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PART I, STORED ENERGY ' : , ,. . 
, 

, '  ' 

F. P. ~ o b e r t s ,  G. H. ~ e n k s  and' c'. D.  ~o~~ 
' ,  ' - 

. . 

1 .  INTRODUCTION 

I n v e s t i g a t i o n  o f  r ad ia t i on - i nduced  s t o r e d  energy i n  s o l  i d i  f i e d  h igh-  

l e v e l  power r e a c t o r  waste i s  p a r t  o f  t h e  ongoing Waste F i x a t i o n  Program a t  

B a t t e l  l e y  P a c i f i c  Northwest Laborator ies. .  One goa l  o f  t h i s .  program i s .  t o  . 

f u l l y  c h a r a c t e r i z e  t h e  p o t e n t i a l  s o l i d  forms i n  which t h e  h i gh - l eve l  waste 

I may be incorpora ted .  

Knowledge o f  t h e  thermal c h a r a c t e r i s t i c s  o f  t h e  s o l i d i f i e d  wastes i s  

impo r tan t  i n  develop ing containment, t r a n s p o r t a t i o n ,  s torage,  and d isposa l  

systems. O f  p a r t i c u l a r  concern a r e  t he  s a f e t y - r e l a t e d  aspects o f  these sys- 

tems. Al though s t o r e d  energy i s  n o t  g e n e r a l l y  b e l i e v e d  a se r i ous  hazard, a  

f u l l  understanding o f  t he  amount o f  energy i n v o l v e d  and o f  the  annea l ing  

behavior  i s  necessary f o r  a  comprehensive s a f e t y  eva lua t i on .  I f  the  quan-. 

t i t y . o f  s t o red  energy i s  l a r g e  and t h e  re l ease  r a t e  h igh,  t h e  temperature 

r i s e  r e s u l t i n g  f rom a re l ease  cou ld  be excess ive w i t h  r e s p e c t  t o  t h e  e f f e c t s  

o f  h i g h  temperatures on t h e  i n t e g r i t y  o f  t h e  waste-conta iner  and on t h e  

phys i ca l  and chemical  p r o p e r t i e s  o f  t h e  s o l i d  wastes. A lso,  f o r  ve ry  r a p i d  

temperature inc reases  t h e  r a p i d  re l ease  o f  mechanical energy accompanying 

t h e  sudden temperature r i s e  i n  t h e  wastes m igh t  be o f  concern. The amount 

of r a d i a t i o n  energy which i s  s t o red  a t  r e l a t i v e l y  low waste-temperatures 

i s  o f  p a r t i c u l a r  i n t e r e s t  s i nce  t h e  wastes w i l l  be s to red  i n  c a n i s t e r s  i n  

water  bas ins  f o r  some t e n  years  a f t e r  reprocess ing,  and s i nce  r a p i d  

increases i n  temperature t o  e f f e c t  r a p i d  re l ease  o f  s t o red  energy migh t  . 

occur d u r i n g  removal and/or t r a n s p o r t  o f  t he  c a n i s t e r s  t o  another  l o c a t i o n .  

Storage o f  energy a f t e r  b u r i a l  i n  a  r e p o s i t o r y  i s  a l s o  o f  i n t e r e s t ;  aga in  

f rom t h e  s tandpo in ts  o f  c r e a t i o n  of excess i ve l y  h i g h  temperatures and o f  

r a p i d  f o rma t i on  of mechanical energy upon sudden re l ease  of t he  s to red  

energy. 



A s tudy  was undertaken j o i n t l y  a t  B a t t e l  l e ,  P a c i f i c  Northwest Labora- 

t o r i e s ,  and Oak Ridge Na t i ona l  Labora to ry  t o  exper imenta l  l y  determine, 

under va r i ous  s to rage  c o n d i t i o n s ,  t h e  amounts o f  s t o red  energy and i t s  

, re lease behavior  f o r  severa l  d i f f e r e n t  s o l i d i f i e d  waste forms which a r e  

under i n v e s t i g a t i o n  a t  PNL. Th i s  work i s  r epo r ted  i n  t h i s  paper. 

Rad ia t i on  damage r e s u l t i n g  i n  s to red  energy i s  expected t o  be pro-  

duced ma in l y  by c o l l i s i o n  processes r a t h e r  than i o n i z a t i o n . '  I n  t h e  s o l i d i -  

' f i e d  waste t h e  damage w i l l  be induced c h i e f l y  by t he  a l p h a - r e c o i l s  f rom 

decay o f  t h e  a c t i n i d e  elements. Thus,' t h i s  s tudy  was designed t o  s imu la te  

t h e  e f f e c t s  o f  a lpha decay. Th i s  was done by i n c o r p o r a t i n g  a lpha e m i t t i n g  

2 4 4 ~ m  i n  s y n t h e t i c  wastes and by neu t ron  i r r a d i a t i o n ,  which i s  expected t o  

produce damage s i m i l a r  ' to  a lpha decay. 

The work i n v o l v i n g  a lpha i r r a d i a t i o n s  i s  ~ n - ~ o i n ~ .  The c o n t i n u i n g  

program w i l l  extend t h e  s to red  energy data t o  a lpha doses equ i va len t  t o  
4 

h i gh - l eve l  waste s to rage  pe r i ods  beyond 10 y .  



2.0 SUMMARY 

The bu i l dup  and re l ease  behavior  o f  r ad ia t i on - i nduced  s to red  energy 

was i n v e s t i g a t e d  f o r  severa l  s y n t h e t i c  s o l i d i f i e d  h i g h - l e v e l  waste forms 

w i t h  t h e  o b j e c t i v e s  o f  e v a l u a t i n g  t h e  p o s s i b i l i t i e s  o f  sudden re l ease  o f  

t h e  s to red  energy, and t h e  hazards t o  t h e  sa fe  hand l ing  and containment c f  

t h e  waste which m i g h t  r e s u l t  f rom a  sudden re l ease .  The waste forms i nc l uded  

two b o r o s i l i c a t e  g l ass  f o rmu la t i ons ,  c a l c i n e ,  c a l c i n e  on A1203 and a  h o t  

press compact o f  50% waste oxide-50% quar tz .  Fused s i l i c a  and A1203, w i t h o u t  

waste oxides, were a l s o  i n v e s t i g a t e d .  The average heat  c a p a c i t i e s  o f  some 

o f  t he  m a t e r i a l s  were a l s o  measured t o  determine whether t he  r a d i a t i o n  damage 

a f f e c t e d  t h i s  p rope r t y .  

The m a t e r i a l s  were i r r a d i a t e d  e i t h e r  by i n t e r n a l  a lpha r a d i a t i o n  (by 

i n c o r p o r a t i n g  2 4 4 ~ m  i n  t h e  s o l i d )  o r  by neu t ron  i r r a d i a t i b n  i n  ORR. The 

i r r a d i a t i o n s  s imu la ted  t he  e f f e c t s  r e s u l t i n g  f rom s e l f - i r r a d i a t i o n  o f  t h e  

waste f o r  s to rage  pe r i ods  up t o  n e a r l y  1000 years  f o r  wastes f rom PWR-U02 

f u e l  [ equ i va len t  t o  pe r i ods  of ,b 10 years  f o r  mixed wastes f rom U O ~  f u e l  

(2 /3)  and p lu ton ium r e c y c l e  f u e l  (1 /3) ] .  

The re l ease  o f  t h e  s to red  energy was measured bo th  by d i f f e r e n t i a l  

scanning c a l o r i m e t r y  and by reverse  drop c a l o r i m e t r y .  The heat  c a p a c i t i e s  

o f  t h e  va r i ous  m a t e r i a l s  were ob ta ined  by reve rse  drop c a l o r i m e t r y .  

The r e s u l t s  o f  t h i s  s tudy  showed t h a t  t h e  amounts of s t o red  energy 

which may be accumulated d u r i n g  a  p e r i o d  o f  about 10 years  a t  r e l a t i v e l y  

low s to rage  temperatures f o l l o w i n g  reprocess ing  a r e  such t h a t  o n l y  moderate 

temperature increases (< 200°C), i n  t h e  wastes would occur i n  t he  event  o f  

sudden re l ease  o f  t h e  s to red  energy. E x t r a p o l a t i o n  o f  t h e  r e s u l t s  t o  

l onge r  s to rage  t imes i n  a  geo log ic  r epos i  t o r y  toge ther  wi  t h  cons ide ra t i ons  

o f  a v a i l a b l e  t h e o r e t i c a l . a n d  exper imenta l  i n f o r m a t i o n  i n d i c a t e d  t h a t  sa tu ra -  

t i o n  o f  energy s to rage  would occur  a t  50 c a l / g  o r  l e s s  f o r  each of t h e  

waste types; t h e  AT corresponding t o  r e l ease  o f  50 c a l / g  would be about 

250° f o r  most of t h e  waste types.   he r e s u l t s  of t h e  exper imenta l  s t ud ies  



a l s o  showed no apparent  way i n  which a  sudden re l ease  cou ld  occur  except  , 

as a  r e s u l t  of sudden l a r g e  inc reases  i n  waste temperature caused by a  hea t  

source o t h e r  than  t h e  s to red  energy. 

I t  was es t imated  t h a t  sudden b u t  t r a n s i e n t  increases i n  waste tempera- 

t u r e s  o f  up t o  200°C f o l l o w i n g  low temperature s to rage  o r  o f  up t o  250" 

d u r i n g  l ong  term r e p o s i t o r y  s to rage  would have no ser ious  adverse e f f e c t s  

on t h e  waste con ta ine r  o r  on t he  phys i ca l  and chemical p r o ~ e r t i e s  o f  t h e  

wastes. The maximum l i n e a r  expansion o f  wastes which would r e s u l t  f rom a '  

AT o f  250°C would be about  0.1%. The s t e e l  w a l l s  of t h e  waste c a n i s t e r  

would e a s i l y  accommodate t h e  s t r e s s  f rom t h i s  amount o f  expansion on t h e  

d iameter  and volume o f  t he  wastes. 

There were no app rec iab le  r a d i a t i o n  e f f e c t s  on hea t  c a p a c i t i e s .  

2.1 BOROSILICATE GLASS 

The bu i l dup  o f  s t o r e d  energy i n  t h e  a lpha i r r a d i a t e d  Cm-spiked boro- 

s i l i c a t e  g l ass  d i d  n o t  reach  s a t u r a t i o n  a t  i r r a d i a t i o n  temperatures o f  23°C 

and a lpha.  doses o f  up t o  1.35 x 1018 a/g. However, t h e  inc rease  o f  s t o red  
17 energy w i t h  dose was v e r y  small. f o l l o w i n g  a  dose o f  about  6 x  10 a/g 

(and a  s to red  energy o f  about  20 c a l / g ) .  L i nea r  e x t r a p o l a t i o n  o f  the  e x p e r i -  

mental  r e l a t i o n s h i p  between s to red  energy and dose i n  t h e  dose range 'above 
6 6 x  1017 a/g i n d i c a t e d  about  35 c a l / g  s to red  energy a t  10 years  a f t e r  b u r i a l  

f o r  t h e  re fe rence  3.3% enr iched  U02 f u e l  [ o r  a t  Q 30,000 years  f o r  mixed 

wastes f rom U02 f u e l  (2 /3)  and p lu ton ium r e c y c l e  f u e l  1 /3 ) ] .  Neutron i r r a -  

d i a t i o n s  produced an apparent  s a t u r a t i o n  a t  about  20 c a l / g  a t  doses equiva- 

l e n t  t o  about 20 years  s to rage  o f  t h e  waste f rom t h e  U02 f u e l .  

The amount o f  s t o red  energy accumulated by t h e  b o r o s i l i c a t e  g lass  was 

dependent on t h e  i r r a d i a t i o n  temperature o r  s to rage  temperature.  Specimens 

i r r a d i a t e d  a t  250°C con ta ined  o n l y  o n e - t h i r d  as much s to red  energy as those 

i r r a d i a t e d  a t  room temperature.  The r e s i d u a l  s t o red  energy i n  i r r a d i a t e d  

specimens s to red  a t  e l eva ted  temperature showed a  l i n e a r  decrease w i t h  

i nc reas ing  s to rage  temperature.  No s to red  energy was de tec ted  i n  specimens 

s to red  a t  350°C o r  h igher .  
1 



Release'  r a t e  da ta  showed t h a t  t h e  s to red  energy i s  r e 1  eased gradual l y  

.on hea t i ng  t h e  specimens. The i n i t i a l  r e l ease  was observed 75" t o  100" 

above t h e  i r r a d i a t i o n  o r  s to rage  temperature and was complete a t  about 600°C. 

The maximum re lease  r a t e  occur red  about 450°C. There were no sharp peaks 

i n  t h e . r e l e a s e  r a t e  curve.  

2.2 CALCINE AND A120 -3 

I n t e r p r e t a t i o n  of  t h e  c a l o r i m e t r i c  measurements of  t h e  neu t ron  i r r a -  

d i a t e d  c a l c i n e  and c a l c i n e  on A1203 spheres was compl i ca ted  by i r r e v e r s i b l e  

r e a c t i o n s  which r e s u l t e d  i n  en tha lpy  changes u n r e l a t e d  t o  s t o r e d  energy. 

However, t h e  l a r g e s t  observed n e t  en tha lpy  change was 25 c a l / g  a t  9 7 5 " ~  f o r  

t h e  c a l c i n e  and 15 c a l / g  a t  714°C f o r  t he  c a l c i n e  on A1203. The c a l c i n e  on 

A1203 appeared t o  have reached s a t u r a t i o n  a t  t h e  l owe r  o f  t h e  two neu t ron  

doses. 

The A1203 had n o t  reached s a t u r a t i o n  a t  t h e  h i g h e s t  neu t ron  dose, and 

complete re l ease  was n o t  a t t a i n e d  a t  988°C--the h i g h e s t  c a l o r i m e t e r  tempera- 

t u r e  used. From t h e  data we ob ta ined  and t h a t  o f  e a r l i e r  workers, i t  was 

concluded t h a t  s t o red  energy may reach a t  l e a s t  50 c a l / g  a t  ve ry  h i g h  doses 

and a t  i r r a d i a t i o n  temperatures o f  about  100°C. 

2.3 HOT-PRESS COMPACTS AND FUSED SILICA 

Neutron i r r a d i a t i o n  o f  m a t e r i a l  formed by h o t  p ress ing  50-50 m ix tu res  

o f  c a l c i n e  and qua r t z  showed n e t  en tha lpy  changes of 30 t o  34 c a l / g ,  appar- 

e n t l y  t h e  s a t u r a t i o n  value. As w i t h  t h e  c a l c i n e  and c a l c i n e  on A1203, i r r e -  

v e r s i b l e  changes occurred on heat ing.  Decomposit ion caused gas f o rma t i on  

a t  h i g h  temperature and l i m i t e d  c a l o r i m e t e r  ope ra t i on  t o  below 840°C. 

Measurements on 100% fused  s i l i c a  showed t h a t  t h e  s t o r e d  energy 

reached s a t u r a t i o n  d u r i n g  t h e  neu t ron  i r r a d i a t i o n s  and gave a  s t o r e d  energy 

r e l e a s e  o f  35 c a l / g  a t  1000°C. 



3.0 COMPOSITION OF HIGH-LEVEL WASTE 

3.1 RADIOACTIVE COMPOSITION 

R a d i o a c t i v i t y  i n  t h e  h i  gh-1 eve1 wastes comprises mos t l y  . t he  f i s s i o n  

p roduc ts  which decay by be ta  emiss ion accompanied by gamma.photons and t he  

a c t i n i d e  elements w i t h  t h e i r  assoc ia ted  .descendents. I n  genera l .  the a c t i -  

n ides  decay by  a1 pha emissions and t o  a. much sma l l e r  extent, '  tiy: spontaneous . . 

f i s s i o n ,  p roduc ing  neut rons and f i s s i o n  fragments. Neutrons a r e  a1 so gen- 

e r a t e d  by  a, n  reac t i ons .  

The a c t u a l  spectrum and i n t e n s i t y  o f  t h e  r a d i o a c t i v i t y  i n  a  waste . . 
depend on t h e  type  o f  fue l  and on i t s  r e a c t o r  exposure h i s t o r y .  The types 

o f  fue ls  of p r i n c i p a l  concern t o  waste management today are '  t he  1 i g h t  wa te r  

r e a c t o r  f u e l s  w i t h  and . w i t h o u t  p l u ton ium r e c y c l e  (LWR), h i g h  temperature 

gas-cooled r e a c t o r  f u e l  s  (HTGR) , and. 1  i q u i  d  metal f,as t breeder  r e a c t o r  f u e l  s  

(LMFBR). Approximate amounts i n  c u r i e s  and wa t t s  o f  f i s s i o n  products  and 

a c t i n i d e s  ( thor ium,  uranium, neptunium, p lu ton ium and t r ansp lu ton ium .elements 

i n c l u d i n g  daughters)  f o r  these f o u r  t ypes  o f  f u e l s . a r e  shown i n  Table 1 ( 1 )  

a t  c o o l i n g  t imes o f  10, 100 and 1000 ,years.  

Only t h e  LWR p l a n t s  a r e  i n  commercial ope ra t i on  today. F i g u r e  1 shows 

t he  alpha,, beta and neu t ron  dose accumulat ion versus t ime i n  t he  wastes from 

a LWR. The da ta  were c a l c u l a t e d  us ing  ORIGEN,(~) a  v e r s a t i l e  code f o r  so l v -  

i n g  r a d i o a c t i v e  growth and decay equat ions.  The va lues a r e  based on a r e a c t o r  

ope ra t i ng  a t  26.4 MW/MT and a burnup o f  33,000 MWd/MT. Curves a r e  presented 

bo th  f o r  a  U02 f u e l  o f  3.3% enr ichment and f o r  t he  p lu ton ium f r a c t i o n  o f  a  
.. . 

mixed-oxide p lu ton ium- recyc le  f u e l  w i t h  3 .5% enr ichment.    he' s,pent f u e l  was 

assumed t o  be processed 150 days a f t e r  d ischarge  w i t h  a  0.5% uranium and 

p l  u t o n i  um l o s s  t o  t h e  h i gh - l eve l  waste. 

3.2 CHEMICAL COMPOSI.?ION OF'  WASTES ' . . . 

The r e a c t o r  f u e l s  a r e .  t o  be processed-. by chemical  d i s s o l  u t i o n  and so l  - 
ven t  e x t r a c t i o n  t o  recover .  the  uranium and p l  u,tonium va l  ues. The h igh - l eve l  



TABLE 1. R a d i o a c t i v i t y  i n  High-Level Wastes (a  > 
LWR-U LWR-PU HTGR 

 mount/^^ AmountIMT A~OU;~/MT 
Cur ies Watts Cur ies  Watts Cur ies Watts 

F i s s i o n  'products 

10 years  3.2x105 1 . 0 2 ~ 1 0 ~  2.8x105 8.7~10' 9 . 9 ~ 1 0 ~  3 .2~10  3 

100 years  3 . 5 ~ 1 0 ~  1.05x102 3 . 0 ~ 1 0 ~  88 1 .1x105 3 . 3 ~ 1 0  2 

1000 years  17.9 0.01 2 18.5 0.012 44 0.026 

A c t i n i d e s  ( b )  

10 years  2:5x1 o3 71 3.8x104 1 . 2 3 ~ 1 0 ~  1.1x104 2 . 6 ~ 1 0 ~  

100 years  4 . 3 ~ 1 0  10.2 4 . 1 ~ 1 0 ~  1 . 0 ~ 1 0 ~  3 . 9 ~ 1 0 ~ ' 1 ~ . 7 ~ 1 0 ~  - 
1000 years  98 3.7 8 . 2 ~ 1 0 ~  21.1 3 . 9 ~ 1 0 ~  10.0 

Reactor Power 3 0 30 6 5 
Level ,  MW/MT 

Fuel Burnup, 33000 
MWd/MT 

Time o f  Processing, 15'0 
Days a f t e r  Di s- 
charge 

LMFBR 
 amount/^^ 

Cur ies  . Watts 

a. Data taken f rom Reference 1. 
b. Assumes 0.5% f u e l  l o s s  t o  waste. 



