I I 1 I I 1 I I I I 1 I I I I : * I  I 

. . 

I 
POWDER SURFACE AREA-3.4 m2 /gm NOTATION NO., SINTERING TIME, GREEN 

107, 2 2 , ~ ~ s ;  6 . 0 6  &cc; 9.27 g/cc . PRETREATMENT.:. 9 2 5  O C - 3 HRS- C02  DENSITY,SlNTERED DENSITY 

. . 

106,12 HRS 
6.10 g/cc; 
9 . 2 3  g/cc 

105 ,  5 



F GURE 59 

EFFECT O F  S l  NTERlNG TIME AT 1750°C - ON GRAIN GROWTH IN T ~ O ~  PELLETS 
FABRICATED FRCM POWDER LOT 136, MICRONIZED, CALCINED (140C0OC- 3 HRS - H ~ ( ~ ~ ~ ) )  

L I S  AGGLOMERATED WITH 1.5 w/o, CARBOWAX- 0 .2  w/o STEROTEX ( A D D E D  DRY),  AND 
PRESSED TO A GREEN DENSITY OF 65 '10 

SURFACE AREA = 3 . 4  rn2igm 
PRETREATMENT: 925OC - 3  HRS - C3? 

.. . NOTATION: NO., SlNJERlNG TIME, GR'N DENSITY, 
SINTERED CENSITY 

138, 2 . 2  H?S; 6 . 5 6  ~ / c c ;  S.44 ~ / C C  

SINTERED l lOUF DEW POINT 

136, 5 HRS; 6.5 9 1 5 ~ ;  9 . 2 9  g /c: 

12 HRS; 6 . 5 3  ~ / c c ;  5.43 ~ / C C  

. . 

0881. 0.00 0.0 

DISTANCE FROM P E L L E T  SURFACE ALONG CENTER DIAMETER X INCHES (LONGITUDINAL SECTION 1 
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F1.G-URE .60' , , 
. . 

EFFECTOF BLENDING CALCINED ANDAS-RECEIVED I ~ ~ P O W D E R  'ON GRAIN .GROWTH IN T h o p .  
PELLETS DRY PRESSED WITHOUT BINDER AT 60% GREEN DENSITYAND SINTERED AT 

(DRY): FOR 1 - i / 2 ~ ~ ~ :  ' . : . , . , .  '1750 O C  IN H2 

6. I I I 1 I I I I I I ,  I 1 - 1  I I 1 I I 1 I I 1 I I 

. . 

. . 
- 

, . .  - . . 

. . 

. .  , . . . . < .  
. . 

' . , .  .$i: 0 .  . . . 

PELLET NO.8 
. &  

PELLET  NO. I BLEND 
. . 

AS-REC'D ' AS-REC'G ~ b l  MICRO . ' . . 

CA iC  1400 OC - 3 HRS SURFACE AREA = 8.1 m * / g m  

SURFACE AREA = 7 . ~ , 5 . 2  m2 /mg  - .  GR'N-DENSITY.= 5 .97  g m ~ c c  - .. . 
GR'N DENSITY = 5.95 gm/CC . . . . '  SINTERED DENSITY = 9 .885 g m l c c  

SINTERED DENSITY.=9.892gm/cc7 
\ . 

0 .  la - 

00 q O A A O  - 

. , 

/ 
. . PELLET NO. 5; CALC 1400  OC -3 HRS \ 

/ ' 
- 

: .: : .?: . . . . . . , / SURFACE AREA ,= 4.4 m2/gm . . - . . . . . , . . 
. . .  SINTERED.DENSITY = 9.56 gm/cc GR'N DENSITY 

15 . I  I I I I I I .  I '  1 . 1 . 1  I I I I I I I .  I '  I I : I  I I I 
120 0 . . 4 0 : . .  86. 1 6'0 2 0 0 '  , '  2 4 0  . 2 8 0  . .  ,320 . '  3 6 0 . '  ' 4 0 0 .  4 4 0  - . 4 8 0  5 2 0  