FIGURE l a .  Alpha Dose t o  Wastes 

TIME AFTER PROCESSING, year 

IlME AFTER PROCESSING, year 

FIGURE l b .  Neutron Dose t o  Wastes 

FIGURE l c .  Beta Dose t o  Wastes 



waste from the  processing i s  'accumulated as an a c i d i c  s o l u t i o n  conta in ing  

the  f i s s i o n  products, t ransplutonium elements and a small f r a c t i o n  of the  

uranium and plutonium. The wastes a1 so i nc l  ude process chemical s, cor ros ion  

products and p a r t  o f  the f u e l  c ladding. Typical  expected composit ions o f  

the aqueous wastes f rom var ious r e a c t o r  types are shown i n  Table 2. Actual 

composit ions w i l l  depend l a r g e l y  on the recovery and waste hand1 i n g  pro- 

cesses used which w i l l  i n f l u e n c e  the amount o f  process chemicals and cor ro-  

s ion  products. 

S o l i d i f i c a t i o n  o f  t h e  aqueous wastes may be done by c a l c i n a t i o n  o r  con- 
. . 

vers ion  t o  mono1 i t h i c  ceramic o r  glass. Spray, p o t  and f l u i d i z e d  bed c a l -  

c i n a t i o n  processes have been developed f o r  prepar ing s to rab le  forms. A l t e r -  

n a t i v e l y ,  t h e  ca l c ines  can be converted t o  mono l i t h i c  forms .by me l t i ng  w i t h  

f l u x i n g  agents. The me1 t-making' f l  uxes inc lude phosphates, borophosphates, 

s i l i c a t e s ,  b o r o s i l i c a t e s  and borates. The composit ions o f  the  s o l i d i f i e d  

forms evaluated i n  t h i s  s tudy are  discussed f u r t h e r  i n  Sect ion '  5.1. 



TABLE 2. Typ ica l  M a t e r i a l s  i n  High-Level L i q u i d  Waste ( 3 )  

h l a t e r i a l  (1.1 

Reprocessi  nq 
Chemi ca 1  s Hydrogen 

I r o n  
? l i c ke l  
C hromi irnl 
S i  1  i c o n  
L i  th iun i  
Boron 
Molybdenum 
A1 umi nun1 
Copper 
Bora te  
Hi  t r a  t e  
Phosphate 
S u l f a t e  
F l u o r i d e  

Sub- t o t a  1  

Fuc l  Pr d u c t  
LossesPf.9) - Uran i  urn 

Tho r i  urn 
p lu ton ium 

Grams/MT f rom Reactor  Type ( a )  

Sub- t o t a  1  4,840 5,450 4,800 

Transuranic  ' . 
~l el!lenf,s ( s )  Neptunium 480 1,400 . 260 

Amer i c i um. 140 30 1,250 
Cur i  um 40 10 5  0  

Sub- t o t a l  660 1  ,440 1,560 

Other  ~ c t i n i d e s ( 9 )  (0.001 20 <0.001 

To ta l  F i s s i o n  Products  ( h )  28,800 79,400 33,000 

TOTAL 103,000 538,000 41 9,000 

a.  ,Water c o n t e n t  i s  n o t  shown; a1 1  q u a n t i t i e s  a r e  rounded. 
b. Most c o n s t i t u e n t s  a r e  p resen t '  i n  so l ub l e ,  i o n i c  form. 
c. U-235 en r i ched  PWR, us i ng  378 l i t e r s  o f  aqueous waste pe r  m e t r i c  ton ,  33000 

MWd/MT exposure. ( I n t q g r a t e d  r e a c t o r  power i s  expressed i n  megawatt-days 
[MWd] p e r  u n i t  o f  f u e l  i n  m e t r i c  tons  [MT].) 

d. Combined waste from separa te  reprocess inq  o f  " f r e s h "  f u e l  and f e r t i l e  p a r t i c l e s ,  
us i ng  3,785 l i t e r s  of anueous waste per  m e t r i c  ton,  94,200 blMd/MT exoosure. 

e. Mixed co re  and b l a n k e t ,  w i t h  boron as s o l u b l e  po ison,  10% o f  c l a d d i n g  d i s so l ved ,  
1,249 1  i t e r s  per  m e t r i c  ton,  37,100 MI.ld/MT averanc! exposure. 

f .  0.5% p roduc t  l o s s  t o  waste. 
q. A t  t ime  o f  rep rocess ing .  
h. V o l a t i l e  f i s s i o n  p roduc ts  ( t r i t i u m ,  nob le  qases, i o d i n e  and b r o r ~ i n e )  excluded. 



4.0 THEORETICAL CONSIDERATIONS 
, .  . .. . . . 

. .. - ,  

. . . . 
. . 

The p r i n c i p a l  nuc lea r  r a d i a t i o r i s -  formed w i t h i n  h i gh - l eve l  'wastes a r e  
. . .. . . 

a1 pha-RNs ( r e c o i l  i l i g  p roduc t -nuc le i  formed i'n a 1  pha d i s i n t e g r a t i o n s ) ,  'a lphas ,' 
. " .  . . .  . - 

betas, and gammas. There a r e  'a1 so r e 1  at.itvely smal l  numbers o f '  f i s s i o n s  and 
. . 

neut rons formed w i t h i n  t'he wastes'. . 
I 

4.1 RELATIVE DAMAGING EFFECTS OF DIFFERENT RADIATIONS FORMED 

AND ABSORBED WITHIN .RADIOACTIVE .WASTES ..  . , - 
' . . .  . . . 

Nuc lear  r a d i a  t i d n s  b r i n g  about  changes, o r  hamage, i n  waste-type ox ides 

ma in ly  by caus ing  displacement o f  atoms f rom t h e i r  normal l a t t i c e  pos i t i ons .  

With t h e  p r i n c i p a l  r a d i a t i o n s  .mentionecl ab.ove, t h i s .  d is,pl  acement r e s u l  t s  

mos t l y  f rom t r a n s f e r  o f  energy by e l  a s t i c - c o l l  i s  i o n  between t h e  nuc lea r  'pro- 

j e c t i l e  a-nd atoms i n  t h e  oxides. * (4)  Very energe t i c ,  heavy p a r t i c l e s  i u c h  

as f i s s i o n  fragments a l s o  cause l o c a l  d i s o r d e r  by i n t e n s e  i o n i z a t i o n  and/or 

hea t  d i s s i p a t i o n  a long  t h e  p a r t i c l e  t r a c k .  (5  

The f r a c t i o n  o f  t h e  energy o f  a  p a r t i c l e  which can be d i s s i p a t e d  i n  

damage-producing e l a s t i c  c o l l i s i o n s  i n  a  g iven  m a t e r i a l  depends upon t he  

mass and energy o f  t h e  p a r t i c l e .  Some c a l c u l a t e d  values f o r  t he  energies.  

thus  . d i s s i p a t e d  by each o f  t he  severa l  k i nds  o f  r a d i a t i o n s  i n  s o l i d i f i e d  

waste a r e  l i s t e d  i n  Table 3. Footnotes i n d i c a t e  t h e  methods and assumptions 

used i n  t h e  c a l c u l a t i o n s .  The assumptions 1  i s t e d  under f o o t n o t e  b  . regard ing  

mechanisms o f  energy losses  above and below Ei** a r e  n o t  comple te ly  v a l i d ;  

Some o f  t h e  energy o f  ' the p r d j e c t i  l e  ii : d i s s i p a t e d  i n  c o l ' l  i s i o n  processes 

. . 
(6) above Ei and some i s  d i s s i p a t e d  i n  e l e c t r o n i c  i n t e r a c t i o n s  below Ei. 

For example, exper imenta l  and more accura te  t h e o r e t i c a l  s t ud ies  have shown 

t h a t  about 25% of t h e  energ ies  o f  alpha-RNs f rom Po, Thc, and Thc' i n  argon 

a r e  d i s s i p a t e d  i n  fo,rming i o n  p a i r s  i n  t h e  gas a1 though the,. energ ies  o f  

these a1 pha-RNs a r e  a1 1  l e s s  than  t h e  corresponding va lues o f  Ei. ( 7 )  The 

* The amount o f  energy t r a n s f e r r e d  must exceed some minimum va lue  t o  produce 
an i s o l a t e d  displacement s t a b l e  a g a i n s t  spontaneous recombinat ion. Th is  
energy Ed depends somewhat on t h e  i r r a d i a t e d  m a t e r i a l  . General l y  i t  i s  
b e l i e v e d  t o  be i n  t h e  range 25 t o  75 eV. 

** E .  i s  t h e  va lue  o f  E, o r  energy o f  t h e  p r o j e c t i l e ,  above which i t  i s  
alsumed t h a t  a l l  energy i s  l o s t  by e l e c t r o n i c  e x c i t a t i o n  and below which 

. 

none i s  l o s t  by e l e c t r o n i c  e x c i t a t i o n .  
4.1 



f i s s i o n  r e c o i l s  'comprise a spec ia l  case and r e q u i r e  spec ia l  c a l c u l a t i o n  

methods. (8) Desp i te  some p o s s i b l e  d e f i c i e n c i e s  i n  t he  c a l c u l a t i o n  methods 

f o r  t h e  va lues i n  Table 3, these upper l i m i t  va lues a r e  q u i t e  adequate f o r  

comparing r e l a t i v e  amounts o f  damage expected f rom d i f f e r e n t  r a d i a t i o n s  w i t h i n  

s o l i d i f i e d  wastes. These comparisons show t h a t  t h e  g r e a t  m a j o r i t y  o f  t h e  

i n i t i a l  de fec t  format ion w i l l  r e s u l t  from alpha-RNs w i t h i n  t h e  wastes. 

TABLE 3. Energy D iss ' ipa ted  i n  E l a s t i c  C o l l i s i o n s  by Var ious Nuclear  
Radiat ions,  'and Accumulat ions o f  E las t i c -Co l  1 i sion-Energ ies 
i n  Rad ioac t i ve  Wastes 

Cumulative Number Cumulative Amount o f  
o f  P a r t i c l e s  i n  Col 1  i s i o n  Energy 

Energy D iss ipa ted  wastes, (a)  Aged 12 and D i s s i p a t i o n  i n  wastes, ( a )  
Nuclear i n  E1asti.c 80 Years Aged 1 and 80 ears  
P a r t i c l e  C o l l i s i o n s ,  KeV (1 01 7/cm3) (10 f 9  KeV/.cm ! ) 

12 yr 80 y r  12 y r  80 yr  

a-RN (100 KeV) , l oo (b1  8.1 17.1 8.1 17.1 

a ( 6  MeV) 4 t o  8 (b 'c )  8.1 17.1 0.3 t o  0.6 0.7 t o  1.4 

8(>0.5 MeV; 
average = 1.5 MeV) <0.1 (d )  

~ i s s i o n  r e c o i l  5 0 0 0 ' ~ )  2  10-5(8) 4  10-5(g) 6.001 0.002 

a. For wastes from PWRs w i t h  U02 fuel ' ;  2  ft3 o f  waste per  MTHM. (9 

b. Assuming:(4, lo) T < E i ,  a l l  o f  the  k i n e t i c  energy o f  t he  p a r t i c l e  i s  d i s s i pa ted  
i n  e l a s t i c  c o l l i s i o n s  w i t h  absorber-atoms. T > E i ,  a l l  o f  the  k i n e t i c  energy 
o f  t h e  p a r t i c l e  i s  d i s s i p a t e d  i n  e lect romagnet ic  i n t e r a c t i o n s  w i t h  absorber- 
e lec t rons .  T = k i n e t i c  energy o f  p a r t i c l e s .  E i  = 0.001M2 MeV where M2 i s  ,the 
atomic weight  o f  t h e  p r o j e c t i l e .  

c. A lso  c a l c u l a t e d  f o r  waste-type ox ides us ing  t h e  method o f  K inch in  and Pease 
w i t h  E i  as g iven  above. I 

d. Based on conse rva t i ve l y  h i gh  est imates f o r  t h e  number. of displacements p r 
beta  article toae ther  w i t h  a  va lue o f  50 eV pe r  permanent displacement.!4) 

e. ~ e f e r e n c e  8. 
- 

f. I n d i c a t e d  b.y r epo r t ed  experimental  and t h e o r e t i c a l  va lues f o r  f i s s i o n  r e c o i  1  s  
i n  argon. ( 7 )  

g . Reference 1 1 . . . 



The d i s t r i b u t i o n  of r ad ia t i on - i nduced  de fec t s  w i l l  va ry  w i t h  the. k i n d  

of r a d i a t i o n .  The ranges o f  heavy p a r t i c l e s  . o f  a  g i ven  energy decrease w i t h  
. , 

i n c reas ing  atomic weight.*  Accord ing ly ,  . t h e ' i n i t i a l  damage w i l l  be . increas-  

i n g l y  more l o c a l i z e d  as t h e  atomic we igh t  o f  t he  p r o j e c t i l e  increases.  Beta 

and gamma r a d i a t i o n s  w i l l  produce more o r  l e s s  i s o l a t e d  de fec t s .  As men- 

t i o n e d  p r e v i o u s l y ,  v e r y  ene rge t i c ,  heavy p a r t i c l e s  may a l s o  cause l o c a l  d i s -  

o rde r  by inten'se. i o n i z a t i o n  and/oir heat  ' d i s s i p a t i o n  a long  ' the p a r t i c l e  t r a c k .  

~ o c a l  i z e d  d e p o s i t i o n  o f  energy by alpha-RNs may o r  may n o t  produce 

some damage which would n o t  be p resen t  w i t h  more even d i s t r i b u t i o n  o f  c o l -  

l i s i o n  energy. On t h e  one hand, i t  can be no ted  t h a t  mica and some o the r  

n a t u r a l l y  o c c u r r i n g  s i l i c a t e s  which c o n t a i n  smal l  amounts o f  uranium and 

thor ium can be chem ica l l y  e tched t o  d i s p l a y  t h e  paths o f  alpha-RNs where 

they i n t e r s e c t  f r e e  sur faces.  ( 5 )  T h e  maximum l e n g t h  of t h e  etched paths o f  

alpha-RNs i n  mica i s  about 100 i, and t h i s  l e n g t h  i s  about one-ha l f  t he  

c a l c u l a t e d  range o f  t he  p a r t i c l e s .  ( ~ 5 )  The increased chemical a c t i v i t y  i n  

t h e  m a t e r i a l  a long  an alpha-RN t r a c k  presumably r e s u l t s  f rom t h e  d i s o r d e r i n g  

of  t h e  atoms i n  t h i s  m a t e r i a l  durin.g passage. of t he  p a r t i c l e .  ( 5 )  The diame- 

t e r  o f  t h e  a c t i v a t e d  m a t e r i a l  a long  a  t r a c k  was n o t  es tab l i shed ,  so t h a t  

the  number o f  d i so rde red  atoms was a l s o  n o t  estab l ished.**  On t he  o t h e r  hand, 

i t  i s  known t h a t  t h e  s t r u c t u r e  o f  z i r c o n  i s  markedly a f f e c t e d  by f a s t  neu- 

t r ons  as w e l l  as by alpha-RNs f rom decay o f  uranium and t ho r i um when these 

elements a r e  con ta ined  i n  n a t u r a l l y  o c c u r r i n g  z i r con .  The changes i n  

s t r u c t u r e  can be f o l l o w e d  by measuring changes i n  d e n s i t y  as w e l l  as by x-ray 

and o t h e r  types o f  measurements. The e f f e c t s  o f  alpha-RNS and neutrons can 

be compared us ing  data f o r  a l p h a - ~ ~ s '  and neut rons repo r ted  by Ho l land  and 

G o t t f r i e d ,  ( I 3 )  and by Crawford and W i  t t e l  s, 4, r e s p e c t i v e l y .  The l a t t e r  
20 2  

repo r ted  t h a t  a t  t h e  h i g h e s t  f l uence  which they  s tud ied--2.8 x  10 /cm 

> 0.05 MeV f i s s i o n  spectrum--the decrease i n  d e n s i t y  was 4.2%. We es t imated  

t h a t  t h e  neu t ron  energy expended i n  c o l l i s ' i o n  processes w i t h i n  t h e  z i r c o n  

* For  example, t h e  r e p o r  ed mean ranges n .A lp03  o f  72 keV 1 2 5 ~ e  and 8 5 ~ r  
a r e  8.1 and 10.1 pg/cmI, r e s p e c t i v e l y . i 1 2 )  A t  t h e  same energy, t h e  ca lcu-  
l a t e d  range o f  , 2 3 4 ~ h  i s  5.5 pg/cm2'. ( 5 ) .  . 

** The etched f i s s i o n  fragment t r a c t s  i n  mica were r e p o r t e d  t o  be about 50 a 
and t o  have a  maximum l e n g t h  o f  about .20 p f o r  a  p a i r  o f  

in diamefgr The number o f  atoms i n  an etched t r a c k  o f  these dimensions r e c o i  1  s. 
i s  3  x  107. , 



was 10 t o  15 eV pe r  atom. (4 )  These va lues  a r e  i n  near agreement w i t h  t h e  

va lue  o f  12 eV pe r  atom o f  alpha-RN energy which n a t u r a l  z i r c o n  has su f f e red .  

a t  a  4.2% decrease i n  dens i t y . ( 4 )  Others have repo r ted  s i m i l a r  conc lus ions  

regard ing  t he  correspondence between e f f e c t s  o f  neut rons and alpha-RNs on 
( 4 )  z i r con .  . 

T.he n e t  r a t e  o f  de fec t s  fo rming  and accumulat ing d u r i n g  i r r a d i a t i o n  

depends on t h e  recombining and s t a b i  1  i z i n g  ( i n c l u d i n g  c l  u s t e r  f o rma t i on )  

r e a c t i o n s  o f  t h e  defects  as w e l l  as on t h e  i n i t i a l  r a t e  o f  fo rmat ion .  It 

i s  then  reasonable t o  expect  t h a t  the  n e t  r a t e  of  accumulat ion o f  damage 

w i l l  depend upon va r i ous  exposure v a r i a b l e s  i n c l u d i n g :  . Temperature - w i l l  i n f l u e n c e  d e f e c t  d i f f u s i o n  and r e a c t i o n  r a t e s .  . Type o f  r a d i a t i o n  - as d iscussed above, w i l l  i n f l u e n c e  t h e  d i s t r i -  

b u t i o n  o f  r ad ia t i on - i nduced  de fec ts .  . Rad ia t i on  i n t e n s i t y  (dose r a t e )  - t h e  equi  1  i b r i u m  between recombina- 

t i o n  and s t a b i l i z a t i o n  r e a c t i o n s  may be a f f e c t e d  by t h e  r a t e  a t  

which f r e s h  de fec t s  a re  i n t r oduced  i n t o  t h e  ' so l  i d .  Such e f f e c t s  

would be most 1  i k e l y  when more o r  i e s s  i s o l a t e d  de fec t s  a r e  pro-  

duced by t he  r a d i a t i o n s  (be ta  and gamma r a d i a t i o n s ) .  These e f f e c t s  

would be much l e s s  l i k e l y  when t h e  f r e s h  de fec t s  a r e  formed i n  

c l  u s t e r s  (a1 pha-RN and o t h e r  heavy p a r t i c l e  r a d i a t i o n s ) .  

Dose - t h e  number o f  accumulated de fec t s  w i t h i n  an i r r a d i a t e d  mate- 

r i a l  w i l l  depend upon dose, and t he  r e a c t i o n s  o f  f r e s h l y  formed 

d e f e c t s  may depend upon t h e  number o f  de fec t s  a l r eady  p resen t .  I n  

genera l ,  t h e  t o t a l  de fec t  d e n s i t y  which can be r e a l i z e d  a t  s a t u r a t i o n  
(8 1 i s  < 10%. 

4.2 COMPARISONS BETWEEN RADIATION DAMAGE I N  EXPERIMENTAL IRRADIATIONS AND 

I N  RADIOACTIVE WASTES 

4.2.1 2 4 4 ~ m - ~ p i  ked Glass Samples 

As shown i n  Table 3, most o f  t h e  r a d i a t i o n  damage i n  r a d i o a c t i v e  

wastes w i l l  r e s u l t  f rom alpha-RNs w i t h i n  t h e  wastes. The alpha-RNs f r om t h e  

2 4 4 ~ m  i n  t he  sp iked  s a m p l e s d u ~ l i c a t e d  these r a d i a t i o n s  i n  waste. 