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION ( 1 0 - 3 ~ ~ ~ ~ ~ ~ )  
' 



FIGURE 61 

EFFECT OF BLENDING CALCINED AND AS-RECEIVED 136 POWDERS ON GRAIN GROWTH IN T ~ O ~  
PELLETS DRY P3ESSED WITHOUT BlNDElR AT 60% GREEN DENSITY AND SINTERED AT 

1750 ' C  IN HZ('~') FOR IO'HRS 

PELLET NO., 2 BLEND 

A A  A 
GRIN DENSITY = 5.36 grn/cc 
SINTERED DENSITY = 5.969 ~?-I/CC 

PELLET  N Q 7  AS- REC'D 

FELLET NO. 6, CALC 1 4 0 0  OC - I H R S  
SIJRFACE AREA = 4 . 4  m2 /gm 
GR'N DENSITY = 
SINTERE.D DENSITY = 9.846 gmlcc .. . . . . . 



FIGURE 62 

EFFECT OF SINTERING TIME AT 1750 OC IN H ~ ( ~ ~ ' )  ON GRAIN GROWTH IN PRETRETED (925OC-3HRS-C02) . , . 

Thop PELLETS DRY PRESSED WITHOUT BINDER F R O M  BLEND OF CALCINED AND AS-RECEIVED 136POWDER 
. . . . . . 

. , 

3 -  

,. 

I I I I I I I I I I I I I I 1 .  1 .I 1 I' I .  I I I I - 

- 

a .a a 

3372 - NO. 3 
5 HRS @ 1750 OC: 

GR'N'DENSITY 5.99 gm/cc 

- 
. . 

X 
' 

00 0 0 0 - 

. : ... 

0 0 

3372-N0.4 :.., :. ' 
13 - 1-1/2 HRS @ 1750 OC 

- 
, ... . . . 

. . I 
. . .. . .; 

I 
! , .  ' 5 '  

. .. 
1 1 , 1 :  1" : .  I.;.; I . . , . : . : .  . . 

I 4 . :, 1. :. . - 1  :. I . 1.  . I - 
'0 . . 4 0 .  . , , .80 120 . ,. 160 '  2 0 0 ,  . . 2 4 0 .  , 2 8 0  . , 3 2 0  .. . 360 ,  . -..400 .'." .'440. ' . ' 480 5 2 0  
,. . . . DISTANCE FROM'PELLET SURFACE ALONG CENTER DI'AMETER OF LONGITUDINAL SECTION ( loJ INCHES) 

4 

. . .. . .. 

POWDER BLmD.3372, SURFACE AREA 7.57-5.25 m2/gm 

. .  - . . 50% AS-REC'D 136,-3-2, SURFA'CE AREA 8.78-6.54m2/gm ' 

- . . 50 '10 CALC 1400 OC-3-Hz, 136,3-2, SURFACE 'AREA 4.4 m2/gm - 
. .,' 

o * a  \ 



FIGURE 63 

EFFECT OF SINTEUIPG TIME AT 1750' C IN H;(D'RY) ON GRAIN GROWTH IN Tho2 PELLETS 
DRY PRESSED-WITHOUT BINDER FROM.A BLEND OF CALCINED 136 AND AS-RECEIVE DO^^ POWDE~ ' ' 

. . 
1 . 1  . I  0 I I I I I I I I I I I 

SlNTERED.DEN!SITY 9.902 gm/ccl 

0 
II 

4 0  3 0  2 0  160 26.0 - -  2 4 0  280  320 360 . 4.00 4 4 0  , 4 8 0  520 
I 

DlSmNCE FROM PELL!ET SURFACE ALOKG CENTER DIAMETER OF LONGITUDINAL SECTION ( IO~INCHES) 
. . 

3 - 

4 

I I 1 I I I I I I I I I I I I I I I I I I I I 
3373 BLEND, SURFACE AREA 8.8 m2/gm 

50'1, AS RECEIVED 096,  1-2, :-URFACE AREA 10.2 m2/gm 
- 

5 0 %  CALCINED 1400  OC-3-H;, 3 -  2 SURFACE AREA 4.4 m2/gm - 



FIGURE 64 

EFFECT OF BLENDING CALClN ED 136 AND AS-RECEIVED 096  POWDER ON GRAIN GROWTH IN 
Thop DRY PELLETS PRESSED WITHOUT BINDER AND SINTERED AT 1750°C IN H ~ ( ~ ~ ~ )  FOR 1-112 HRS 

- . . 
4 I I I 1 I 1 I .  I I I I 1 I I I I I I I I I I I 

A PELLET NO.. I BLEND; SURFACE AREA 8.8 m2/gm; X PELLET NO. 3T AS-REC'D 096 
GD 5.86 gm/cc, SD,9.896 gm/cc SURFACE AREA 8.2 m2/gm; GD: 6.208gm/cc, SD:9.565 gm/cc 
50% AS-REC'D 096; 1-2 SJRFACE AREA 10.3m2/gm 

- 50% CALC 136,1400-3-H2,.3-2,SURFACE AREA 4.4 m2/gm PELLET 1 5 p ~ s - R E c ' D  096*1-2 
- 

SURFACE AREA 10.3 m2/gm; GO= 6.OQm/CC; SD= 9.790gm/CC 
Q PELLET N0.5; CALC 135.1400-3-1i~. 3-2 



FIGURE 65 

EFFECT OF 3LENDING CALCINEG 136 AND AS-RECEIVED 0 9 6  PO'JVDER ON GRAIN GROWTH IN 
T ~ O *  PELLETS CaRY PRESSED WITHOUT BINDER AND SINTERED AT I75O0C IN  H2 (DRy )  FOR 12 HRS 

I I I- I I I I I I I I I I I . I  I 1 I I I I 1 I 1 I 
X PELLET NO. 4H. AS-REC'D 096 - PELLET NO. E. BLEND; SURFACE AREA 8.8m2/gm; 

SURFACE AREA 8.2 m2/crn, G D  = 5.53 grn/c: ED= 9 . 7 2 ~ g m r c  A GD'5.81 gn/CC ;)=9:35l gm13c * 
50°;o AS-PEC'D 096; I-?,SURFACE AREA 10.3m2/gm -0 ,.PELLET 110. 13F, AS-?EC'D 096,l-2 . . . 

SURFACE AREA 10.3m2/gn; GD = 5.95 gm/c: SD = 9.849 gm/CC 
50°io CALC 136, I L C I O - ~ - H ~ ,  3-2, SURFACE AREA 4.4m2/gm 

- 

0 ;PELLET NO. E; ~ f i ~ ~ . l % , 9 4 0 0 - 3 - ~ ~ ,  3-2 .' 
SURFACE AREA 4.q m 2 / ~ m ;  ED = SO = 9.846 

- .  - 
! 

' A - A 

. w VALUE ML'~ ~ 3 r  3E REPRESENTATI'JE DUE TO LOSS OF , . 
SOLID HFTER14L DURING DENSITY DETERMINATION 

I I I I I I I I I I I I I I I I I I I I I I I I 1 I I 
0 4 0 8 0  120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  400 440 4 8 0  5 2 0  

WST4NCE IFROM PELLET SURF= ALONG CENTER DIAMETER OF LONGI~UDIDAL SECTION ( 1 0 - 3 1 ~ ~ ~ ~ ~ )  



m G t R E  66.9 - Metallographic section at the surface along the diameter df Nnt thorka pcllst 
without binder from equal quantities of calained (11100-3 ht;s-H ), micronieed and m- :* , received micmnised thoria  136 powder and nintered at 17-50 C dr 1 2  h a .  