The sp iked  samples d i f f e r e d  f rom a c t u a l  LWR-U02 waste i n  t h a t  dose r a t e s  

were h i ghe r  and t h e r e  were no beta-gamma r a d i a t i o n s .  On t h e  bas.is o f  , t he  

arguments i n  Sec t i on  4.1, we do n o t  expect  these  d i f fe rences  t o  app rec i ab l y  

a f f e c t  t h e  r e l a t i v e  amounts o f  s t o r e d  energy i n  t he  samples and wastes a t  

equal  alpha-RN doses.* A l so  i n  t h e  sp i ked  samples t h e r e  was no t r ansmu ta t i on  

o f  elements, which occurs  i n  a c t u a l  wastes as a  r e s u l t  o f  beta-decay o r  r a d i o -  

a c t i v e  elements.  However, i t  can be es t imated  t h a t  t h e  number o f  t ransmuta- 

t i o n s  w i l l  be smal l  compared t o  t h e  number o f  atoms which a r e  d i so rde red  i f  

app rec i ab le  amounts o f  r a d i a t i o n  energy a r e  s to red .  , F o r  example, t h e  c,hange 

. i n  e lementa l  spec ies composi t ion i n  r a d i o a c t i v e  wastes would be l e s s  than 

0.1% d u r i n g  t he  f i r s t  100 years  f o l l o w i n g  reprocess ing ,  w h i l e  about 5% o f  

t h e  atoms would be d i so rde red  when t h e  s t o r e d  energy corresponds t o  20 ca l / g ,  

i f  i t  i s  assumed t h a t  a  d i so rde red  atom has an energy o f  1  eV above t h a t  o f  

i t s  s t a b l e  p o s i t i o n  i n  t h e  l a t t i c e .  

4.2.2 Fas t  Neutron I r r a d i a t e d  Samples o f  S y n t h e t i c  Wastes 

Fas t  neut rons undergo e l a s t i c  c o l l i s i o n s  w i t h ,  and t r a n s f e r  energy t o ,  

atoms a long  t h e i r  paths.  The r e c o i l  atoms c o n s t i t u t e  ene rge t i c  p a r t i c l e  

r a d i a t i o n s  w i t h i n  t h e  neu t ron  i r r a d i a t e d  m a t e r i a l .  The r e c o i l s  w i l l  simu- 

l a t e  alpha-RN r a d i a t i o n s  i f  t he  e l a s t i c  c o l l i s i o n  e n e r g y - d i s s i p a t i o n  per  

u n i t  path, and t h e  l e n g t h  o f  pa th  over  which t h i s  energy i s  d i ss i pa ted ,  a re  

comparable t o  those o f  alpha-RNs i n  t h e  m a t e r i a l .  These c o n d i t i o n s  a re  

approximated reasonably  w e l l  by p a r t  o f  t he  r e c o i l s  of t h e  atoms o f  f i s s i o n  

p roduc t  elements w i t h i n  t h e  wastes. The atomic  we igh ts  o f  these elements i n  

t h e  s y n t h e t i c  waste samples f a l l  mos t l y  i n t o  two broad groups rang ing  f rom 

87.5 ( S r )  t o  112.4 (Cd) i n  one group and f r om 127.6 (Te)  t o ' 1 5 7 . 3  (Gd) i n  

t h e  o t h e r .  Roughly 50 atom% o f  t h e  f i s s i o n . p r o d u c t  elements a r e  i n  each 

group. The more o r  l e s s  r e p r e s e n t a t i v e  va lues o f  Ei f o r  these groups a re  

0.095 and 0.14 MeV, r e s p e c t i v e l y ,  f o r  t h e  lower  and h i ghe r  atomic we igh t  

groups. These compare w i t h  alpha-RN energ ies  o f  about  0.1 MeV. The ranges 

* Most of t h e  energy o f  a lpha  p a r t i c l e s  i s  d i s s i p a t e d  i n  t h e  same way t h a t  
be ta  and gamma energ ies  a r e  d i s s i p a t e d ,  i . e . ,  by e x c i t a t i o n  and i o n i z a t i o n  
of bound e l e c t r o n s .  1n.LWR-Pu wastes, t h e  energy f r om abso rp t i on  o f  a lpha  
p a r t i c l e s  exceeds t h a t  f rom a b s o r p t i o n  o f  betas and gammas. ' I n  LWR-U 
wastes, t h e  a lpha  a b s o r p t i o n  energy i s  l e s s  than  10% o f  t h e  t o t a l  d u r i n g  
t h e  f i r s t  100 years  f o l l o w i n g  reprocess ing .  A t  l O O C  ye  r and longer ,  
t h e  a lpha  energ ies  exceed those o f  t h e  be ta  and gammas. '?95 



o f  0.1 MeV f i s s i o n  product element r e c o i l s  w i l l  be somewhat g reater  than 

those o f  alpha-RNs o f  the  same energy; about 75% and 35% greater ,  respec- 

t i v e l y .  Accordingly,  the  dens i t y  o f  co l l i s i on -ene rgy  d i s s i p a t i o n  along 

the  r e c o i l  t r acks  w i l l  be about 60% and 75% o f  t h a t  f o r  the  alpha-RNs. 

We assumed t h a t  these d i f fe rences would n o t  appreciably  a f f e c t  t he  r e l a -  

t i v e  amounts o f  s tored energy i n  the  samples and wastes a t  equal doses 
I 

o f  alpha-RN energy and o f  energy absorbed below Ei from pr imary r e c o i l s  
I , o f  f i s s i o n  product  elements formed w i t h  energies greater  than some minimum 

energy which i s  an appreciable f r a c t i o n  o f  the  alpha-RN energy. We a r b i -  

t r a r i l y  s e t  t h i s  minimum value a t  one- four th o f  the alpha-RN energy o r  

0.025 MeV. We compared these absorbed energy q u a n t i t i e s  i n  our est imates 

o f  the  r e l a t i v e  damaging e f f e c t s  o f  a g iven f luence o f  f a s t  neutrons t o  the 

syn the t i c  samples and o f  t he  alpha-RNs w i t h i n  r a d i o a c t i v e  wastes. 

Of course, many d isp laced atoms would be formed by r e c o i l s  which a re  

formed w i t h  pr imary energies l e s s  than 0.025 MeV i n  the  case o f  atoms o f  

f i s s i o n  product  elements and by r e c o i l s  o f  atoms o f  other ,  lower atomic 

weight,  elements inc luded i n  the  samples o f . s y n t h e t i c  wastes. These d i s -  

placements were neglected i n  our comparisons between r a d i a t i o n  e f fec ts  i n  

t h e  samples and expected e f f e c t s  i n  wastes.. 

The ra tes  o f  depos i t i on  o f  c o l l i s i o n  and e l e c t r o n - e x c f t a t i o n  energy 

were much h igher  i n  t he  neutron i r r a d i a t i o n s  than those which w i l l  p r e v a i l  

i n  wastes. From in fo rmat ion  discussed i n  Sect ions 4.1 and 4.2.1 we conclude 

t h a t  these d i f f e rences  would n o t  a f f e c t  t he  r e l a t i v e  amounts o f  s tored energy 

i n  t he  reac to r  samples and i n  t h e  wastes. 

The syn the t i c  samples were surrounded by 7.2 x l o z 1  atoms o f  1°~ /cm 
2 

dur ing  i n - p i l e  exposures. Accordingly,  any boron conta ined w i t h i n  the  syn- 

t h e t i c  samples d i d  no t  undergo any s i g n i f i c a n t  amount o f  absorpt ion o f  t h e r -  

mal o r  resonance neutrons. .Atoms o f  o ther  elements w i t h i n  the  syn the t i c  

samples d i d  undergo some n,y reac t i ons  w i t h  resonance energy neutrons. 

Using i n fo rma t ion  on resonance i n t e g r a l  cross sec t ions  ( I 5 )  and on the 

resonance f l u x  i n  the ORR core (about 1/10 the unperturbed thermal f l u x ) ,  

i t  can be shown t h a t  t h e  number o f  n,y reac t i ons  was smal ler  than the  0.1% 



o f , c o n s t i t u e n t  atoms i n  wastes which would decay by beta-emission d u r i n g  

t he  f i r s t  100' years  a f t e r  r e p r o c e s s i n g  o f  t h e  wastes. 

Summarized below a r e  t h e  equat ions employed i n  e v a l u a t i n g  the  numbers 

and energ ies  o f  r e c o i l  atoms i n  t h e  neut ron i r r a d i a t i o n s .  These have been 

p r e v i o u s l y  descr ibed,  ( 4 )  b u t  t hey .  a r e  i nc l uded  here f o r  convenient  re fe rence .  

The maximum energy Tm t r a n s f e r r e d  t o  an atom f rom a neu t ron  i n  an e l as -  

t i c  c o l l i s i o n  i s  dependent upon t h e  atomic we igh t  o f  t he  s t r u c k  atom M2 and 

t h e  neu t ron  energy En: 

A t  h i g h  M2, 

L 

The average energy T o f  t he  p r imary  r e c o i l s  between' t he  energy 1 i m i t s  

The t o t a l  energy TT o f  t he  p r ima ry  r e c o i l s  (assuming i s o t r o p i c  s c a t t e r i n g )  

i n  t h i s  energy range i s  

where on i s  t h e  neu t ron  s c a t t e r i n g  cross sec t i on .  

The number o f  p r ima ry  r e c o i l s  NT between these energy l i m i t s  i s  

(Tu 5 Tm) 



In evaluating Equation (3 )  f o r  a spectrum of neutron energies,  we 

have Equations (5-7) f o r  d i f f e r en t  ranges of neutron and primary recoil  

energies r e l a t i ve  t o  E i .  
. . .  . 

I T > Ei  and T s Ei  m 

Tm > E i  and T > ' E ~  

i 

1 Combining Equations (5-7) a n d  subs t i tu t ing  f o r  E i  ( E i  = 0.001 M 2  MeV, 
~ 
I 

see Table 3 )  and Tm from Equation ( l a ) .  

As s ta ted  above, we s e t  TI equal t o  0.025 MeV in our est imates of the  re la -  

t i v e  damaging e f f ec t s  of f a s t  neutrons and of alpha-RNs. 



The p o t e n t i a l  s o l i d i f i e d  waste forms i n c l u d e d ' i n  t h i s  ,study were: 
. . . , 

. .  . 

two bo ros i  1  i c a t e  g l ass  composi t ions,  , 

a  c a l c i n e  prepared by d i . r ec t  d r y i n g  and d e n i t r a t i o n  . . o f  s y n t h e t i c  . 

aqueous wis'te, . . , .  . . 

a lumina coated w i t h  c a l c i n e  which s imu la ted  t h e  p roduc t  o f  the  

f l u i d i z e d  bed c a l c i n a t i o n  process, . . 

a  compact formed by h o t  p ress ing  equal amounts o f  c a l c i n e  and 

s i l i c a .  

One o f  t h e  b o r o s i l i c a t e  glasses, M e l t  72-68, was se lec ted  f o r  d e t a i l e d  

s tudy  o f  t he  bu i l dup  o f  s t o r e d  energy versus r a d i a t i o n  dose and t h e  e f f e c t s  

o f  temperatures on t h e  b u i l d u p  o f  s t o r e d  energy. Specimens o f  t h i s  m a t e r i a l  

were i n t e r n a l l y  i r r a d i a t e d  w i t h  a lpha p a r t i c l e s  by i n c o r p o r a t i n g  2 4 4 ~ m  i n  

t h e  me1 t s .  
. . 

specimens o f  a l l  m a t e r i a l s  were i r r a d i a t e d  i n  t h e  Oak Ridge Research 

Reactor f o r  6  weeks and 12 weeks t o  o b t a i n  - two neu t ron  doses. Alumina 

and q u a r t z  w i t h o u t  waste ox ides were a l s o  i r r a d i a t e d  i n  o r d e r  t o  determine 

t h e i r  c o n t r i b u t i o n  t o  t h e  s t o r e d  energy i n  t h e  ca lc ine-on-a lumina and t he  

hot -press compact. 

' The s t o r e d  energy re l ease  was measured bo th  by d i f f e r e n t i a l  scanning 

c a l o r i m e t r y  and drop c a l o r i m e t r y .  Heat c a p a c i t i e s  be fo re  and a f t e r  i r r a d i -  

a t i o n  were measured by d rop  c a l o r i m e t r y .  The s to red  energy r e l e a s e  r a t e s  

and t h e  thermal behaviors  be fo re  and a f t e r  i r r a d i , a t i o n  were s t u d i e d  by 

d i f f e r e n t i a l  scanning c a l o r i m e t r y .  

The p r e p a r a t i o n  o f  t h e  m a t e r i a l s ,  i r r a d i a t i o n  and c a l o r i m e t r y  a r e  

descr ibed  i n  t h i s  . sec t i on .  

5.1 PREPARATION OF SPECIMENS 

The specimens f o r  a lpha i r r a d i a t i o n  were made up t o  correspond t o  M e l t  

72-68, a  z i n c  b o r o s i l i c a t e  g l ass  i n c o r p o r a t i n g  about 25 wt% waste ox ides .  



I 

I 
I 

Table 4 g ives  the  exac t  composit ion o f  the  g lass.  .The g lass  was prepared i n  
i 

1 10-g batches by i n t i m a t e l y  m i x i n g  PW-4b-4 ca l c i ne ,  73-1 frit, c ~ ~ o ~ '  and 

I ,  Ru02 i n  the proper r a t i o s .  (The. ruthenium was added -here r a t h e r  than i n  

1 t he  p repa ra t i on  o f  t he  c a l c i n e  t o  min imize losses due t o  v o l a t i l i z a t i o n  

The cur ium used i n  t h e  specimens was obtiined from.ORNL as p u r i f i e d  

curium sesquioxide w i t h  the  composit ion g iven  i n  Table 5. 
. : 

TABLE 4. Composition o f  B o r o s i l i c a t e  Glass 72-68 

Cons t i  tuen t  

'i02 

B2°3 
ZnO 

Na20 

'(20 
CaO 

MgO 
S r O  

BaO 

Rb20 

Y2°3 
Zr02 

Moo3 

Ru02 

Rh203 
PdO 

Const i tuen t  .. 

Ag20 
CdO 

Te02 

Cs20 

.La203 

Ce02 

pr601 1 
Nd203 

Sm203 

Eu2°3 ' 

Gd203 

Fe203 
Cr203 
N i O  . . , 

~0~~~ 

Cm203 



TABLE 5. Composition o f  Curium Oxide 

Component 
Concentrat ion, 

w t %  
Alpha A c t i v i t y ,  

a lm i  n l g  

14 
! 1.34 x .10  

The amount o f  cur ium oxide added was nomina l l y  1.0 w t % ,  b u t  va r i ed  

from specimen t o  specimen. The ac tua l  s p e c i f i c  alpha a c t i v i t i e s  i n  t he  

specimens ranged f rom 1.2 t o  2.2 x  10'' a/min/g o f  g lass.  This  h igh  

a c t i v i t y  a l lowed t h e  s imu la t i on  o f  several  hundred years s torage i n  about 

1 year.  

M e l t i n g  was done i n  an e l e c t r i c  furnace i n  an a i r  atmosphere a t  1200°C 

i n  a p la t inum c r u c i b l e .  The m e l t  was he ld  a t  temperature 3 h r  w i t h  occa- 

s i ona l  s t i r r i n g .  The t e s t  specimens were formed by pour ing the  m e l t  onto 

a s t a i n l e s s  s t e e l  p l a t e  h e l d  a t  250"c.' This  r e s u l t e d  i n  bu t tons  about 

3 cm diam and 0.6 cm t h i c k .  The bu t tons  were then annealed by heat ing  t o  

400°C f o r  2 h r  and then were s low ly  cooled t o  room temperature. 

,The bu t tons  were pu l ve r i zed  t o  a p a r t i c l e ' s i z e  o f  about 400 pm and 

p laced i n  c o n t r o l l e d  temperatur'e 'storage t o  a' l low the  alpha dose t o  b u i l d  

up. Specimen A-27was d i v i d e d  immediately a f t e r  ann.ealing. Pa r t  was 

p laced i n  an e l e c t r i c '  furnace mainta ined a t  250 + 10°C, and the  r e s t  was 

s to red  a t  t he  'ambient temperature o f  t he  g love  box.* The remainder o f  the  

specimens were s to red  a t  ambient ' temperature. 

* The ambient temperature o f  the  g love box was c o n t r o l l e d  w i t h  ' t he  a i d  o f  
r e f r i g e r a t e d  a i r  c o n d i t i o n i n g  always i n  the  range o f  19 t o  25°C. 



Elevated temperature s torage cond i t i ons  were a l s o  s imulated by p l a c i n g  

samples o f  specimen A-3 i n  an e l e c t r i c  furnace a t  var ious  temperatures from 

100°C t o  350°C. The samples were he ld  a t  t h e  des i red  temperature 4 weeks, 

and the  s to red  energy re lease was determined each week. There was no s i g -  

n i f i c a n t  d i f f e r e n c e  i n  t he  q u a n t i t y  o f  energy re lease a f t e r  t he  f i r s t  week. 

The value obta ined a t  250°C by t h i s  method agreed w i t h  t h a t  obta ined w i t h  

specimen A-27, which was always he ld  a t  250°C. Thus i t  was decided t h a t  t h i s  

approach prov ided a s a t i s f a c t o r y  est imate o f  t he  s to red  energy as a f u n c t i o n  

o f  storage temperature. 

The a n t i c i p a t e d  storage cond i t i ons  o f  r e a l  h igh - l eve l  wastes may r e s u l t  

i n  d e v i t r i f i c a t i o n  o f  t h e  g lass  forms. Two o f  the  specimens, A-4 and A-5 

were, there fo re ,  t r e a t e d  t o  induce d e v i t r i f i c a t i o n ,  p e r m i t t i n g  an eva lua t i on  

o f  t h i s  e f f e c t  on s to red  energy bui ldup.  The d e v i t r i f i c a t i o n  was'done by 

'ho ld ing t h e  but tons a t  7b0°C f o r  7 days and then s low ly  c o o l i n g  t o  room tem- 

pera tu re .  These specimens were s to red  a t  t he  ambient g love box temperature, 

and t h e i r  s to red  energy was measured. 

I n  a d d i t i o n  t o  the  cur ium-conta in ing specimens, f o u r  o t h e r  types o f  

ma te r i a l  as we l l  as specimens o f  m e l t  72-68 were prepared f o r  neutron i r r a -  

d i a t i o n  i n  t h e  ORNL reac to r .  These represented o the r  p o t e n t i a l  waste forms. 

Pure qua r t z  and A1203 were a l s o  inc luded i n  t h i s  group. The composit ion o f  

these m a t e r i a l s  are shown i n  Tables 6 and 7. 

5.2 IRRADIATION 

5.2.1 Neutron I r r a d i a t i o n  

I n  these experiments, f o u r  samples o f  each o f  t he  f i v e  d i f f e r e n t  syn- 

t h e t i c  waste composit ions and o f  t he  alumina and fused s i l i c a  were exposed t o  

f a s t  neutrons i n  t he  A-2 core  p o s i t i o n  i n  t he  Oak Ridge Research Reactor (ORR). 

The sampl e temperature dur ing  i r r a d i a t i o n  was mainta ined near 100°C The 

i r r a d i a t e d  samples were l a t e r  recovered and analyzed f o r .  s to red  energy by t h e  

Roux-type drop ca lo r ime te r  and by t h e  d i f f e r e n t i a l  scanning ca lo r ime te r  (see 

Sect ion 5.3). Two d i f f e r e n t  se ts  o f  r a d i a t i o n  exposures ( 6  and 12 weeks) 

and c a l o r i m e t r i c  measurements were made. 



TABLE 6. D e s c r i p t i o n  o f  Neutron I r r a d i a t e d  Specimens 

I d e n t i f i c a t i o n  
Number D e s c r i p t i o n  Composit ion 

SEN-1 F l u i d i z e d  bed ca l c i ne ,  prepared by an 80-mesh a1 umina p a r t i c l e s ( a )  (65.3 wt%)  
in-bed combustion technique a t  500°C, coated w i t h  Type 2 PW-4b c a l c i n e ( b )  
us i ng  a s t a r t i n g  bed o f  A1203 part icles!16) (34.7 wt%).  

SEN-2 Ca lc ine  prepared by b o i l  i n g  t o  dryness Type 1 PW-4b ( b  
i n  s t a i n l e s s  s t e e l  basket, hea t ing  2 h r  
a t  500°C, and g r i n d i n g  t o  -20 mesh. 

SEN-3 ' A1 203 80-mesh a1 umi na p a r t  i c l  es ( a )  

SEN-4 Simulated HLW glass,  me l ted  3 h r  a t  22.4 Si02, 25.2 B2O3, 3.5 Na70, 3.5 K20, 
950°C and cooled a t  about 100°C/hr. 10.6 ZnO, 1.2 CaO, 1.2 MgO, 1;2 SrO,  

1.2 BaO, 30 PW-4m waste oxide. 

SEN-S(C) S imulated HLW g lass  mel'ted 3 h r  a t  27.8 Si02, 11.3 B203, 4.1 Na20, 4.1 K20, 
1150°C and' coo led  a t  about 100°C/hr. 21.7 ZnO, 1.5 CaO, 1.5 M 0 1.5.Sr0, 9 1 1.5 BaO, 25 Type 1 PW-4b b waste ox ide.  

SEN-7 Hot  pressed composite o f  q u a r t z  50 w t %  f i n e l y  i ided  qua r t z  sand, 50 'w t% 
?bY and labora to ry -p repared  ca l c i ne ,  h o t  " '  PW-4m c a l c i n e .  

pressed f o r  10 min a t  2500 p s i  and 
1 000°C. 

SEN-9 Fused S i l i c a  Standard qua r t z  t ub ing ,  no analyses o f  
i m p u r i t i e s .  

a. Nor ton 38A80, Norton Co., ~ o r c e s t e r ,  MA. 
b. Waste composi t ions a r e  g iven  i n  Table 7. 
c. M e l t  72-68, which i s  i d e n t i c a l  t o  t h e  a l p h a - i r r a d i a t e d  specimens except  t h a t  

i t  con ta ins  no Cm203. 



TABLE 7. Calc ine Compositions Used i n  Preparat ion o f  
Samples f o r  Neutron I r r a d i a t i o n  and Stored . 

Energy Measurements 

. Weight Percent 
PW-4b . .. .- 

Type 1 ' Type 2 Pw-4m 

S r O  

BaO 

Cs20 

K2° 

RE20j* 

Zr02 

Ru02 

C0304 

Rh.203 

PdO 

CdO 

cuo 

* r a r e  e a r t h  ox ide  



, 5.2.1.1 P repa ra t i on  o f  Samples f o r  I r r a d i a t i o n  and C a l o r i m e t r i c  

Measurements 

Samples o f  s y n t h e t i c  wastes and o f  a lumina-and  fused s i l i c a  were pre-  

pared and/or  se lec ted  a t  PNL. These were ground t o  pass through 40 mesh. 

The alumina and ca lc ine-coa ted  alumina, supp l i ed  i n  t he  form o f  f i n e  par-  

t i c 1  es, r e q u i r e d  no g r i n d i n g .  '1 

Each sample was prepared f o r  i r r a d i a t i o n  by h e r m e t i c a l l y  sea l i ng  t he  

ox ide  sample m a t e r i a l  w i t h i n  a  p l a t i num capsule (188 m i l  OD, 4  m i l  w a l l ,  

0.5 i n .  long,  d ished  heads, see F igu re  2 ) .  P r i o r  t o  . f i n a l  sea l ing ,  t h e  

capsule was evacuated through an a t tached c a p i l l a r y  (10 m i l  I D )  and s imul -  

taneously  heated t o  about 150°C f o r  5  h r .  The capsule was b a c k f i l l e d  w i t h  

90% He-10% O2 a t  0.5 atm, and t h e  c a p i l l a r y  then  sealed o f f .  The sample 

remained i n  t h e  capsule throughout  i r r a d i a t i o n  and drop c a l o r i m e t r i c  measure- 

ment.* Care was taken  i n  we ld ing  t o  assure t h a t . t h e  sample temperature d i d  

n o t  exceed about 150°C. To t h i s  end, t h e  capsule was h e l d  i n  a  copper c h i 1  l- 

b lock  when t h e  second head was welded t o  t h e  body c o n t a i n i n g  t h e  sample. 

5.2.1.2 General D e s c r i p t i o n  o f  I r r a d i a t i o n  .Assembly 

The specimen-holder p o r t i o n  o f  t h e > i r r a d i a t i o n  assembly i s  shown i n  

F igu re  2. The upper p o r t i o n  o f  t h e  assembly, n o t  shown, con ta ined  a gas 

r e s e r v o i r  ( 1  1  i t e r  v p l  ume) i n t o  which t h e  he1 ium f rom 1 0 ~ , n a , 7 ~ i  r e a c t i o n s  

cou ld  accumulate.' The assembly was out-gassed and b a c k f i l l e d  w i t h  2  p s i  of 

he l ium be fo re  t h e  f i n a l  weld-seal  was made. 

The adapter  f i t t e d  w i t h i n  an aluminum core-exper iment p iece.  Reactor 

coolant-moderator water  f l owed down around the, assembly and through t h e  

1116-in.  channel between t he  adapter  and t h e  ho lde r .  The water  wi th i .n  t he  

channel (51°C) c a r r i e d  heat  away f rom the  exper imenta l  assembly. A c a r e f u l  

a n a l y s i s  showed t h a t  t h e  temperature o f  t h e  ox ide  o f  maximum b u l k  d e n s i t y  

w i t h i n  t h e  p l a t i n u m  capsules' would n o t  exceed 110°C a t  t he  cen te r  and 86°C 

a t  t h e  i n n e r  w a l l s  o f  a  capsule.  Other samp1,es w i t h  l e s s  b u l k  d e n s i t i e s  had 

* One sample o f  each i r r a d i a t e d  .mate r ia l  was .measured f o r  s t o red  energy 
re l ease  below 600°C us ing  t h e  d i f f e r e n t i a l  scanning c a l o r i m e t e r .  The 
sample was removed f rom t h e  capsule f o r  these measurements. 
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l ower  temperatures. For example, SEN-7, f o r  which t he  . .  . b u l k  %dens i t y  was 
. . , . : .  

1.7, had a c a l c u l a t e d  temperature ~ 1 0 2 ° C  . a t  t he  cen te r  .and s8S0C a t  t h e  

i n n e r  w a l l  o f  a  capsule.* 

The boron metal  powder surrounding t h e  specimen hol.der was 92% boron-10. 

The l o a d i n g  and enr ichment were such t h a t  t h e r e  were 7.2 x 10'' atoms o f  
2  " .  

'OB pe r  cm . 
5.2.1.3 Recovery o f  I r r a d i a t e d  Samples 

The i r r a d i a t e d  capsules were removed f rom t h e  assemblies.by h o t - c e l l  

opera t ions .  Each sample was r i nsed ,  f i r s t  i n  water  and then  i n  a l coho l .  

It was then p laced i n  a  c l ean  brass tube, 114 i n .  ID, 4  i n .  long, one sample 

pe r  tube. The samples were t r a n s f e r r e d  t o  t he  c a l o r i m e t e r  i n  these tubes. 

5.2.1.4 Gamma-ray ~ b s o r ~ t i o n  i n  Samples 

I n f o r m a t i o n  a v a i l a b l e  f rom r e a c t o r  opera t ions  showed t h a t  t h e  r a t e s  of 

abso rp t i on  o f  gamma-ray and f a s t  neu t ron  energy i n  t h e  samples were about 

2.5 Wig. 

5.2'. 1  .5 Fas t  Neutron F l  ux, ~l uence and Energy Spectrum 

The f a s t  neu t ron  f l u x e s  and energy spec t ra  i n  t h e  exposures were evalu-  

a ted  by Ker r  and A l l e n  ( I 7 y 1 8 )  o f  ORNL "s ing :  

123-group neu t ron  energy spec t ra  f o r  severa l  ORR composit ions ob ta ined  

by c a l c u l a t i o n s  us ing  one-dimensional models o f  t h e  ORR, XSDRN-code. 

Three-dimensional map o f  seven group neu t ron  f l u x e s  ob ta ined  by ca lcu-  

, l a t i o n s  us ing  t h e  r e l e v a n t  co re  composi t ions:  VENTURE code. . Resu l ts  ob ta ined  f o r ' t h e  number o f  5 4 ~ e  + 5 4 ~ n  r e a c t i o n s  i n  t h e  i r o n  

f l u x  mon i to rs  which were i nc l uded  i n  ou r  i r r a d i a t i o n  assemblies. 

,The neu t ron  energy s p e c t r a . f o r  energ ies >0.18 MeV, which were cons idered 

most a p p r o p r i a t e  f o r  our exper imenta l .  assembly, t h e  core  l oad ing  and t h e  f l u x  

mon i t o r  r e s u l t s ,  a r e  r e p o r t e d  i n    able 8 as normal ized group f l u x e s .  The 

r e s u l t s  o f  t h e  f l u x  eva lua t i ons  a r e  l i s t e d  i n  Table 9 t oge the r  w i t h ' i n f o r m a -  

t i o n  on 'exposure t imes and neu t ron  f luences .  

* Measured b u l k  d e n s i t i e s  were: SEN-1, 2.33; SEN-2, 1..,51; SEN-3, 1.94; 
SEN-4, 1.68; SEN-5, 1.73; SEN-7, 1..70; SEN-9, 1.15.. 



Energy 
Group 
Number 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15. 
16 
17 
18 
19 
20 
21 
22 
2 3 
24 
25 
2 6 
27 
2 8 
29 
30 
3 1 
3 2 
33 
34 
35 
36 ' 

37 
38 
3 9 
4 0 
41 
4 2 
4 3 
4 4 
4 5 

TABLE 8. ~ o r m a l  i z e d  'Fluxes f o r  Energies >0.18 MeV 
f o r  Experiments i n  ORR P o s i t i o n  A - 2  

Normalized G r o u ~  Fluxes 

~ n e r g y  , 
MeV 

% ~ e u t r o n s / c m ~  sec 
6 Weeks 12 Weeks 

I r r a d i a t i o n  

0.0041 
0.0107 
0.0227 . 
0.0450 
0.081 8 
0..134 
0.201 , 

0.314 
0.448 
0.592 
0.775 

- 0.959 " 

1.19 
1.29 
1.35 . . 

1.34 
1.20- 
1.99 
3.01 
3.41 
4.08 
4.50 
4.61 
4.46 . 
4.00 
3.70 

. - 3.49 
3.57 
3.68 
3.38 
3.41 
2.20, 
2.85 
3; 28 
3.38 
3.33 
3.30 
3.17 
3.09 
2.98 
2'. 90 
2.80 
2.72 
2.65 

I r r a d i a t i o n  

0.0044 
0.0112 
0.0238 
0.0477 ' 

0.0868 
0.145 
0.222 
0.340 
0.486 
0.649 
0.851 
1.06 
1.30 
1.43 
1.56 
1.63 
1.56 
2.34 
3.21 
3.40 
4.01 
4.30 
4.41 
4.27 
3.87 
3.61 
3.44 
3.51 
3.62 
3.37 
3.42 
2.27 
2.93 
3.31 
3.37 
3.33 
3.22 
3.06 
2.46 
2.84 
2.75 
2.63 
2.53 
2.47 



TABLE 9. Neutron Fluxes, Exposure Times ,, and F l  u.ences, 
. .,. 

i n  ORR I r r a d i a t e d  'samples ( a )  .. . .. . . -. 

6 Week ' l 2 ' ~ e e k .  
I r r a d i a t i o n  I r r a d i a t i o n  

F lux  a t  f u l l  r e a c t o r  power, 
n/cm2/sec >0.18 MeV 0.81 x 10 14 ' . , 1 . 0 3 ~  l 0 l 4  * .  

Reactor energy d u r i n g  
i r r a d i a t i o n ,  MW-hr 

Equ i va len t  exposure t i m e  a t  
f u l l  r e a c t o r  power, sec 3.49 x 10 6 6.27 x l o 6  

Fluence d u r i n g  i r r a d i a t i o n ,  
>0.18 MeV 2.90 x 10 2 0 6.96 x lo2 '  

Fluence d u r i n g  i r r a d i a t i o n ,  
>1.0 MeV 1.45 x 10 20(b )  .. 3.48 x 10 20(b )  

a . -  L i s t e d  va lues r e f e r  t o  specimens l o c a t e d  near t h e  t o p . o f  
t h e  assembl ies.  The f l u x e s  a t  specimens near t h e  bottom 
were 15 t o  20% h igher .  The f l u x e s  a t  t he  o t h e r  1.ocations 
were in te rmed ia te .  

b. Using t he  energy spec t ra  l i s t e d  i n  Table 8. 

5.2.1.6 Amount o f  Neutron-Recoil-Damage-Energy i n  I r r a d i a t e d  Samples 

and Comparison w i t h  Alpha-RN Enerqy i n  Actua l  Wastes 

The amounts of energy o f  those p r imary  r e c o i l s  o f  f i s s i o n  p roduc t  e l e -  

ments which were formed and absorbed a t  energ ies >0.025 MeV and E ,  respec- 

t i v e l y ,  were c a l c u l a t e d  us ing:  1 ) Equat ion ( 8 )  o f  Sec t ion  4, 2 )  an assumed 

va lue  o f  t h r e e  barns f o r  os , 3 )  a v a i l a b l e  i n f o r m a t i o n  on t h e  percentages of  

f i s s i o n  p roduc t  elements i n  each sample, ,4 )  va lues l i s t e d  i n  Table 8 f o r  

t he  neu t ron  energy spect ra ,  and 5 )  va lues l i s t e d  i n  Table 9 f o r  t h e  neu t ron  

f luences.  The c a l c u l a t i o n ~ r e s u l t s  a r e ' l i s t e d  i n    able 10. Values a r e  a l s o  

l i s t e d  f o r  t h e  t imes a f t e r  reprocess ing  o f  LWR-U02 wastes i n  which an equiva- 

l e n t  amount o f  alpha-RN energy would accumulate i n . t h e  wastes. 



TABLE 10. ~ m o ~ n f s  o f  ~ e u t r o n - ~ a m a ~ e - ~ n e r ~ ~  i n  I r r a d i a t e d  Sampl es, 
and Times t o  Accumulate Equivalent  Amounts o f  Alpha-RN 
Energy i n  Wastes . .  . 

Time A f t e r  S o l i d i f i c a t i o n  
Neutron-Recoi 1 - Processing. t o  Accumul a t e  

Sample I r r a d i a t i o n ,  ~ a m a ~ e - ~ n e r ~ ~ , . ( a )  Equivalent  A1 pha-RN Energy 
Number Weeks 1022 eV/g i n  wastes, ( b )  Years 

SEN- 1 6 1.5 6 
12 4.0 29 

a. See t e x t .  
'b. For LWR-U02 wastes reprocessed and s o l i d i f i e d  ' a t  150 days a f t e r  

discharge, and w i t h  waste volume o f  2 f t 3  per  MTHM. With mixed 
LWR-U02 (2/3) and LWR-Pu02 (1/3) waste, the  a1 pha-RN energy o f  
11 .'5 x  1022 ev/g i s  accumulated i n  a pe r iod  o f  about 10 years 
f o l l o w i n g  reprocessing. , 

c. W i th in  the  c a l c i n e  p o r t i o n  o f  t he  composite sample. 

5.2.2 Alpha I r r a d i a t i o n  

The a1 pha doses o f  t he  c l r ium-conta in ing  specimens were ca l cu la ted  from 

the known amount o f  Cm203 added t o  each specimen and the t ime elapsed 

s ince the  specimen was annealed. T h e  L 4 4 ~ m  content  o f  the  Cm203 was e s t i -  

mated from the  ORNL analyses g iven i n  Sect ion 5.1 and the alpha emission 

r a t e  based on a h a l f - 1  i f e  o f  18 years f o r  2 4 4 ~ m .  

Since the  range o f  a1 pha-RNS i s  i n  t he  order  o f  100 i, as discussed 

i n  Sect ion 4, t he  r a d i a t i o n  damage t o  the  g lass i s  q u i t e  s e n s i t i v e  t o  the  

d i s t r i b u t i o n  o f  the  2 4 4 ~ m  i n  t he  g lass ma t r i x .  Agglomeration o f  t he  2 4 4 ~ m  

i n  t he  specimen w i l l  r e s u l t  i n  damage on ly  w i t h i n  the  reg ion  o f  the  agglom- 

erates. Autoradiographs o f  t he  specimens were prepared t o  v e r i f y  uniform 

d i s t r i b u t i o n  o f  t he  2 4 4 ~ m .  These showed no macro-concentrations o f  c u r i  um 

but,  o f  course, could n o t  assure the  absence o f  concentrat ions on a microscale.  

5.12 



CALORIMETRY 

Two d i f f e r e n t  c a l o r i m e t r i c  technique$ were u s e d ' t o  mbaiure t he  s to red  

energy r e l e a s e  o f  t he  i r r a d i a t e d  specimens: transposed-temperature* drop. ' 

c a l o r i m e t r y  (DC) and d i f f e r e n t i a l  scanning c a l o r i m e t r y  (DSC) . ' , . 

I A  t h e  drop ca lo r ime t r y ,  t h e  heat  , .  r e l ease  . ( o r  abso rp t i on )  upon hea t i ng  
. . 

a  sample t o  a  g i ven  temperature was eva lua ted  f rom two successive measure-, 

ments o f  t h e  heat  r e q u i r e d  t o  r a i s e  t h e  temperature o f  t h e  sample f rom an 
. . . .  . . 

i n i t i a l  temperature,, Ti, t o  t he  g i ven  h ighe r  temperature, T;, mainta ined 

w i t h i n  t h e  DC. It was assumed (and v e r i f i e d  expe r imen ta l l y )  t h a t  annea l ing  

. o f  t h e  sample m a t e r i a l  and o t h e r  w h i t h  were a c t i v a t e d  a t  t h e  g i ven  

h i g h  temperature and which re leased  ( o r  absorbed) . -  2 heat  were e s s e n t i a l l y  com- 

p l e t e  d u r i n g  t h e  f i r s t  measurement. I t  t a n  then be shdwn t h a t  t he  d i f f e r e n c e  

between t h e  r e s u l t s  o f  t h e  successive DC measurements corresponds t o  t h e  d i f -  

fe rence  between t he  e n t h a l p i e s  (AH)  a t  t he  i n i t i a l  temperature (about 125°C) 

o f  t h e  annealed and unannealed samples. ') va r i ous  c a l o r i m e t e r  temperatures 

we're used up t o  t h e  maximum ope ra t i ng  temperature o f  about l,OOO°C. 

The d i f f e r e n t i a l  scanning ca l 'o r imet ry  was conduc ted 'us ing  a  commerc ia l ly  

a v a i l a b l e  two-pan ins t rument  i n  'which samples were heated a t  a cons tan t  and 

reproduc i  b l &  r a t e  f rom room temperature t o  t h e  maximum o p e r a t i  ng temperature,  

600°C. The r a t e  o f  heat  r e l ease  was eva lua ted  f rom ' two o r  t h r e e  successive 

measurements o f  t he  d i f f e r e n c e  between t he  temperatures o f  t he  sample and 

t h a t  o f  an i n e r t  m a t e r i a l  i n  t h e  second pan.   he t o t a l  heat  re leased  w i t h i n  

a. g iven  temperature range was eva lua ted  f rom the  ra te - tempera tu re  da ta  f o r  

t h a t  range. 

DC and DSC measurements were made on u n i r r a d i a t e d  as w e l l  as on i r r a -  

d i a t e d  samples o f  t h e  same m a t e r i a l .  Th is  p e r m i t t e d  thermal e f f e c t s ,  unre- 

l a t e d  t o  r a d i a t i o n  e f f e c t s ,  t h a t  m igh t  occur  d u r i n g  hea t i ng  t o  be taken  i n t o  

account. 