I - - 
FIGURE 66b - Same sectioa as a b v e  $ut located a< ,@+l;.?e?let centsr. 

1 - .-- . - 7 - - .i" 
:2'mfl#:p$71i. I:, .IS . -3 , ,: 

5QOX 

Neg. No. 50762-1 

213 



FIGURE tifa - Metallographic section a t  the  surface along the diameter o f  the thoria pel le t  
fabricated without binder f m m  equal quanti t ies of  calcined (1400-3 hrs-El2), micro- 
nized and as-received, micronized thoria 136 powder. Sintering temperature 
1750~~-1? h e - H 2  . 500x 

- Same section as above but located a t  the pel le t  center. 

Neg. No. 50762-2 
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FZGURE 69. Grain Boundary Curvature at  a b e e  Surface 

Typical Sterotex Void A s  
Observed i n  Micrograph of 
a Pe l l e t  Fabricated born 
As-Received 136 Tho2 Powder 
9978J 

M e g .  No. 51039 5 

Microstructure of' U -53 
In. Diameter Tho, P e l l e t  
h b r i g a t e d  From callcined 
(11 00 C-48 w s - ~ ~ )  Powder 
Lot $36 and s i n t i r e d  at  
1730 C For llr In 
Hydrogen. Note The 
Presence of Intragranular  
Porosity and Smooth 
Sterotex Void Surface. 
39 5K M a g .  

Neg. No. 51039-6 



Same P e l l e t  Composition A s  69b 
Above Except theoPe l le t  Was 
Sintered at  1750 C For 12 IIrs. 
Note Lac& of I n t ~ a g r a n u l a r  
Porosi ty  and ~ ~ l k r  Sterutex 
Void Surface Result ing &om t h e  
Movement of .Grain Boundaries In to  
t h e  Fkee sur f ice .  
41 7K Mag. 400X 

Neg. No. 51039-46 



FIGURE 70 

EFFECT OF CALCl N ING TEMPERATURE AND SURFACE AREA 
ON THE SINTERED DENSITY OF BINDERLESS f h 0 2  PELLETS 

(LOT 136) SINTERED FOR 12 HRS AT 1750°C'IN DRY H2 



WAPD-TM-1311 

FIGURE 71 

EFFECT OF SURFACE AREA AND CALCINATION 
ON GRAIN GROWTH IN  T ~ O *  PELLETS 

. . 
. ~ 

. . A 
I I I I .  1 I I 

- - 
CALC. 1 100°- 48 HRS-H2, MICRO 136 - - 
DRY PRESSED 

. .. - - 
- - 

- - 
. . C A L C  I 100'- 48 .  H R S - H ~ ,  MICRO 136 - , . 

. . SLURRY AGGLOMERATED 
- - 

. , 

- . . - 
- HYDROGEN CALC. ' I~OO 8 1400°C, MICRO - 
. . AND DRY PRESSED POWDER .LOT 136 

- X .  HYDROGEN CALC. 1200 8 1400 '  C, MICRO 
- 

- . AND L / S  GRANULATED POWDER LOT 136 . . - 
- -I A HYDROGEN CALC. 1 100, MICRO, DRY ,I 

PRESSED POWDER LOT 0 9 6  - 
A HYDROGEN CALC. 1 100°C, MICRO I - - 

AND SLURRY AGGLOMERATED 
- POWDER LOT 0 9 6  - 

5 0 1 5 0  BLEND OF MICRO 
- AS-REC'D AND 1400°C--  

- 

- - 

- 

- 
- 

- .  . 

1 2 0 0 - 8  HRS 

AS-REC'D 096 



ON GRAIN GROWTH IN T ~ o ~ . P E L L E T S  
SINTERED AT 1750' C IN H2 FOR 12 HRS 

I00 - \ 

80 

I I I . . I I - I - 
- d 136,1200-8 HRS, L/S, 2-MICRO, 

H~ WET ( 1 1 0 ' ~ ~ )  

- PELLET GREEN DENSITY - 
RS, L/S, 2-M ICRO, 

60 -'60 % FOR POWDER CALCl NED - 
AT I I ooOc OR' GREATER - 
y = m x +  b - 

A 50150 BLEND 1.36 D.P, 
)'=LOG GRAIN SIZE 

40 - PRE-TREATED 
m = SLOPE 

- 
T 5 0 1 5 0  .BLEND 136 D.P 

1 3 6 , ~ ~ - R E C ' D , D . ~ , ~ - M I C R O  : 

- 

0 136,1100-48 D.P, 2-MICRO 

2 0  - - 
- 
3. - 

W 
N - 
m. 

- 
- 

UNCALCINED. - 

136,1100-48 D.P, 0-MICRO - 

- V . (2 096,1100-48 D.P. 2-MICRO 
(3 096,1100- 48, SLURRY, 2-MICRO '- 

I 
I I36,1100-'l8, SLURRY, 2-MICRO' 

' 4 -  - 
136.1200-8 HRS,D.P,tj-MICRO 

0 ~ ~ ~ , ~ ~ o o - ~ H R s , L / s , ~ - M I c R o ~  
X 136,1200-24 HRS,D.P,~-MICRO - 
0 136,1400-3 HRS, D.f?, 6-MICRO 

V 096, AS-REC'D,D.P, 0-MICRO 
, V 096,~~-REC'D,D. P"2-M ICRO 

'7 096, AS-REC'D,SLURRY, 2 MICRO 

I I I I I I 1 I 
0- 2 4 6 8 10 12 14 16 

SURFACE AREA m*/gm 



. .. ' APPENDIX - A 

GRAIN GROWTH I N  SLURRY AGGLOMERATED Tho, PELLETS 

Extensive g ranu la r  s eg rega t ion  was observed 

i n  . t he  mic ros t ruc tu re  of  t h o r i a  p e l l e t s  

f a b r i c a t e d  from micronized-as-receiked and 
0 micronized-1100 C-48 hour a i r - ca l c ined  powder 

l o t s  096 and 136 by t h e  s l u r r y  agglomeration 

process ,  Sec t ion  V I I .  It w a s  t h e o r i z e d  g a t  t h e  

s i n t e r i n g  atmosphere w a s  a b l e  t o  p e n e t r a t e  t h e  

p e l l e t  s t r u c t u r e  through s e p a r a t i o n s  between 

g ranu le s  and vapor ize  t h e  g r a i n  growth i n h i b i t -  

i n g  impuri ty .  Consequently, t h e  g r a i n  s i z e  data 

presented  i n  F igures  A-I - A-12 may not  be  

r e p r e s e n t a t i v e  and should be used with d i s c r e t i o n ,  ' 



FIGURE A-1 

EFFECT '3F SlNTERlNG TIME AT 1750°C ON GRAIN GROWTH IN Tho2 PELLETS 
FABR CkTEC FROM POWDE? LOT 0 9 6 ,  MICRONIZED, AS-RECEIVED, SLURRY 

AGGLOMERATED WITH:1.75 w/o CARBOWAX -0 .2  w/o STEROTEX (ADDED DRY) 
AND PRESSED TO A GREEN TARGET DENSITY OF 5 7 %  

'-1, 12 HR @ 1750°C 
GD ~ 5 . 7 3  gm/cc 
$.D =9 .605  gm /cc 

G D z 5 6 7  gm/cc 
SD=9.651 gm/cc 0 

D= 9.5267 grnicc 

GD= 5 . 7 4  gmlcc 
sD= 9 . 5 2 8  gm/cc 

PCWDER SURFACE A R E A =  1 0 . 2 8  m2/gm 
PRETREATMENT: 925OC-3  HRS - CO, 

NQTATION: NO., SINTERING TIME, 
1-5, 1/2 HR .@1750°c 

GREEN DENSITY, SINTEEED 
GD= 5 . 6 6  gm/cc 

DENSITY 
SD= 9 . 5 2 9  gm/cc 



. , ( ,  .:: . . . . ' .  FIGURE-"'-a-2 . . 