As s t a t e d  above, t h e  r e s u l t s  o f  t he  DC measurements y i e l d e d  data f o r  

t he  d i f f e r e n c e  between t h e  en tha lp i es ,  a t  t h e  i n i t i a l  temperature (1 25OC), 

* Th is  d i f f e r s  f r om t h e  usual  c a l o r i m e t e r  i n  t h a t  t h e  sample i s  dropped 
i n t o  a r e c e i v e r  t h a t  i s  a t  a  h i g h  temperature.  



o f  t h e  annealed and unannealed sample. The changes i n  s ta tes  (anneal ing)  

o f  sample m a t e r i a l s  which b r i n g  about changes i n  en tha lpy  a c t u a l l y  occur a t  

temperatures g rea te r  than t h e  i n i t i a l  temperature Ti. The value o f  AH a t  

a h igher  temperature T a i s  the same as t h a t  a t  Ti unless the  i r r a d i a t i o n  

and/or heat ing  causes changes i n  t h e  average heat capac i t y  i n  t h e  tempera- 

t u r e  range Ti t o  Ta. Accord ingly ,  in fo rmat ion  on heat c a p a c i t i e s  was o f  

1 
i n t e r e s t .  The heat absorp t ion  i n  t he  second (and subsequent) DC measurement 

I 
on a sample i s  a measure of t h e  average heat capac i t y  of the  annealed mate- 

r i a l  i n  t he  temperature range Ti t o  T and we evaluated t h i s  q u a n t i t y  f rom h ' 

i the  DC data. Heat c a p a c i t i e s  p r i o r  t o  anneal ing o f  r a d i a t i o n  damage were 

evaluated from the  r e s u l t s  o f  spec ia l  DC measurements i n  t he  temperature 
: . . 

i range 75 t o  195°C ( i  .e., Ti = 75" and Th = 195"). The r e l a t i o n s h i p s  

descr ibed above are  expressed symbo l i ca l l y  as fo l lows:  

This  equat ion represents the  d i f ference between the  en tha lp ies  a t  Ti o f  t h e  

i r r a d i a t e d  sample before and a f t e r  heat ing  from t h e  i n i t i a l  temperature Ti 

t o . t h e  DC temperature. The be fore  and a f t e r  s ta tes  a re  represented by sub- 

one and sub-two, respec t i ve l y .  aH(Ti) i s  t he  q u a n t i t y  evaluated i n  t h e  

DC measurement o f  an i r r a d i a t e d  sample. 

Equat ion (10) represents t he  d i f ference between the  en tha lp ies  a t  Ti o f  t h e  

u n i r r a d i a t e d  i n i t i a l  m a t e r i a l  be fore  and a f t e r  heat ing  f rom t h e  i n i t i a l  tem- 

pe ra tu re  Ti t o  t he  DC temperature. AH' (Ti ) i s  the  q u a n t i t y  eval  uated i n  t h e  

DC measurement o f  an u n i r r a d i a t e d  sample. 

A l l  o f  t he  en tha lp ies  a t  Ta can be r e l a t e d  t o  those a t  Ti through heat  

capac i t y  f unc t i ons  as f o l l o w s :  



and s u b t r a c t i n g  Equat ion ( 1 2 ) '  f rom Equat ion (1  1 )  we have 

Simi 1 a r l y  

and 

where C1- represen ts  t h e  average heat  c a p a c i t y  between Ti and Ta be fo re  

anneal ing;  and C2 i s  t h e  a f t e r  anneal ing.  The pr ime r e f e r s  t o  t h e  u n i r r a -  

1 d i a t e d  samp1.e. 

App rop r i a te  combinat ion o f  t h e  above equat ions y i e l d s  
I 



However, i n  most cases i t  can be shown t h a t  t h e  terms i n v o l v i n g  t h e  heat  

capac i t y  approx imate ly  cancel  s i n c e  t h e  heat  capac i t y  u s u a l l y  does no t  

change s i g n i f i c a n t l y  on anneal ing.  The excep t i ona l  cases a r e  discussed i n  

Sec t ion  6. 

The DSC, u n l i k e  t h e  DC, p rov ides  a  cont inuous measurement o f  t h e  s t o r e d  

energy re l ease  as a  f u n c t i o n  o f  temperature and pe rm i t s  obse rva t i on  o f  fea-  

t u r e s  i n  t h e  re l ease  such as t he  temperature a t  which t h e  re l ease  s t a r t s  and . . 
ends and peaks i n  t h e  re l ease  curve. Complete i n t e r p r e t a t i o n s  o f  the  r e s u l t s  

o f  t h e  DSC measurements depend on i n fo rma t i on ,  exper imenta l  o r  assumed, 

r ega rd ing  t h e  r e l a t i v e  heat  c a p a c i t y  o f  a  sample m a t e r i a l  be fo re  and a f t e r  

t h e  f i r s t  hea t i ng  i n  t h e  DSC. 

The a l p h a - i r r a d i a t e d  specimens were measured e x c l u s i v e l y  by DSC a t  

PNL. The n e u t r o n - i r r a d i a t e d  specimens were measured bo th  by DC and DSC. 
I The DSC measurements.of t h e  l a t t e r  specimens were used t o  s u b s t a n t i a t e  t h e  
I v a l i d i t y  o f  t h e  DSC technique and t o  determine t he  r e l a t i o n s h i p s  between 

energy re l ease  and temperature d u r i n g  hea t ing .  

5.3.1 D i f f e r e n t i a l  Scanning Ca lo r imete r  

A DuPont Model 990 Thermoanalyzer w i t h  a  p l u g - i n  t ype  DSC c e l l  was used 

f o r  measuring t h e  s t o r e d  energy re lease .  The DSC c e l l  was i n s t a l l e d  i n s i d e  
I a  g l ove  box w i t h  t he  temperature programmer and reco rde r  ou t s i de .  No mod i f i -  

c a t i o n s  t o  t h e  i ns t rumen t  was r e q u i r e d  f o r  use i n  t h e  g l ove  box. (For  a  

d e s c r i p t i o n  o f  t h i s  system see DuPont p roduc t  b u l l e t i n s  a v a i l a b l e  from 
, , I n r t r ~ l m o n t  Products ~ i v i s i o n ,  E. I .  DuPont denemours, Wi lmington, DE. ) 
I 
i 

Samples were prepared f o r  t h e  energy r e l e a s e  measurements by weigh ing 
i 
i 25 t o  60 mg o f  t h e  powdered specimens i n  smal l  aluminum pans p rov ided  by t h e  
, 

i n s t r umen t  manufacturer.  I n  t he  e a r l y  measurements t h e  i r r a d i a t e d  samples 

were balanced w i t h  an equal mass o f  n o n i r r a d i a t e d  m a t e r i a l  o f  i d e n t i c a l  com- 

p o s i t i o n  (excep t  f o r  cu r ium i n  t h e  case o f  a1 p h a - i r r a d i a t e d  specimens). 

L a t e r  i t  was found t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  observed s t o r e d  

energy r e s u l t e d  i f  an empty pan was s u b s t i t u t e d  f o r  t h e  re fe rence  sample 

and t h e  re fe rence  m a t e r i a l  was n o t  used f r om then  on. 



The c a l o r i m e t r i c  measurements were made by hea t i ng  t he  sample a t  a  

cons tan t  r e p r o d u c i b l e  r a t e  and r e c o r d i n g  t h e  d i f f e r e n t i a l  temperature AT 

(between t h e  sample and t h e .  r e fe rqnce  therm&ouple) , . and t h e  sample tempera- 

t u r e  T. The fu rnace  was then  'a1 l'owed t o  coo l  and t h e ' h e a t i n i  c y c l e  was 

repeated a t  l e a s t  two t imes.  A t y p i c a l  r e c o r d  o f  'a AT-T p l o t  i s  shown i n  
. . .  . , . . 

F i gu re  3. I 

The h e a t i n g  r a t e  was 20°C/min. Opera t ing  a t  l ower  r a t e s  reduced t h e  

s e n s i t i v i t y  o f . t h e  DSC and inc reased  t h e  amount o f  base l i ne  d r i f t  r e s u l t i n g  

i n  u n s a t i s f a c t o r y  measurements. T h i s  r e l a t i v e l y  f a s t  hea t i ng  r a t e  undoubt- 

e d l y  reduced t h e  c a p a b i l i t y  f o r  r e s o l v i n g  peaks i n  t h e  s t o r e d  energy r e l ease  

spec t ra  and may have i n t r oduced  a  minor  e r r o r  due t o  incomplete  r e l ease  dur -  

i n g  t h e  f i r s t  h e a t i n g  cyc l e .  Th i s  e r r o r ,  i f  i t  e x i s t e d ,  appears t o  be smal l  

because d i f f e r e n c e s  between t h e  second and t h i r d  hea t i ng  c y c l e s  were smal l .  

SPECIMEN A-4 

HEATING RATE, 20°/rn~ n 

SCAN 1 

V 

I I I I I 
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SAMPLE TEMPERATURE, OC 

FIGURE 3. DSC Scans Showing Release o f  S to red  Energy 



C a l i b r a t i o n  o f  t h e  DSC 

The DSC system was c a l i b r a t e d  w i t h  a  known 'mass of  s y n t h e t i c  sapph i re  

(A1 0  ) w i t h  known hea t  c a p a c i t y  va lues from t h e  Na t i ona l  Bureau o f  Stan- 2  3 
dards. The sapph i re  s tandard was i n  t h e  c a l o r i m e t e r  and heated a t  . 
the  r a t e  f o r  which t h e  system was t o  be c a l  i b r a t e d ,  and AT and T  were 

recorded. A  second hea t i ng  c y c l e  was made w i t h  t he  s tandard removed. The 

d i f f e r e n c e  between t h e  AT'S f rom t h e  two cyc les  i s  dependent on t he  hea t  

capac i t y  o f  t h e  standard. A DSC s e n s i t i v i t y  f a c t o r  was c a l c u l a t e d  f rom t h e  

observed AT va lues and t h e  known va lues o f  t he  heat  c a p a c i t y  us i ng  

where 

C i s  t h e  hea t  capac i t y  o f  t he  s tandard a t  t he  temperature o f  

i n t e r e s t  i n  c a l  "c-' g  - 1  

R i s  t h e  hea t i ng  r a t e  i n  O C  sec-' 

m  i s  t h e  mass o f  t h e  s tandard i n  g  and 

AY i s  t h e  d i f f e r e n c e  i n  AT between t h e  c y c l e  w i t h  t h e  s tandard 

i n  p l ace  and t h e  c y c l e  w i t hou t ,  - i n  a r b i t r a r y  u n i t s  ( u s u a l l y  

inches)  . 
The DSC s e n s i t i v i t y  f a c t o r  v a r i e s  n o n l i n e a r l y  w i t h  temperature as shown 

i n  t h e  t y p i c a l  c a l  i b r a t i o n  curve g iven.  i n  F igu re  4. 

The c a l i b r a t i o n  was repeated each week throughout  t h e  i n v e s t i g a t i o n .  

The r e l a t i v e  s tandard d e v i a t i o n  o f  t h e  s e n s i t i v i t y  f a c t o r  was 1.9% a t  200°C 

and 2.4% a t  500°C. 

5.2,l.Z C a l c u l a t i o n s  o f  Resu l ts  

The s t o r e d  energy re l ease  r a t e s  were c a l c u l a t e d  f r om t h e  AT-T data and 

t h e  DSC s e n s i t i v i t y  f a c t o r s  by: 
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FIGURE 4. DSC S e n s i t i v i t y  Fac to r  as a  Func t ion  
o f  Temperature 

where AYi i s  t he  d i f fe rence  between AT from t h e  f i r s t  hea t i ng  c y c l e  and t he  

average AT of subsequent cyc les  a t  t h e  temperature o f  i n t e r e s t ,  i n  a r b i t r a r y  
., . 

u n i t s  ( inches) .  

dH 
' The t o t a l  energy re l ease  was determined by p l o t t i n g  versus T  and 

e s t i m a t i n g  t h e  area under . t he  cu rve  by  mechanical i n t e g r a t i o n .  

A1 t e r n a t i v e l y  t h e  t o t a l  energy re l ease  can be ob ta ined  d i r e c t l y  f rom 

the  reco rde r  p l o t s  o f  AT versus T. I n  t h i s  case, t h e  area between t he  f i r s t  

s c a r a n d  subsequent scans i s  est imated.  The i n t e g r a t i o n  must be performed 

over  r e l a t i v e l y  s h o r t  temperature i n t e r v a l s  because o f  t he  n o n l i n e ' a r i t y  o f  

t h e  s e n s i t i v i t y  f a c t o r  F. The energy re l ease  i n  each i n t e r v a l  i s  c a l c u l a t e d  by: 



where A  i s  the  area between t h e  AT-T curve  f o r  t h e '  f i r s t  hea t i ng  c y c l e  and 

t h e  average o f  subsequent scans and Fi i s  t he  average DSC s e n s i t i v i t y  f a c t o r  

over  t h e  i n t e r v a l  i n t eg ra ted .  

5.3.1.3 Accuracy o f  t he  DSC Measurements 

The measurement o f  t he  re l ease  o f  s t o red  energy by t h e  DSC i s  based on 

de te rmin ing  t h e  d i f f e r e n c e  i n  thermal  behavior  o f  t he  specimen between two 

hea t ing  cyc les .  The f i r s t  scan r e s u l t s  i n  r e l ease  o f  t h e  s to red  energy, and 

t he  second scan p rov ides  a  base l i ne  rep resen t i ng  t h e  behav io r  o f  the  specimen 

w i t h o u t ' s t o r e d  energy. The assumptions a r e  made t h a t  t h e  e n t i r e  s to red  energy 

i s  r e l eased  i n  t he  f i r s t  c y c l e  and t h a t  no events occur as a  r e s u l t  o f  t h e  

f i r s t  c y c l e  which a l t e r  t h e  thermal behavior  o f  t h e  specimen, i .e . ,  t h a t  t h e  

heat  capac i t y  remains t he  same and t h a t  no i r r e v e r s i b l e  changes occur i n  t h e  

composi t ion o r  s t r u c t u r e  o f  t h e  specimen o t h e r  than  those assoc ia ted  w i t h  

t he  re l ease  o f  t h e  s t o r e d  energy. 

F a i l u r e  o f  those assumptions t o  h o l d  w i l l  r e s u l t  i n  e r r o r s  o f  a  sys- 

t ema t i c  nature.  The o t h e r  p o t e n t i a l  source o f  sys temat ic  e r r o r  i s  i n  t h e  

de te rm ina t i on  o f  t h e  DSC s e n s i t i v i t y  f a c t o r .  The c o n t r i b u t i o n  o f  t h e  sys- 

t ema t i c  e r r o r  t o  the  u n c e r t a i n t y  o f  t h e  measurement was n o t  est imated,  b u t  

t h e  c l ose  agreement between measurements made w i t h  bo th  the  drop ca lo r ime te r  

and t he  DSC i n d i c a t e  i t  i s  smal l  compared w i t h  t h e  random e r r o r .  

The p r i n c i p a l  source o f  random e r r o r  o f  t h e  rneasure~~lent i s  the  l a c k  

o f  r e p r o d u c i b i l i t y  o f  t h e  base l i n e .  S h i f t s  i n  t h e  base l i ne  a r e  due ma in ly  

t o  random s e t t l i n g  o f  t h e  powdered sample i n  t h e  sample pan r e s u l t i n g  i n  

changes o f  heat  t r a n s f e r  c h a r a c t e r i s t i c s  between t h e  sample and t he  ca lo -  

. r i m e t e r  surroundings. The s tandard d e v i a t i o n  o f  t h e  measurement based on 
- 1  

repeated runs  o f  t h e  same sample was es t imated  t o  be 2.0 c a l  g  . 



5.3.2 Drop Ca lo r ime t r y  

5.3.2.1 Design o f  t h e  Drop Ca lo r imete r  

The design and ope ra t i on  of  t he  drop ca lo r ime te r ,  F i gu re  5, has been 

p r e v i o u s l y  descr ibed;  ( I 9 )  i t  was a  Ca lve t - t ype  mic roca l  o r ime te r  b a s i c a l l y  

s i m i l a r  t o  t h a t  o f  Roux. (20)  Measurements were made by h o l d i n g  t he  tempera- 

t u r e  of t h e  c a l o r i m e t e r  steady a t  t he  va lue  of  i n t e r e s t ,  and then dropping 

t he  sample i n t o  t he  c a l o r i m e t e r  f rom a  constant - temperature oven d i r e c t l y  

above t h e  ca lo r ime te r .  The q u a n t i t y  o f  heat  absorbed by t h e  sample was 

determined f rom the  temperature t r a n s i e n t  observed on a  30-element P t ,  

P t  10% Rh thermop i le  t h a t  read  t he  d i f f e rence  between t h e  i n n e r  c a l o r i m e t e r  

chamber r e c e i v i n g  t h e  specimen and a  c o n c e n t r i c  alumina tube i n s u l a t e d  from 

the  i n n e r  chamber by about a  112 i n .  th ickness  o f  alumina powder. The t h e r -  

mopi les were wrapped on t h r e e  4-mm t h i c k ,  alumina p la tes ,  10 elements pe r  

p l a t e . .  I n  accordance w i t h  Roux's technique, most o f  the  s i gna l  r e s u l t i n g  

f rom normal heat  c a p a c i t y  o f  a  sample was bucked 'ou t  by a  " tapered- t ransmiss ion-  

l i n e , "  e l e c t r i c a l  analog s imu la to r ,  t o  reduce t h e  accuracy r e q u i r e d  f o r  record -  

i n g  t he  temperature t r a n s i e n t  versus t ime  i n fo rma t i on .  

A movable p i n  supported t h e  specimen i n  t h e  oven above t h e  ca lo r ime te r ,  

,'and the  specimen was dropped i n t o  t h e c a l o r i m e t e r  by wi thdrawing t h i s  p i n .  

The drop pa th  was gu ided by a  2 - f t - l o n g  ceramic tube c losed  a t  t h e  bottom. 

The con ta ine r  was removed from t h e  c a l o r i m e t e r  by l owe r i ng  a  s leeve over  i t  

which was tapered so t h a t  t h e  con ta ine r  became wedged w i t h i n  t h e  sleeve. The 

s leeve was made o f  10-mi l  n i c k e l  sheet and s l i t  l o n g i t u d i n a l l y  so t h a t  i t  

g r i pped  t h e  con ta ine r  by a  s p r i n g - l i k e  a c t i o n .  

5.3.2.2 C a l i b r a t i o n  o f  t h e  Drop Ca lo r imete r  

The area under t h e  thermop i le  s i gna l  versus t ime p l o t  was c a l i b r a t e d  i n  

terms of hea t  abso rp t i on  us ing  s tandard substances, alumina and p la t inum,  i n  

samples o f  d i f f e r e n t  weights .*  

* S i m i l a r  measurements were used t o  determine heat  p ick -up  o f  s tandard spec i -  
mens (p l a t i num encapsulated as descr ibed  i n  Sec t ion  5.2.1 ) du r i ng  t he  drop 
f rom t h e  oven i n t o  t he  c a l o r i m e t e r .  The exper imenta l  va lues o f  t h e  heat  
p ick -up  depended, as expected, upon t h e  temperature o f  t he  c a l o r i m e t e r  Th 
A t  Th equal t o  985"C, t h e  p ick -up  was 0.6 c a l .  The p ick-ups a t  lower  ca lo -  
r i m e t e r  temperatures we re . l ess  by approx imate ly  t he  amounts expected f rom 
cons ide ra t i ons  o f  t h e  temperature dependence o f  r a d i a t i v e  heat  t r a n s f e r .  
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, The temperature dependence o f  the  ca lo r ime te r  c a l i b r a t i o n  from 195 t o  

1000°C f i t t e d  the emp i r i ca l  equat ion: 
. . 

where 

A i s  the  area per  u n i t  energy absorbed 

, T i s  the  ca lo r ime te r  temperature i n  O K  and 

C i s  a  constant  independent o f  temperature. 
. . 

The dependence o f  t he  va lue o f  A on temperature r e s u l t e d  p r i m a r i l y  f rom . 
changes i n  heat t r a n s f e r  between ca lo r ime te r  p a r t s  w i t h  temperature, e.g., 

increases i n  r a d i a t i v e  heat t r a n s f e r  between sample and drop tube and between 

drop tube and ca lo r ime te r  l i n e r  (318-in. I D  tube)  w i t h  i nc reas ing  tempera- 

t u re ,  and decreases i n  conductance across the  thermopi le  p la tes  w i t h  increas-  

i n g  temperature. Also, t h e  thermoe lec t r i c  power o f  t h e  thermop i le  increased 

w i t h  i nc reas ing  temperature. 