EFFECT O F S ~ N T E R ~ N G  TIME A T  1 7 5 0 ° C  O N  G R A I N  GROWTH IN- T h o 2 , .  PELLETS 
. .. . . 

FABRICATED F R O M '  POWDER ~0i.096 A' IR 'CALCI  N E D  A T  ' 1  1 ' 0 0 ~ ~  FOR 
48 HRS, M I C R O I J I Z E D ,  S L U R R Y  - A G G L O M E R A T E D  W I T H  1 . 7 5  W/O CARBOWAX - 

DISTANCE FROM PELLET.-~U'RUFACE ALONG CENTER DIAMETER X INCHES (LONGITUDINAL SECTION) - L- L 1 .; 



FIGURE A - 3  

E F F E C T  OF SlNTERlNG T IME AT 1750°C ON GRAIN GROWTH IN T h o p  PELLETS 
FABRiCATED FROM POWEER L O T  096, MICRONIZED,  AS-RE'C.EI\/ED, SLURRY 

AGGLCMERATED WITH 1.75 w!o CARBOWAX -0 .2  w/o S T E R O T E X  (ADDED D R Y )  
ANC P R E S S E D  TO A GREEN T A R G E T  DENSITY OF 61% 

- 
POWDER SURFACE AREA = 10 .28  m 2 / g m  . . 

PRETREATMENT:  925OC - 3  H R S - C 0 2  

NOTATION: NO., SlNTERlNG TIME,  GREEN 
DENSITY, S INTERED DENSITY 

0 0 0  

.-a 1-13, 12 HRS @ 1750°C 1-17, 1/2 HR @ ' 1 7 5 0 " ~  
GD= 6 . 2 3  g m / c c  GD ~ 6 . 2 2  g m i c c  

SD= 3 . 6 6 2  g m / c c  SD = 9 . 6 5 9  gmiCC 
X-X ,I-23, f HRS @ 1750°C 0-0 1-15, 0 HRS @ 17503C, 

GD= 5.15 gm/CC . .  G D = 6 . 2 0 . g m / c c  
SE= 9 .645  g m / c c  SD ~ 9 . 6 0 5  g m i c c  

1-21, 1-l/.2 :iRS @ 1750°C % .  

. . 

G 6 gm/CC . . , . . 8 .  

SD= ' 3 . 6 0 9  g m / c c  

I I I  I  I I I  I  1 I  I 1 I I I  I I I ' I .  I , . 
. . 

0 40 80 . 120  ' : .  166 2 0 0  2 4 0 .  2 8 0  . 3 ' 2 0  .' ' 360 400 . - 440. '48.0 5 2 0  
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X INCHES (LONGITUDINAL SECTION) 



FIGURE A-4 

EFFECT OF SINTERING TIME AT 1 7 5 0 0 ~  ON G R A I N ' G R O W T H  IN T ~ O ~  PELLETS 
+ ' ~ B R I C A T E D  FROM POWDER LOT 096 AIR C A L C I N E D  AT ll_OO°C FOR 

I 
, 48,.HRS, M I  C'RONIZED, S L U R R Y  AGGLOMERATED WITH 1.75 ~ / o  CARBOWAX 

0.;.w/; S T E R O T E X  (ADDED-DRY) ' A N D  PRESSED TO A GREEN TARGET D E N S I T Y  OF 61 % . .. . . 
I ' I.. 

? 1' 

- .  . .  . - - * --, 
I 1 1 . I s .  "- .. I -  I  I  I 1. I I I '  1 I * .  - - m .  . -. L 

a POWDER SURFACE A R E A  = 5 . 2 9  m2/ g m  
d PRETREATMENT: 9 2 5 O C  - 3 HRS - C 0 2  

I .  NOTATION: NO, SlNTERlNG T IME,  3 - 2 1 ,  I-1/2.HRS a 1753OC - 
G R I N  DENSITY, SINTEREO DENS!TY 

SD = 9.110 g m / c c  I .  

3 - 1 3 ,  12 HRS@ 1 7 5 0 ° C  
GD = 6 . 1 3  g m / C C  
S D -  9 . 1 5 4 g m / c c  

. . 

a m  0 0 ,  

Q 0 .  

x 0 000  

o a a  

3-17,  1/2 HRS a 1750°C 
GD:  6 . 1 8  gIt?/CC , . - 
s o = e . 9 3 0 g m ; c ' c r  ' j  

- c'. ' - 6  , 



I I . .  FIGURE . A - 5  .: > . .  - . .  i : l .  ' . *  . . 

EFFEZT OF S~NTERING TIME AT 17500 c ON GRAIN GROWTH I; T ~ O ~  PELLE.T..S 
FABRICATED FROM POWDER. LOT 1 3 6 ,  MICRONIZED, AS-RECEIVED, SLURRY 
AGGLOMERATED WITH 1.75 w/o CARBOWAX -0 .2  w/o STEROTEX (ADDED DRY 

4ND PRESSED TO A GAEEN TARGET DENSITY-.OF 57010 

I 1 I I I I I I I I I I 1 

POWDER SURFACE AREA ='8 10 m 2 / g m  0 
PRETREATMENT 925OC - 3  HRS - C 0 2  

NO-AT ON NO, SYNTERING TIME,  
GREEN DENSITY, SINTERED 
DENSITY 

2-6, 2 2  i R S  I@ I75O0C 
G D = 5  8 5 7  g m / c c  
SD=- 

- SD = 3 5 9 8  g m / c c  
00 0 

X 
2-11, 5 HRS, GD=5 7 8  gm!cc', SD = S S I O  gm/CC 

0000 0  x 

XTXO@XBX x O X  X ~ I - O A B  

n o  A n 

nn a n 
'. A . 2-9 ,  1-1/2 H?S 

GD= 5 7 9  g m l c c  
GD = 5 81  g m / c c  - 
SD = 9 4 9 1  gm!cc 

- I I I I I I I I I I I I I I I I I I 1 I I I I I 



FIGURE A-6 

EFFECT OF SlNTERlNG BIME,AT 1750°C .ON GRAIN GROWTH IN ThoE PELLETS FABRICATED 
FROM POWDER LOT 136 A I R  CALCINED AT 11000 c FOR 48 HRS,MICRONIZED,SLUR.RY, 

kGGLOMERATED WITH 1.75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND PRESSED 
TO A GREEN TARGET DENSITY OF 5 7  % 



FIGURE ).-7 . 

EFFECT OF SINTERING TIME AT 1750°C ONGR'AIN GROWTH IN Tho2 PELLETS FABRICATED FROM 
POWD'ER LOT 13'5, MlCRONIlZED, AS-RECEIVED, SLURRY AGGLOMERATED WITH 1.75 W/O CARBOWAX- 

0.2  w/o STEROTEX-(ADDED DRY) AND PRESSED TO A GREEN TARGEFDENSIT.Y :OE'61%.' - .  . 
. , , -  5 

'< . 