The temperature t r a n s i e n t  versus t ime data d i d  no t  conform t o  any simple 

mathematical r e l a t i o n s h i p  du r i ng  the  i n i t i a l  p e r i o d  a f t e r  dropping a speci -  

men. Dur ing the  l a t e r  p a r t  o f  t r a n s i e n t  decay, t he  decay fo l lowed Newton's 

law o f  cool ing.*  Conformance t o  t h i s  law was es tab l i shed o r  approximated 

about 1 0 - t o  15 min a f t e r  t he  drop o f  a sample con ta in ing  no s to red  energy, 

and 15 t o  30 min a f t e r  t he  drop o f  a  sample con ta in ing  s to red  energy. The 

area under t h e  i n i t i a l  p a r t  o f  the  t r a n s i e n t  was evaluated numer ica l l y .  

The l a t e r  p o r t i o n s  which obeyed Newton's law o f  c o o l i n g  were evaluated 

us ing  t h i s  law. 

5.3.2.3 Accuracy o f  Drop Calor imeter  Measurements 

The p r i n c i p a l  source o f  e r r o r  i n  t h e  measurements a t  h igh  temperature 

was d r i f t  i n  t he  furnace temperature over t he  pe r i od  o f  about 10 t o  30 min 

* This  law s ta tes  t h a t  f o r  small temperature d i f f e rences  the  r a t e  o f  l o s s  o f  
heat  i s  p ropo r t i ona l  t o  t he  temperature above the  surroundings. Th is  law , 

corresponds t o  an exponent ia l  decay o f  temperature; see Equations (22) 
and (23) .  



d u r i n g  which t h e  temperature t r a n s i e n t  was measured. Th is  d r i f t  was random 

i n  d i r e c t i o n  and amount. However, i t  increased w i t h  i n (  -easing ca;or imeter  

temperature.  The e f f e c t  o f  t h e  d r i f t  was t o  change t he  zero p o i n t  s i gna l  o f  

t h e  thermop i le  used t o  measure the  t r a n s i e n t  ( t h e  zero  p o i n t  T, was de f i ned  

as the  s teady-s ta te  read ing  o f  t he  thermop i le  when no energy was being 

absorbed w i t h i n  t h e  c a l o r i m e t e r ) .  To take  i n t o  account the  change i n  io 

dur ing  a  measurement, i t s  va lue  was es t imated  near t h e  end o f  t h e  10 t o  30 

min p e r i o d  by choosing ro t o  s a t i s f y  the  equat ion:*  

I where T i s  t h e  thermop i le  s i gna l ,  t i s  che t ime,  and k i s  a  cons tan t .  I t  

was assumed t h a t  t he  change i n  T~ du r i ng  a  measurement occur r  d a t  a  steadv 

r a t e .  

I f  i t  i s  assumed t h a t  ro i s  cons tan t  i n  t h e  t ime  i n t e r v a l  under con- 

s i d e r a t i o n ,  Equat ion (22)  can be i n t e g r a t e d  t o  

1 n ( ~  - r o )  = - k t  + constant .  

The va lue  o f  k was es t imated  us ing  Equat ion (23)  and data f rom severa l  runs 

w i t h  samples c o n t a i n i n g  no s to red  energy. I t  was assumed t h a t  ro was the  

same as t h a t  a t  t h e  s t a r t  o f  a  measurement, and semi- log p l o t s  o f  t he  da ta  

were made. The va lues f o r  the  slopes a t  20 min were averaged t o  o b t a i n  t h e  

va lue  of k .  The va lue  o f  k  determined i n  t h i s  way was nea r l y  independent 

o f  teniperature i n  t h e  temperature range i n  which measurements wc?r? made: 

200 t o  1000°C. 

Our es t imates  o f  the .accuracy  o f  ou r  measurements o f  heat  con ten t  

between Ti and Th w i t h  t h e  0.2-9 samples were 20.04 c a l  and '0.2 c a l  f o r  

annealed (no s t o r e d  energy) samples i n  t h e  temperature ranges 100 t o  700°C 

and 700 t o  1000°C, respec t i . ve ly .  These va lues correspond t o  1-0.2 and 21 

c a l / g  , r e s p e c t i v e l y .  For  samples con ta in i ng  s to red  energy, t h e  est imated 

* Th is  equa t ion  f o l l o w s  f rom the  assumption t h a t  t h e  r a t e  o f  heat  f l ow i s  
p r o p o r t i o n a l  t o  T - T,. 



accuracy was 25% and i 1 5 %  o f  t h e  s t o r e d  energy i n  t h e  temperature ranges 

100 t o  700°C and 700 t o  100O0C, respec t i ve ly . .  The u n c e r t a i n t i e s  w i t h  the  

s to red  energy samples were, o f  course, never l e s s  than  those f o r  t he  

annealed samples. As s t a t e d  above, t he  accuracy o f  a  measurement was p r i -  

m a r i l y  1  i m i t e d  by the  amount o f  d r i f t  o f  t h e  c a l o r i m e t e r  base1 ine ,  ro, dur-  

i n g  a  measurement. The es t imated  accuracy was l e a s t  f o r  t he  samples 

c o n t a i n i n g  s to red  energy because t h e  re l ease  o f  s t o red  energy d u r i n g  a  

measurement increased t h e  t ime  and t h e r e f o r e  t he  base l i ne  d r i f t  be fo re  the  

Newton's law e x t r a p o l a t i o n  cou ld  be invoked. 



. . 
6.0 EXPERIMENTAL RESULTS ' 

ALPHA-IRRADIATED. SPECIMENS 

1 Nine specimens o f  t he  c u r i  um c o n t a i n i n g  bo ros i  1  i c a t e  g lass  (Me1 t 72-68) 

: I were a1 lowed. to  s e l f - i r r a d i a t e  and were measured a t  p e r i o d i c  i n t e r v a l s  by 
1 
I 

t h e  DSC t o  determine t h e  en tha lpy  changes on hea t i ng  f rom 23 t o  600°C. . Two 

o f  t he  specimens, A-4 and A-5 were d e v i t r i f i e d  as descr ibed  i n  Sec t ion  5.1, 
I 

i and the  . remain ing seven were v i t r eous .  
i 
I 

I 
Immediately a f t e r  anneal ing,  p a r t  o f  specimen A-27 was p laced  ' i n  a  f u r -  

I nace h e l d  a t  250" and a l lowed t o  s e l f - i r r a d i a t e  a t  t h a t  temperature.  Samples 

o f  A-3 were p laced  i n  furnaces h e l d  a t  temperatures rang ing  f rom 100 t o  

400°C a f t e r  hav ing  accumulated a  dose o f  5.0 x  1017 a/g. The l a t t e r ,  mea- 

sured once a  week f o r  4 weeks a f t e r  p l a c i n g  i n  t he  furnace, showed very  

l i t t l e  change i n  t h e  q u a n t i t y  o f  s t o r e d  energy f rom week t o  week. Th is '  i n d i -  

ca ted  t h a t  annea l ing  a t  t he  e l eva ted  temperature was complete w i t h i n  1  week. 

6.1.1 S to red  Energy Re1 ease Behavior  

a r e  The r a t e s  o f  energy re l ease  on h e a t i n g  as a  f u n c t i o n  o f  temperaturL 

shown i n  F igu re  6a through 6 j  f o r  t he  specimens h e l d  a t  room temperature.  

No sharp peaks a r e  e v i d e n t  i n  t he  re l ease  curves a l though n e a r l y  a l l  v i t r e o u s  

specimens show w e l l  d e f i n e d  maxima a t  400 t o  500°C. The maxima do n o t  appear 

f o r  t h e  two dev i  t r i f i e d  .specimens A-4 and A-5 (F igure  6b and 6c) ,  and t he  

maximum i s  much l e s s  pronounced i n  , t h e  v i t r e o u s  specimen A-3 (F igu re  6a) .  

The energy re l ease  i s  f i r s t  de tec tab le  between 110°C and 125°C f o r  

t h e  specimens i r r a d i a t e d  and s t o r e d  a t  room temperature. The re l ease  r a t e  

begins t o  decrease r a p i d l y  a t  about  4 5 0 ' ~  and i s  complete s l i g h t l y  below 

600°C. The temperature a t  which t h e  r a p i d  decrease i n  t h e  re l ease  r a t e  

occurs corresponds about  t o  t h e  s o f t e n i n g  p o i n t  o f  t h e  g lass  (about  500°C).. 

The s t o r e d  energy r e 1  ease behav io r  i s  qua1 i t a t i v e l y  s im i  1  a r  f o r  a1 1  

o f  t he  a lpha doses as seen i n  ~ i c j u r e  6 i  which shows t he  re l ease  curves f o r  

5  d i f f e r e n t  a lpha  doses, f o r  one specimen. The c h a r a c t e r i s t i c  maximum, how- 

ever, does s h i f t  t o  a  lower  temperature as t h e  dose increases.  I n i t i a l l y  a t  

500°C the  maximum drops t o  4,50." a t  the .h ighes . t  dose. .. 
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Specimens i r r a d i a t e d  o r  s t o r e d  a t  e l eva ted  temperatures a l s o  behaved 

s i m i l a r l y  except  t h a t  t h e  f i r s t  de tec tab le  re l ease  ,occurred a t  h i ghe r  tem- 

peratures.  The i n i t i a l  r e l e a s e  appeared a t  75 t o  125°C above t h e  s to rage  

te~ i ipera tu re  (see F igure  6j ) . 
6.1.2 Bu i ldup  o f  Stored Energy w i t h  ~ n c r e a ' s i n g  Alpha -. Dose 

The stor,ed energy re leases  f o r  t h e  n i n e  specimens h e l d  a t  room tempera- 

t u r e  were measured a t  va r ious  alpha doses accumulated ove r  a  l - y e a r  per iod .  

The r e s u l t s  o f  these measurements a r e  shown i n  F igure  7 as a  f u n c t i o n  . o f  

accumulated a lpha dose. 

The s t o r e d  energy inc reases  r a p i d l y  up t o  a  dose o f  about 3 x  1017 0.19, 

reach ing  17.5 c a l l g .  Near t h i s  dose t h e  r a t e  i f  inc rease  d im in ishes  and 

appears t o  approach s a t u r a t i o n .  The da ta  i n d i c a t e  t h a t  t he  bu i l dup  i s  s t i l l  
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c o n t i n u i n g  even a t  1.35 x 1018 a/g, t h e  h i g h e s t  dose f o r  which measurements 

were made. The s t o r e d  energy was 23.5 ,c.al/g a t  t h i s  dose. 

. The bu i l dup  o f  s t o r e d  ensrgy was a l s o   calculate.^ i n  terms o f  s to rage  

t ime o f  s o l i d i f i e d  waste us ing  t h e  a lpha a c t i v i t y  i n  " r e a l "  waste f rom the  

re fe rence  UOp f u e l  (see F i g u r e  1  ) and assuming a  waste s o l i d i f - i c a t i o n  pro-  

cess r e s u l t i n g  i n  1G8,kg g lass  per  m e t r i c  t on  o f  f u e l .  The b u i l d u p  as a  

f u n c t i o n  o f  s to rage  t ime i s , shown  i n  F igu re  8. .The h ighes t  dose f o r  which 

measurements were made was e q u i v a l e n t  t o  780 ' years  ' stora-:e. 

I 6.1.3 The E f f e c t  o f  Storage Temperatures on S to red  Energy 
I 

The s to red ,  energy f o r  t h e  specimen s t o r e d  a t  250" i s  show,i i n  'Figu!-2 3 

f o r  va r i ous  a l p h a  doses up t o  4.6 x 10' a/g. "  he s t o r e d  'ener y :reached 

6.5 c a l / g  a t  t h i s  s to rage  tempera tu re  compared hi tl ' 19.6 ' c a l  lg f o r  t he  spec i -  

mens s t o r e d  a t  room temperature a t  t h e  same dose. ' The b u i l d u p  i f  s t o r e d  

energy i s  r a p i d  a t  t he  lower  a lpha doses and g radua l l y  l e v e l s  a t  t he  h i ghe r  

doses, d i s p l a y i n g  behav io r  s i m i l a r  t o  t h a t  o f  t h e  sqecimens s  :ored a t  :r!om 

temperature. . " 
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Samples o f  A-3 he ld  a t  var ious e levated temperatures f o r  4  weeks showed 

a nea r l y  l i n e a r  decrease i n  s to red energy w i t h  increas ing  temperatures. As 

seen i n  F igure 10, anneal ing o f  the  s to red  energy begins we1 1  below 100°C and 

i s  complete a t  about 350°C. This i s  q u i t e  d i f f e r e n t  from t h e  observed behavior 

on heat ing  a t  20°C/min.durin.g. the  DSC runs i n  which the  re lease i s  n o t  com- 

p l e t e  u n t i l  n e a r l y  600°C. . (The res idua l  s to red  energy versus sample tempera- 

t u r e  i n  the DSC i s  a1 so p l o t t e d  on Figure 10 f o r  comparison. ) The d i f f e r e n c e  

between the  e q u i l i b r i u m  values obta ined f rom the  4-week storage times and the  

values obta ined w i t h  r a p i d  heat ing  i s  due t o  t h e  r e l a t i v e l y  slow anneal ing 

o f  t h e  r a d i a t i o n  damage i n  these specimens. 
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NEUTRON-IRRADIATED SPECIMENS . .. . ., . . .. . 

6.2.1 Presen ta t ion  o f  Data 

Tables 11 and 12 l i s t  t h e  observed changes i n  en tha lpy  i n  the  neut ron-  

i r r a d i a t e d  specimens upon hea t i ng  t o  c e r t a i n  temperatul-es i n  t h e  drop c a l o -  

r i m e t e r  (see Sec t ion  5.3 f o r  d e f i n i t i o n s ) .  The i n i t i a l  temperature was about 

125°C i n  each case. The maximum exper imenta l  temperature ob ta ined  w i t h  a  

g iven  m a t e r i a l ,  o t h e r  than t h e  b o r o s i l i c a t e  glasses, was as h i g h  as appeared 

f e a s i b l e .  Factors  which 1  i m i  t e d  t h i s  temperature inclruded swe l l  i n g  o f  t he  

p l a t i num capsules upon heat ing,  l a r g e  thermal e f f e c t s '  w i t h  c o n t r o l  specimens, 

and c a l o r i m e t e r  1  i m i t a t i o n s .  The s o f t e n i n g  temperatur .:s f o r  t he  boros i  1  i ca te  

glasses were 500 and 540°C f o r  SEN-4 and SEN-5, respec t ' i ve ly .  Accord ing ly ,  

we cou ld  assume t h a t  r a p i d  annea l ing  o f  a l l  s t o r e d  energy would take  p lace  a t  

~500°C.  

The a c t u a l  maximum temperatures i n  t h e  drop c a l o r i m e t r y  o f  specimens 

c o n t a i n i n g  apprec iab l  e 's t o r e d  energy may have  momentari l y  exceeded t 5 a t  o f  

t he  c a l o r i m e t e r  i f  t he  s t o r e d  energy was re l eased  r a p i d l y  upon heat ing.  F.:r 

example, r e l ease  o f  20 c a l / g  o f  s t o r e d  energy under a d i a b a t i c  c o n d i t i o n s  
' 

would increase'  t he  temperature o f  a  p la t inum-encapsulated b o r o s i l  i c a t e  g l a  ;s 

specimen by about  60°C. 

The observed changes i n  en tha l  py o f  u n i r r a d i a t e d  specimens upon h e a t i n g  

i n  t h e  drop c a l o r i m e t e r  a r e  shown i n  Table 13. 

The exper imenta l  va lues f o r  t he  average hea t  c a p a c i t y  i n  t h e  temperature 

range 125°C t o  Th (see Sec t ion  5.3 f o r  d e f i n i t i o n )  o f  i r r a d i a t e d  specimens 

a f t e r  annea l ing  i n  t h e  DC a r e  i n c l u d e d  i n  Tables 11 and 12. Heat capac i t y  

values f o r  u n i r r a d i a t e d  specimens o f  t h e  g lasses and alumina a f t e r  hea t i ng  

t o  Th i n  t h e  DC a r e  a l s o  shown. The exper imenta l  curves f o r  t h e  u n i r r a d i a i e d  

specimens o f  t he  o t h e r  m a t e r i a l s  i n  t h e  DC were n o t  eva lua ted  i n  terms of 

hea t  c a p a c i t y  because we cons idered i t  l i k e l y  t h a t  there -wou ld  be no 

d i f f e r e n c e  between i r r a d i a t e d  and u n i r r a d i a t e d  specimen? o f  these m a t e r i a l s .  



TABLE 11. Entha l  py Change o f  12-Week I r r a d i a t e d  Specimens upon Heat ing, .. 
and Average Heat Capaci ty  o f  I r r a d i a t e d  and ~ n i r r a d i a t e d  . . 
Specimens A f t e r  Anneal i ng; Drop Ca lo r imete r  . . 

Ca lo r imete r  ~ v e r a g e  Heat Capaci t y  Between 
SampleNo. Temp.,Th, ~ H ( 1 2 5 " )  125" and Th, cal /g/"C 

and M a t e r i a l  "C ca l  / g  I r r a d i a t e d  ' Un ' i r rad ia ted  

SEN-1 
Ca lc ine  on 6 7 d ( a ) '  12 0.219 

2'3 748(a)  1 
- 

71 4 15 '0.21 3 
748 11 0.220 

SEN-2 887 17 0.140 
Ca lc ine  88 7 14 0.138 

SEN-4 489 18.5 0.220 
' Glass 506 . 23.5 0.208 0.238' i- 0 . 0 0 4 ( ~ )  (51 3 O )  

5 38 18. 0.240 

SEN-5 489 
.-. G l  ass 506 

5 38 

. . . SEN-7. 
(a  

' ~ o t  press ;?:(a) 
71 4 
809 

SEN-9 809 
S i l i c a  g lass  988 

988 

a. These samples measured sequent ia l  l y  a t  successi  ve l  y h i  gher temperatures. 
A l l  o t h e r  samples easur d a t  or11.y one temperature.  

b. L i t e r a t u r e  v a l  ues.T21,237 Our measured va lues f o r  u n i r r a d i a t e d ,  annealed 
o r  unannealed agreed w i t h i n  exper imenta l  u n c e r t a i n t y  w i t h  1 i t e r a t u r e  
v a l  ues. 

c. D e v i a t i o n  between d u p l i c a t e  specimens. 
d. L i t e r a t u r e  va l  ue. (22-24) 
e. Measured' va lue.  



TABLE 12. Entha lpy Change o f  6-Week 1rradi.ate.d Specimens upon Heating, 
and Average Heat Capaci ty  I r r a d i a t e d  'and Uni r r a d i a f e d  Specimens 
A f t e r  Anneal i ng; Drop' Ca lo r imete r  . . 

Sample No. 
and M a t e r i a l  

SEN-1 
Ca lc ine  on A1203 

SEN-2 
Ca lc ine  

SEN-4 
Glass 

SEN-5 . 
Glass 

SEN-7 
Hot press 

c a l o r i m e t e r  Averaae Heat C a ~ a c i t v  Between 
AH(I 25) 1 2 5 " ~  and T;; . c ~ ~ / ~ / o c  

c a l / g  I r r a d i a t e d  Uni r r a d i  a ted  

SEN-9 977 3 5 
S i l i c a  g lass  . . 977 3 7 

a. These samples measured s e q u e n t i a l l y  a t  success ive ly  h i ghe r  temperatures. 
A l l  o t h e r  samples measured a t  o n l y  one temperature. ' 

b. See Table 11. 
c. Dev ia t i on  between d u p l i c a t e  specimens. 



TABLE 13. Enthal  py Change upon Heat ing U n i r r a d i a t e d  specimens: 
Drop Ca lo r imete r  

Ca lo r imete r  
Sampl e  Temp., Th, . 

" C Number 

a. The plus-minus values show the  d e v i a t i o n  f rom t h e  
' average o f  d u ; ~ l  i c a t e  sampl es. 

b. Average and d ~ v i a t i o n  f o r  f o u r  samples i n  t he  tem- 
pe ra tu re  rang2 85G t o  1000°C. 

c. Measurements a t  ca lo r ime te r .  temperatui-es above and 
below 838°C gave , t h i s  va lue  w i t h i n  about 10%. 