, . 

z > 
w 

POWDER :,URFPCE AREA.  = 8.1 m2/gm Z 
P R E T R E A - M E N F :  9 2 5 ' C - ' 3  HRS - C02 7 

I-' 
. NOTATION: NO., SllJTERlNG TIME, GREEN DENSITY, w P 

SINTERED DENSITY  P 

3 D  = 6.16 gm/cc 
SD = 9 . 7 9 9  gm/cc 

2 - 2 3 ,  5 HRS;@ 1750' C. 
3 0  = 6 . 2 0  gm/cc 

=. 9 . 7 4 7  gm/cc 

A A 0 0 0  0 

2-15, 0 H R S  @ . 1 7 5 0 ° C .  
GO = 6 . 1  3 gm/cc 
SO = 9 . 6 7 4  gm/cc 

S D  = 9 . 6 3 4  gmrcc 



FIGURE A-8 

EFFECT cF SlNTERlNG TIME AT 1750°C ON GRAIN GROWTH IN T h o 2  PELLETS FABRICATED FROM 
POWDER LOT 136 AIR CALCINED AT 1100°C FOR 48 HRS, MICRONIZED, SLURRY AGGLOMERATED WITH 

'1.'75 W/O: CARBOWAX-0.2 W/O STEROTEX (ADDED DRY 1 AND. PRESSED TO A GREEN DENSITY OF 61 % 

4 . . I 1 1 . 1  I I I I I I I  I I I I I I  I I I I I I I I  
-. 



. FIGURE A-9 . . 

EFFECT OF PRESSED DE.NSITv ON GRAIN GROWTH IN T ~ O ~  PE.LLE.TS';PRESSED 
FROM MICRONIZED, AS-RECEl*D PONDER LOT 096 SLURRY AGGLOMERATED WITH 1.75 w / o  

CARBOWAX-0.2 w/o  STEROTEI: (ADDED DRY)AND SINTERED AT 1750°C FOR 12 HRS 

I- 
0 0 00  '0 . 

. . POWQBR SURFACE-AREA:: 10.28 rn2/gm . . . . . .  . . . .  . PRETPEATMENT: 9 2 5 9 C - 3  HRS-.Cop 

13 

. . . . 
, . . . .  

. . .  - . .  



. . 
FIGURE A-lo . . 

EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN T h o 2  PELLETS'PRESSED FROM 
1100° C - 48 H R S  AIR CALCINED, MICRONIZED POWDER LOT 096 SLURRY AGGLOMERATED WITH 

1.75 w/o CARBOWAX-0 .2  w/o STEROTEX (ADDED DRY)  AND S INTERED AT 1750°C FOR 12 HRS 

C PClWDER SURFACE A R E A :  5.29 m 2 / c m  

4 P P E T R E . 1 T M E N T :  925O C - 3 I i R S  - C 0 2  

I NOTATION:  NO., GREEN DENSITY,  S I N T E R E D  DENSITY 

c > 

7 
I-' 
W 
I- I-' 



FIGURE A-11 

EFFECT OF PRESSED DENSITY ,ON GRAIN GROWTH IN T ~ O ~  PELLETS PRESSED 
FROM M IC.RONIZE0 AS.-RECEIVED P3WDER LOT 136 SLURRY AGGLOME.RATE0 WITH 1 .75  W/O 

CARBOWAX -0. .2 w / o  STEROTEX (A.DDED DRY) AND SINTERED AT 17'50° C FOR 12 HRS 

em 

' 0 0  

2 -29 ,6 .03  gm/cc . 

2-1'3,6.l€ gmlcc, 

POWDER SURFACE AREA -8 .10  mZ/gm 
PRETPERTMENT : 925 C - 3 HRS - C 0 2  

. . . .  

2 -25 ,5 .64  gm/cc ,9 .545  gm/cc 

I 0 NOTATION: NO;,GREEN DENSITY 
SINTERED DENSITY 4 

5 
Q 
I-' 
W 
I-' P 



FIGURE .A-12 
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN T ~ O ~  PELLETS PRESSED 

FROM AIR CALCINED l lOO°C-48  HRS, MICRONIZED POWDER .LOT 136, SLURRY AGGLOMERATED WITH 
1.75 w!o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750°C FOR 12 HRS 

NOTATION: NO., GREEN DENSITY, 
SINTERED DENSITY 1 