Table 14 g ives  t h e  average hea t  capac i t y  o f  t he  g lass  samples c a l c u l a t e d  

f rom t h e  second drop heat  abso rp t i on  data a t  low DC temperatures. The dev ia -  

t i o n s  f rom t h e  mean between d u p l i c a t e  samples a r e  stiown f o r  t h e  u n i r r a d i a t e d  

m a t e r i a l s .  Only a  s i n g l e  sample o f  each o f  t h e  i r r a d i a t e d  m a t e r i a l s  was 

measured. The d i f f e r e n c e  between en tha lp i es  be fo re  and a f t e r  hea t i ng  t o  

195°C i n  t he  DC ( n o t  shown) was l e s s  than  0.1 c a l / g  i n  a l l  cases, showing 

t h a t  annea l i ng  o f  s t o r e d  energy was negl  i g i  b l  e  d u r i  nq t h e x  measurements. 

The d i f f e r e n t i a l  thermograms ob ta ined  w i t h  t he  DSC f o r  each u n i r r a d i a t e d  

specimen a re  shown i n  F igures  11-16. These a r e  p l o t s  o f  AT versus sample 

temperature f rom the  sequent ia l  scans o f  t h e  same sample. D i f f e rences  between 

the  f i r s t  and t he  second scan i n d i c a t e  t he  occurrence o f  i r r e v e r s i b l e  events.  

The DSC measurements made on t he  i r r a d i a t e d  specimens a re  presented i n  

F igures  17-23. These a r e  p l o t s  o f  dH/dT versus sample temperature and show 

q u a n t i t a t i v e l y  t h e  r a t e  o f . r e l e a s e  o f  hea t  as a  f u n c t i o n  o f  sample temperature. 



TABLE 14. E f f e c t  o f  I r r a d i a t i o n  on t he  Average Heat Capaci ty  o f  Glass 
Sampl es Measured Be1 ow the. Anneal i ng Temperatur.e, Drop 
Ca lo r imete r  

Average Heat Capaci ty  f r om 
I 
I 75 t o  195OC, cal /g/"C 
I Sample Before A f t e r  

Number I r r a d i a t i o n  ~ r r a d i a t i o n ( ~ )  

SEN-4 0.203 + 0,001 0 . 2 0 4 ( ~ )  

a. 12-week i r r a d i a t i o n .  
b; For comparison, t he  exper imenta l  values i n  the  

temperature range 125 t o  510°C were 0.238 and 
0.202 f o r  SEN-4 and SEN-5, r e s p e c t i v e l y .  See 
Tables 11  and 12; 

c.  The l i t e r a t u r e ( 2 4 )  va lue  f o r  fused  s i l ' i c a  between 
75 and 195°C i s  0.211. 

SAMPLE TEMPERATURE, OC 
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100 200 300 A00 500 
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- . SPECIMEN SEN-2 

FIGURE 12.  AT Versus Temperature  f o r  U n i r r a d i a t e d  
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- 
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SPECIMEN S E N d  
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FIGURE 14. 
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SAMPLE TEMPERATURE, OC 

FIGURE 16. AT versus Temperature for ~nirradiated 
SEN-9 

SPECI MEN SEN-1 I i 111 

- 6 WEEK IRRADIATION 

---- 12 WEEK IRRACIATION 

I 1 I b -0.036 'I a : I . . 1 
100 200 300 400 500 ' 600 

TEMPERATURE, OC . . . . .  . . . .  
. . . . 

FIGURE 17. ~ n e r g y  Rei ease Rate versus Temperature 
for Neutron-Irradiated . . ~  SEN-1 

. . .  . I . . .  . i .  ._.. . . . . . .  . . . .  . . . . ' I  . 
0 .. _ . . . .  " . . . : '  .'.' . - . . , . 



I 
I I&,--. 

0.024 - I '\ 
I ---- 

. . 

0.OU - 

. S P E C I M E N ' S E N - 2  
PW 4b CA'LCINE 

- 6 WEEK IRRADIATION 
---- 12 WEEK IRRAOIATIONI  

\ I 

, - c n ' 4 I  I I I I 1 
100 200 300 400 500 600 

TEMPERATURE. OC 

FIGURE 18. Energy Re1 ease Rate Versus Temperature 
f o r  Neu t ron - I r r ad ia ted  SEN-2 

SPECIMEN SEN-3 
ALUMINA SPHERES (NO CALCINE) 

---- 6 WEEK IRRADIATION 

- 12 WEEK IRRADIATION 
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TEMPERATURE, "C 

FIGURE 19. Energy   el ease   ate Versus Temperature 
f o r  Neu t ron - I r r ad ia ted  SEN-3 
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FIGURE 20. Energy Release Rate Versus 
Temperature for Neutron-Irradiated 

. t SPECIMEN SEN-5 
. BOROSILICATE GLASS 

0.0% . - _ _ -  6 WEEK IRRADIATION - U WEEK IRRADIATION 

100 200 300 400 500. 600 

TEMPERATURE, OC 

FIGURE 21. 
Temperature 
SEN-5 

FIGURE 22. 
Temperature 

Energy Release Rate Versus 
for Neutron-Irradiated 

Energy Release Rate Versus 
for Neutron-Irradiated SEN-7 
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100 2W ' 300 400 500 600. 

TEMPERATURE. OC . , . ' .  

.FIGURE 23. Energy Re1 ease Rate Versus Temperature 
- f o r  Neu t ron - I r r ad ia ted  SEN-9 

Val ues f o r  t o t a l  amqunts o f  heat  re1  eased w i t h i n  c e r t a i n  temperature 

i n t e r v a l s ,  ob ta ined  by i n t e g r a t i o n  o f  t h e  D S  r a t e  data, a re  i nc l uded  i n  

Tables 15-22. The 1 i s t e d  values a r e  t h e  .average o f  t he  r e s u l t s  o f  measure- 

ments on two s'amples where t he  r e s u l t s  d i f f e r e d  o n l y ' s l i g h f l y .  Where the're 

were apprec iab le  d i f f e r e n c e s  between t h e  two samples, bo th  r e s u l  t s  i r e .  

1 i s t e d .  . . 

Heat r e1  ease commenced between 160 and '200°C f o r  a1 1 o f  t he  neut ron-  

i r r a d i a t e d  specimens. , ~ h &  'two specimens c o n t a i n i n g  c a l c i n e  i n i t i a l  l y  under- 

went an endothermic r e a c t i o n  below .200°C, as i s  e v i d e n t  f rom t h e  negat i ve  

values i n  t h e  hea t  r e l ease  r a t e  curves (F igures  17 and 18) .  . The c a l c i n e  on  

alumina specimen a l s o  underwent an endothermic r e a c t i o n  i n  t he  temperature 

r e g i o n  o f  500 t o  600°C. 



TABLE 15. Entha lpy Changes u p o n l ~ e a t i n g  and Ra t i os  o f  ..the Values 
a t  D i f f e r e n t  Anneal ing Temperatures f o r  Neutron- 
I r r a d i a t e d  A1 umina 

. . . , . .  , 

Enthalpy Change, AH, and Ra t i o  o f  . . 
Change t o  t h a t  Reported by Roux f o r  Arinealing , 

I n v e s t i g a t o r  a t  1200 "C 
and Anneal i ng Fluence > 1 MeV(a) F I U ~ ~ ~ - M F V ( F ) - - - -  

Ca lo r imeter  Temp., 1.45 x 1020 3.48 x' 1020 
Type & Rat io  - Ratio  

G%- 
AH - 

Present; DSC 2.1 0.13 2.9 0.11 

4 0 0 ( ~ )  0.15 
c ' 

Present; DSC 3.0 0.18 4.1 

Present; DSC 6 0 0 ( ~ )  5.6 0.34 8.5 0.32 

10 Present; DC 750 0.37 

Present; DC 978-988 1 2 '  0.73 16.5 '0.62 

Present; DC 978-988 8 '  0.48 20.5 0.77 
. . 

Roux; DC") 1200 . ' 16.5 1 26.7. 1 

a.  he neut i -on  P l ~ i c : i i c e ~ ,  e;i:plc,;ed I>y Roux ('O) ! e r e  1 . 5  ,: 1020 anti 3 . 2  x 1 0 ~ 0 ,  
c ~ , - ~ ,  >1 IricV. l i i s  sysecir!;ei-I t cn ,pera tu res  d u r i n g  i r r h d i a t i o n  were a b o u t  
100°C. 

b. hll v a l u e s  a r e  POI- h e a t  r e l e 8 s c d  i n  t empe ra tu re  r ange  i. ..:low t h i s  
te i i i pera tu re .  

c .  Reference 20.  

. , 

5 

TABLE 16. Entha lpy Changes upon Heat ing and Ra t i os  o f  t h e  Values 
Measured a t  D i f f e r e n t  Temperatures f o r  Neutron- 
I r r a d i a t e d    used S i  1 i c a  

Enthalpy Change, AH, and Rat io  o f  Change 
, 

t o  t h a t  Measured a t  977-988OC 
Anneal i n a  Fluence > I MeV i l uence  > 1 MeV 

Ca lor imeter  Temp. , 1.45 x 1020 3.48 x 1020 
Type "C AH Ra t i o  AH - - Ratio  

DSC 3 5 0 ' ~ )  1.4 0.04 2.4 0.07 
2.9 0.08 

DSC 4 0 0 ( ~ )  2.2 0.06 4.0 0.11 
! A. 7 0.13 

DSC 6 0 0 ' ~ )  7.0 0.20 9.9 0.28 
13.2 0.38 

DC 988 3 2 1 - .  
DC 988 , - - 34 1 . . 

a. AH values a re  f o r  heat  re leased i n  temperature range below t h i s  temperature. 



, 
j TABLE 17. Enthdlpy Changes ObseYved i p o n   atin in^ Samples : o f ~ a l c i r i e ,  SEN-2 , . , 

Ca lo r imete r  
Type. 

DSC 

DSC . 

DC 

DC 

Anneal i ng. 
Temp. , 

" C 

4000. 

Enthal py Change-,:in' 1 r r a d i a t e d ' i 0 j , ~ ~ ~ . i .  : ."Rs,  
cal/g\;! 

F l  uence > 1 MeV Fluence > 1 MeV 
J .45 x 1020 3:48 x 1020 

. a. AH' equaled 13 c a l / g  a t  Th = 850 t o  1000°C i n  DC measurements. ' I n  DSC 
measurements on u n i r r a d i a t e d  specimens, 1.4 c a l / g  was re leased  i n  t h e  tem- 
pe ra tu re  range 205 t o  600°C. 

b. AH values a re  f o r  hea t  re leased  i n  temperatu're range between 205°C and' t h i s  
temperature. 

c. These samples measured s e q u e n t i a l l y  a t  success ive ly  h i ghe r  temperatures. 

TABLE 18. Enthalpy Changes Observea upon Heat ing Samples o f  
Calc ine on A1 umina, SEN-1 

Entha lpy  Change i n  I r r a r j i q t e d  Spccin lc i ' !~ ,  
Annea l ing  c a l / g i " . )  

C a l n r l m e t e r  Temp. , Fluence > 1 MeV Fluence > 1 ,  MeV 
. .  . Type " C 1.45 x 1020 3.48 x 1020 

DSC 4 0 0 ( ~ )  2.6 2.9 

DSC 5 0 0 ( ~ )  3.8 4.4 

DSC 6 0 0 ( ~ )  4.4 4.5 , 

a.. AH1(125) equaled -3 c a l / g  a t  Th equal t o  840°C i n  DC measurements. I n  
DSC measurements o n  u n i r r a d i a t e d  specimens, 2.5 c a l / g  were absorbed i n  
t h e  temperature range 480 t o  '600°C. 

b. AH values a r e  f o r  hea t  re l 'eased i n  temperature range 180°C t o  t h i s  
temperature.  

c. These samples were measured s e q u e n t i a l l y  a t  s u c c e s s i v e l y  h i g h e r  
temperatures.  



TABLE 19. Entha lpy Changes Observed upon Heat ing Samples o f  
Hot  Press, SEN-7 . . . . 

E n t h a l ~ v  Chanae i n  I r r a d i a t e d  !.:?€cil:;;?f!s, . ., 
Anneal i n g  - ca l / c j ( " )  

C a l o r i m e t e r  ' Temp., F luence > 1 MeV ~ l c e n c e  > 1 MeV 
Type o c  .. -1 .45 x 1020 .3.4as x 1020 

DSC 4 0 0 ' ~ )  ' 

5 

DSC 

a. hH1(125) equaled -4 c a l / g  a t  Th equal t o  838OC i n  DC measurements. ' 

I n  DSC measurements o f  u n i r r a d i a t e d  specimens, a n e t  h e a t  r e l e a s e  of  
4.5 c a l / g  was observed between 425 and 600°C, F i g u r e  4'. 

b. AH va lues  a r e  f o r  h e a t  r e l e a s e d  i n  temperature range below t h i s  
temperature.  

c .  These samples were measured.sequent ia l1y a t  s u c c e s s i v e l y  h i g h e r  
temperatures.  

TABLE 20. Entha lpy Changes Observed upon Heat ing Samples o f  
B o r o s i l i c a t e  Glass, SEN-4 

Anneal i n g  
C a l o r i m e t e r  Temp. , 

Type O C 

DC . 333 

Enthal  py Change i n  I r r a d l a t e a  bpecimens, 
c a l / g ( a )  

F luence > 1 MeV Fluence > 1 MeV 
1.45 x 1020 3.48 x 1020 

DSC 3 5 0 ( ~ ) ,  5.1 5.7 

DSC 400' b, 9.5 9.5 

5 o o ( w  . .  ' DSC 16.'9 ' . '  .18.1 

DC 510 16 - 

538 DC 1 8  

DSC 6 0 0 ' ~ )  20.7 22.6 

. a. ~ H ' ( 1 2 5 )  = 4 c a l / g  a t  Th = 510°C i n  DC measi rement i .  I n  DSC meaiurements 
t h e r e  were no i r r e v e r s i b l e  thermal  e f f e c t s .  

. b. AH values a r e  f o r  h e a t  r e l e a s e d  i n  temperature range be low t h i s  
temperature.  



TABLE 21. Entha lpy Changes Observed upon Heating'Samples 
o f  B o r o s i l i c a t e  Glass, SEN-5 

-Enthal py Change i n  I r r a  i t e d  .Specimens, 
Anneal i ng c a l  /g  

Ca lo r imete r  Temp. , Fluence > 1 MeV 
f a 3  

F l  uence >. 1 MeV 
Type O C 1.45 x 1020 3.48 x 1020 

D C 7 - 
1 - 

48 2 6 - 

I DSC 3 5 0 ( ~ )  5.6 6.0 

DSC 4 0 0 ( ~  ) 8.7 9.2 

DSC 

D C 538 - 18 

DSC 600(' ) 19.7 19.5 

a. aH1(125) = 2 c a l / g  a t  Th = 510°C i n  DC measurements. I n  DSC measurements, 
t h e r e  were no i r r e v e r s i b l e  thermal e f f e c t s .  

b. Th i s  sample was measured s e q u e n t i a l l y  a t  success ive ly  h i ghe r  temperatures. 
c. AH values a r e  f o r  hea t  re leased  i n  temperature range below t h i s  temperature.  

TABLE 22. Average Heat Capaci ty  Observed i n  Samples of  
SEN-4 and SEN-5 

Average Heat C l pac i  t y  
Temperature 

Range,. "C 

75-1 95 

( a )  
ca1 /gI0C 

Q u a n t i t y  Measured SEN-4 SEN-5 

C m 1  ( un i r r ad ia te ' d )  0.203 0.182 

75-1 95 Cl ( i r r a d i a t e d  12 weeks) 0.204 0.166 

125-51 0 C '  2 (un i  r r a d i a t e d )  0.238 0.202 

125-51 0 C 2 ( i r r a d i a t e d  6 weeks) 0.218 0.. 206 

125-51 0 C 2 ( i r r a d i a t e d  12 week) 0.208 

a. See Sec t ion  5.3 f o r  d e f i n i t i o n . '  



The energy re leases  observed i n  t h e  DSC measurements. were complete a t  

600°C ( t h e  h i g h e s t  temperature used) o n l y  f o r  the  two b o r o s ' i l i c a t e  g lasses 

SEN-4 and SEN-5. The r e s t  o f  t h e  specimens con t inued  t o  evo lve  heat  a t  

600°C, and complete re lease  was obv ious l y  n o t  a t t a i n e d  i n  these cases. How- 

ever, .  when hea t i ng  was d i s c b n t i  nued and t h e  c a l o r i m e t e r  temperature was 

f i x e d  a t  600°C, t he  AT va lue  q u i c k l y  r e t u r n e d  t o  zero, showing t h a t  t he  

remainder o f  t he  s t o r e d  energy was be ing  annealed very  s l o w l y  ( o r  n o t  a t  

a l l )  a t  t h i s  temperature.  

6.2.2 Discuss ion o f  Resul t s  w i t h  Neu t ron - I r r ad ia ted  ~ ~ e c i m e ' n s  

Given here a r e  comments on t h e  i n t e r p r e t a t i o n s  o f  t h e  exper imenta l  

r e s u l t s  and on comparisons w i t h  those r e p o r t e d  by o t h e r  workers. 

Other workers have s t u d i e d  n e u t r o n - i r r a d i a t i o n  e f f e c t s  or, bo th  a1 umina 

and s i l i c a ,  and cons iderab le  i n f o r m a t i o n  i s  a v a i l a b l e  on t he  growth and 

thermal annea l ing  o f  s t o r e d  energy and o f  d e n s i t y  changes f o r  these mate- 

r i a l  s. No repo r ted '  exper imental  i n f o r m a t i o n  i s  a v a i l  ab le  'on  r a d i a t i o n  

e f f e c t s  i n  t h e  o t h e r  sample m a t e r i a l s .  

SEN-3. A1 umi na S ~ h e r e s  

The r e s u l t s  o f  o u r  measurements o f  en tha lpy  changes upon h e a t i n g  neu- 

t r o n - i r r a d i a t e d  specimens o f  a1 umina a r e  assembled i n  Tab1 e  1'5. ' A1 so 

i nc l uded  a r e  r e s u l t s  r e p o r t e d  p r e v i o u s l y  by Roux f o r  specimens o f  s  I n- 

t e r e d  a1 umina which were i r r a d i a t e d  a t  comparable f l  uences and temperatures 

and then analyzed f o r  en tha lpy  change w i t h  a  drop c a l o r i m e t e r  o p e r a t i n g  a t  

1200°C. Several f e a t u r e s  o f  t h e  r e s u l t s  a r e  noted: 

1. S a t u r a t i o n  o f  s t o r e d  energy was n o t  reached a t  t he  maximum neut ron  f l u -  

ences tested--3 t o  3.5 x l o z 0  > 1  MeV. 

2.   he ratios o f  t h e  amounts o f  en tha lpy  change observed a t  t h e  lower  f l u -  

ence t o  t h a t  a t  t h k  h i ghe r  were approx imate ly  independent o f  c a l o r i m e t e r  

(annea l ing)  temperature a t  600°C and above and about the  same as t h a t  

f o r  Roux' s  r e p o r t e d  data.  



temperature as shown by t h e  l i s t e d  values f o r  t h e  r a t i o  o f  - ~ u r  r e s u l t s  

t o  those r e p o r t e d  by Roux. (20 

I Considerat ions o f  r e p o r t e d  1  i t e r a t u r e  i n f o r m a t i o n  1  ed us t o  conc l  ude: 

1. The d i f f e r e n c e s  between t h e  amounts o f  en tha lpy  change observed a t  

d i f f e r e n t  c a l o r i m e t e r  temperatures r e s u l t e d  f rom incomplete anneal- 

i ng o f  t h e  s t o r e d  energy below 1200°C (and poss i  i ; l y  below 1.4; O°C). 

2. The t o t a l  r ad ia t i on - i nduced  en tha l  py changes i n  our  specimens were 

near  those repo r ted  by Roux. (20 

3 .  An es t ima te  o f  about  50 c a l / g  f o r  t h e  t o t a l  s t o red  energy a t  approx i -  

mate s a t u r a t i o n  can be made us ing  a  repo r ted  r e l a t i o n s h i p  between 

rad ia t i on - i nduced  en tha lpy  and d e n s i t y  changes. Our cons ide ra t i ons  

which l e d  t o  these conc lus ions  a r e  d iscussed below. 

F i r s t  cons ider  whether t h e  d i f f e r e n c e  between t h e  amounts o f  en tha lpy  

change r e p o r t e d  b,y Roux and those found i n  t h i s  work migh t  be ascr ibed  t o  

d i f f e r e n c e s  between sample m a t e r i a l s  and/or between neu t ron  energy spect ra .  

Germane t o  these cons ide ra t i ons  a re  1 )  t he '  r e p o r t  by Roux t h a t  t he re  was 
' 

a  d i r e c t  r e l a t i o n s h i p  between t h e  en tha lpy  and t he  dens i ty ,  changes which he 

observed i n  h i s  i r r a d i a t e d  specimens and 2 )  t h e  r e s u l t s  o f  s t ud ies  o f  d e n s i t y  

changes induced i n  alumina by neu t ron  i r r a d i a t i o n s  a t  60 t o  100°C r e p o r t e d  by 

severa l  d i f f e r e n t  i n v e s t i g a t o r s  (25-27)  u s i n g  d i f f e r e n t  sample ma te r i a l  s  and 

exposing t h e i r  samples i n  severa l  d i f f e r e n t  r eac to r s .  Comparisons o f  these 

r e p o r t e d  r e s u l  t s  i n d i c a t e d  t h a t  t h e r e  was no d i  f f e rence  between t he  d e n s i t y  

change a t  a  g i ven  f luence ,  > l  MeV, i n  t h e  r a n g e  under cons ide ra t i on  i n  s i n g l e  

c r y s t a l  s  and i n  p o l y c r y s t a l l  i n e  m a t e r i a l  s  prepared i n  severa l  d i  f f e r e n t  

ways. A lso t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between r e s u l t s  ob ta ined  w i t h  

i r r a d i a t i o n s  i n  t he  ETR o r  t h e  HIFAR o r  t he  RA Reactor.  The HIFAK i s  a  tank  



t ype  r e a c t o r  ( A u s t r a l i a n )  us i ng  D20 moderator. The ETR and t h e  ORR a r e  

tank  type  r e a c t o r s  us ing  H20 moderator. Roux d i d  n o t  rep-ort  t he  r e a c t o r  

i n  which h i s  i r r a d i a t i o n s  were made, b u t  i t  can be i n f e r r e d  f rom repo r ted  

work o f  o the rs  ( 2 6 )  t h a t  some o r  a l i  o f  t h e  A120j i r r a d i a t i o n s  were i n  t he  

RA r e a c t o r  a t . V i n c a ,  Yugoslavia.. Th is  i s  a l s o  a tank  type r e a c t o r  w i t h  

D20 moderator. We conc l  uded t h a t  poss i  b l  e  d i f f e r e n c e s  between t h e  sampl e  

m a t e r i a l s  and r a d i a t i o n s  sources d i d  n o t  account f o r  t h e  d i f f e r e n c e s  between 

t he  en tha lpy  changes r e p o r t e d  by Roux and those , found  i n  our  work. 

Next cons ider  t h e  f r a c t i o n a l  annea l ing  o f  s t o r e d  energy a t  temperatures 

below 1200 t o  1400°C. Reported i n f o r m a t i o n  on t he  f r a c t i o n a l  annea l ing  o f  

r ad ia t i on - i nduced  d e n s i t y  changes i s  p e r t i n e n t  here. S p e c i f i c a l l y ,  Hickman 

and Wal k e r  ( 25 )  r e p o r t e d  s tud ies  o f  t h e  annea l ing  o f  r ad ia t i on - i nduced  d e n s i t y  

changes i n  s i n g l e  c r y s t a l s  o f  alumina i n  which specimens i r r a d i a t e d  i n  t he  

HIFAR Reactor were heated f o r  1  h r  a t  consecu t i ve l y  h i ghe r  temperatures 

between 200 and 1400°C i n  200" steps. T h e i r  specimen temperatures d u r i n g  

i r r a d i a t i o n  were 75 t o  100°C and t he  neu t ron  f luences  >1 MeV were 4.4 x 10 19 

t o  5.0 x  l o z 0  cm-'. T h e i r  r e s u l t s  showed t h a t  t he  f r a c t i o n a l  anneal ing co r -  

responded t o  14%, 27%, 48%, 65%, and 90% a f t e r  hea t i ng  a t  400, 600, 750, 

1000, and 12UU°C, r e s p e c t i v e l y ,  and was independent o f  t h e  f luence  t o  which 

a specimen was exposed. Others (26 )  have shown t h a t  most o f  t he  annea l ing  

t a k i n g  p lace  a t  a  g i ven  temperature occurs w i t h i n  a  few tens o f  minutes 

a f t e r  t h e  i n i t i a l  exposure t o  t h e  temperature. 

The values f o r  t h e  f r a c t i o n a l  .amounts o f  dens i t y -annea l ing  a t  400, 600, 

750, and 1000°C mentioned i n  t h e  preceding paragraph a r e  near those, l i s t e d  

i n  Table 15, f o r  t h e  va lues o f  t h e  r a t i o  a t  these temperatures. Also, and 

i n  p a r t i c u l a r ,  t he  r e l a t i v e  values o f  t h e  r a t i o s  a t  a  g iven  f luence  a r e  near 

those f o r  t h e  r e l a t i v e  amounts o f  d e n s i t y  annea l ing  a t  t h e  respec t i ve  tem- 

pera tu res .  These agreements l e d  us t o  i n f e r  t h a t  an approximate l i n e a r  

re1  a t i o n s h i  p  between f r a c t i o n a l  amounts o f  thermal anneal i n g  o f  r a d i a t i o n -  

induced d e n s i t y  changes and o f  s t o red  energy i n  alumina p r e v a i l s  up t o  a t  

l e a s t  1200°C. It a l s o  l e d  t o  t h e  conc lus ion  mentioned above t h a t  most o f  

t h e  d i f f e rences  between Roux's and o u r  s t o r e d  energy da ta  r e s u l t e d  f rom t h e  

d i f f e r e n c e s  between c a l o r i m e t e r  temperatures. 



On the  bas is  o f  r e p o r t e d  ( 2 5 y 2 7 )  e f f e c t s  o f  70 t o  100°C i r r a d i a t i o n s  on 

dens i t y ,  i t  can be es t imated  t h a t  an approximate s a t u r a t i o n  o f  t h e  d e n s i t y  

change a t  about  1.4% i s  reached a t  a  f l uence  o f a b o u t  1  x  l o2 '  c r  2, >1.0 MeV.* 

From Roux's r e l a t i o n s h i p  between s t o r e d  energy and volume inc rease  p r i o r  t o  

anneal ing,  i t  can be es t imated  t h a t  about 50 c a l / g  would be 'assoc ia ted  w i t h  

the  1.4% vo l  ume increase.  

SEN-9, Fused S i l i c a  

The r e s u l t s  o f  t he  c a l o r i m e t r i c  measurements on fused  s i l i c a  a re  assern- 

b l e d  i n  Table 16. 

The amounts o f  s t o r e d  energy measured a t  Th equal t o  about  1000°C appar- 

e n t l y  reached s a t u r a t i o n  a t  about  35 c a l / g  d u r i n g  t h e  6-week i r r a d i a t i o n .  

Th i s  agrees w i t h  t he  r e s u l t s  o f  Roux (20)  who repo r ted  t h a t  s a t u r a t i o n  was 

reached a t '  a  f l  uence o f  3  x  lo1', >1 MeV. Our s t o r e d  energy values, 31 t o  

37 ca l  /g, a r e  w i t h i n  t h e  range ,o f  values r e p o r t e d  by R3ux f o r  h i g h - f l  uence 

specimens. Roux's c a l o r i m e t e r  temperature was a l s o  about  1000°C w i t h  t h e  

fused s i l i c a .  

J u s t  as f o r  alumina, i t  i s  p o s s i b l e  t h a t  t h e  ac tua l  amounts o f  s t o r e d  

energy exce6ded those measured a t  1000°C. No d i r e c t  i n f o r m a t i o n  on t h i s  pos- 

s i b i l i t y  i s  a v a i l a b l e .  However, t he  r e s u l t s  o f  o the rs  f o r  t he  annea l ing  o f  

r ad ia t i on - i nduced  d e n s i t y  changes i n  h e a v i l y  i r r a d i a t e d  fused s i l i c a  i n d i -  

ca ted  t h a t  a  smal l  f r a c t i o n  ( 5  t o  15%) o f  t h e  d e n s i t y  change remained a f t e r  

hea t i ng  f o r  30 min a t  1 0 0 0 " ~ . ( ~ ~ ' ~ ~ )  I t  seems l i k e l y  t h a t  some s to red  

energy a l s o  remained a f t e r  t h e  1000°C DC measurements. Assuming t h i s  was 

a l s o  i n  t he  range 5  t o  15%, t h e  t o t a l  r a d i a t i o n  induced entha.1py changes i n  

ou r  specimens equaled about  40 c a l l g .  

There were smal l  d i f f e r e n c e s  between t h e  hea t  capac i t y  between 125 and 

980°C o f  i r r a d i a t e d  and u n i r r a d i a t e d  specimens o f  fused s i l i c a  a f t e r  anneal-  

i n g  a t  980°C. These d i f f e r e n c e s  may have r e s u l t e d  f rom p a r t i a l  d e v i t r i f i -  

c a t i o n  o f  t he  i r r a d i a t e d  s i l i c a  d u r i n g  annea l ing  a t  980cC. The heat  c a p a c i t y  

* The vo l  me con t inues  t o  inc rease  s l o w l y  w i t h  i n c r e a s i n g  f l uence  above 
1  x cm.-2.(27) 



o f  i r r a d i a t e d  and un i . r rad ia ted  m a t e r i a l  i n  t h e  temperature range 7.5 t o  195" 

(see Table 14)  d i d  n o t  d i f f e r  s i ' g n i f i c a n t l y .  

SEN-2, Ca lc ine  

The r e s u l t s  o f  t h e  var ious  c a l o r i m e t r i c  measurements on t he  c a l c i n e  ar; 

assembled i n  Table 17. 

The bet en tha lpy  changes i n  t h i s  m a t e r i a l  i n  t h e  t e m p e r a h r e  r e g i o n  

200 t o  600°C inc reased  f rom 6.2 t o  11.3 c a l / g  between t he  6-week and 12-week 

i r r a d i a t i o n s ,  showing t h a t  s t o red  r a d i a t i o n  energy had n o t  sa tu ra ted  a t  t he  

r a d i a t i o n  l e v e l s  s tud ied.  Measurements a t  h i ghe r  temperatures were n o t  con- 

c l  u s i v e  because o f  1  arge thermal e f f e c t s  apparen t l y  u n r e l a t e d  t o  r a d i a t i o n  

damage. U n i r r a d i a t e d  samples showed a  l a r g e  exotherm o f  +13 + 2  c a l / g  

occur red  between 600 and 1000°C. The maximum en tha lpy  change i n  i r r a d i a t e d  

samples was 25 c a l / g  a t  975OC ( t h e  sum re leased  i n  t h e  sequent ia l  runs  a t  

897 and 975°C f o r  t h e  6-week i r r a d i a t i o n ) .  No s i m i l a r  da ta  a r e  a v a i l a b l e  

i t  t h i s .  temperature f o r  t h e  12-week i r r a d i a t i o n .  

The u n i r r a d i a t e d  m a t e r i a l  a l s o  showed a small en tha lpy  change of 

+1.4 c a l / g  between 205 and 600°C (see F igure  12).  I n  a d d i t i o n  an endotherm 

occur red  below 200°C, r e s u l t i n g  i n  an en tha lpy  change o f  -4 ca l / g .  Th is  

endotherm was a l s o  observed i n  i r r a d i a t e d  samples b u t  was much sma l le r ,  

amounting t o  o n l y  1.5 ca l / g .  

The DC r e s u l t s  w i t h  Th = 897 t o  975O a l s o  i n d i c a t e d  a  s i g n i f i c a n t  e f f e c t  

o f  i r r a d i a t i o n  on t h e  en tha lpy  i n  t h e  case o f  t h e  6-week specimens. The 

en tha lpy  changes upon hea t i ng  i n  these cases inc reased  by about 10 c a l / g  

above t h e  13 c a l / g  which p r e v a i l e d  be fo re  i r r a d i a t i o n .  However, t h e  en tha lpy .  

change upon h e a t i n g  t h e  12-week specimens i n  t h i s  h i ghe r  temperature range 

amounted t o  o n l y  a  few c a l o r i e s  pe r  gram above the  p r e i r r a d i a t i o n  13 c a l / g .  

The exper imenta l  r e s u l t s  o u t l i n e d  above suggest t h a t  t he  r a d i a t i o n  

de fec t s  produced du r i ng '  t h e  6-week i r r a d i a t i o n  added t o  t he  d i s o r d e r  a1 ready 

p resen t  t o  r e s u l t  i n  t h e  r e l a t i v e l y  l a r g e  en tha lpy  changes d u r i n g  hea t i ng  a t  

897 t o  975°C. They a l s o  suggest t h a t  t h e  l onge r  i r r a d i a t i o n  caused some 

annea l ing  o f  t h i s  d i so rde r .  



SEN-1, Al2g3 Coated w i t h  Calc ine 

~ e s u l t s  o f  t he  var ious enthalpy-change measurements on samples o f  

alumina coated w i t h  c a l c i n e  are assembled i n  Table 18. 

Gas was evolved f rom samples o f  t h i s  ma te r i a l  i n  amounts which caused 

swe l l i ng  .o f  t h e  p la t inum conta iner-capsule a t  h igh  temperatures. To avo id  

much swe l l ing ,  most o f  t h e  DC meaiurements were made a t  t e s t  temperat;res 

about 750°C o r  below. The enthalpy change w i t h  the u n i r r a d i a t e d  specimens 

was measured o n l y  a t  Th = 840' where t h e  measured value was -3 c a l l g .  

As w i t h  t he  SEN-2 ma te r i a l ,  apprec iable thermal e f f e c t s  were observed 

w i t h  u n i r r a d i a t e d  specimens i n  DSC measurements (see F igure  11 ) .  A small 

endothermic r e a c t i o n  i 0 . 5  c a l l g ,  s t a r t e d  a t  about 60' and cont inued t o  250". 

Un l i ke  SEN-2, a  second endotherm of ~ 2 . 5  c a l l g  occurred i n  t he  i n t e r v a l  

480 t o  600°C. The l a t t e r  endotherm probably  r e s u l t e d  f rom decomposit ion 

o f  metal n i t r a t e s  o r  l o s s  o f  chemical l y  bound H20. 

It i s  l i k e l y  t h a t  severa l  processes i n c l u d i n g  gas e v o l u t i o n  and s to red  

r a d i a t i o n  energy re lease from t h e  alumina and c a l c i n e  were c o n t r i b u t i n g  t o  

the  observed enthal  py changes. Our data a r e  i n s u f f i c i e n t  t o  separate t h e  

e f f e c t s  o f  t h e  d i f f e r e n t  processes. I n  any case, t h e  n e t  en tha lpy  change on 

heat ing i r r a d i a t e d  specimens t o  750°C o r  below appears t o  have reached 

approximate s a t u r a t i o n  o f  about 15 c a l / g  du r i ng  the  &week i r r a d i a t i o n .  

SEN-7, Hot Press 

Resul ts  of t h e  var ious  enthalpy-change measurements on samples o f  t h i s  

ma te r i a l  a re  assembled i n  Table 19. 

Gas was evolved from t h i s  ma te r i a l  i n  amounts which caused s w e l l i n g  o f  

t he  p la t inum conta iner-capsule a t  h igh  temperatures. To avo id  much s w e l l i n g  

w i t h  i r r a d i a t e d  specimens, DC temperatures were h e l d  r e l a t i v e l y  low. 

The SEN-7 ma te r i a l  was formed by ho t  p ress ing  . . (1000°C) a t  50-50 m ix tu re  

o f  qua r t z  and PW-4m c a l c i n e  ( 5 0 0 " ~ ) . ( ~ ~ )  The bonding between t h e  ho t  

pressed c o n s t i t u e n t s  was be l ieved t o  r e s u l t  f rom t h e  fo rmat ion  o f  small 



amounts o f  Na20-Si02, which me1 t s  i t  about 7800, and Na2-Fe203-Si02, which 

me1 t s  a t  about 7 6 0 k . ( ~ ~ ~  I f  t h e s e p i a s e s  are,  i n  f a c t ,  present ,  i t  i s  

1  i k e l y  t h a t  me1 t i n g  o f  these c o n t r i b u t e d  . t o  t h e  n ~ ~ a t i v e  en tha l  py change i n  

d n i r r a d i a t e d  specimens upon hea t i ng  t o  about 840°C Other e f f e c t s  caused 
. . 

t he  n e t  r e l ease  o f  4.5 ca l / g  f rom u n i r r a d i a t e d  specimens i n '  DSC measurements 

below 600°C (see F igu re  15). , . , ~ 

The major  c r y s t a l l i n e  phases i n  t h e  hot-pressed m a t e r i a l  p r i o r  t o  i r r a -  

d i a t i o n  were qua r t z  and components of PW-4m c a l c i n e .  (30) ~t i s  

known ( '28929333) t h a t  t he  e f f e c t s  o f  h i gh - f l uence  neu t ron  i r r a d i a t i o n  on 

qua r t z  a r e  s i m i l a r  t o  t h e  e f f e c t s  on fused s i l i c a  i n  t h e  sense t h a t  t h e  same 

v i t r e o u s  phase i s  formed f rom each m a t e r i a l .  The d e n s i t y  o f  t h i s  phase a t  

h i gh  dose i s  g r e a t e r  than  t h a t  o f  fused, v i t r e o u s  s i l i c a  by about 2.3%, and 

l e s s  than t h a t  o f  qua r t z  by about 15%. , Thermal annea l ing  o f  t h e  h e a v i l y  

i r r a d i a t e d  m a t e r i a l s  apparen t l y  produces v i t r e o u s  s i  1  i ca regard1 ess o f  

whether t he  i n i t i a l  m a t e r i a l  i s  qua r t z  o r  fused s i l i c a .  Accord ing ly ,  we 

assume tha,t  t he  en tha l  py changes upon hea t i ng  h i g h - f l  uence specimens o f  

qua r t z  and fused s i l i c a  a r e  t h e  same. 

I f  we assume t h a t  t h e  re l ease  o f  s t o r e d  energy by t h e  s i l i c a  and the  

c a l c i n e  i n  t h e  i r r a d i a t e d  samples o f  t h e  hot -press m a t e r i a l  occur red  inde-  

pendent ly  o f  each oth.er, we can es t ima te  t he  c o n t r i b u t i o n  o f  s i l i c a  t o  t h e  

observed va lues o f  AH, and thus f i n d  t he  c o n t r i b u t i o n  o f  the  c a l c i n e  and/or 

o f  i n t e r f a c e  m a t e r i a l s  and reac t i ons .  Using our  da ta  f o r  t h e  s t o r e d  energy 

re1  eased f u s i o n  f rom i r r a d i a t e d  s i l  i c a  (Tab le  6) ,  our  es t imated  values f o r  

t h e  s to red ,ene rgy  re l eased  f rom t h e  s i l i c a  i n  t h e  h igh- f luence  SEN-7 sample 

a r e  %ll c a l / g  a t  600°C and ~ 3 0  c a l / g  a t  800°C. 

The observed re l ease  o f  s t o r e d  energy f rom t h e  h igh- f luence  SEN-7 

samples (Tab le  9 )  were %30 c a l l g  a t  600 and 34 c a l / g  a t  800°C. The n e t  

r e l ease  a f t e r  ad justment  f o r  observed therma l  e f f e c t s  i r i  un i  r r a d i a t e d  spec i  - 
mens o f  SEN-7 were ~ 2 5  c a l / g  a t  600°C and %38 c a l / g  a t  800°C. Reducing t h e  

n e t  va lues o f  s t o r e d  r a d i a t i o n  energy by t h e  es t imated  ' c o n t r i b u t i o n s  f o r  



s i l i c a  i n  the  i r r a d i a t e d  samples leaves 20 t o  25 c a l / g  (40 t o  50 c a l / g  of  

m a t e r i a l  o t h e r  t h a n . s i l i c a )  a t  bo th  600 and 800°C.* These amounts o f  energy 

must be asc r i bed  t o  s t o r e d  energy i n  t h e  c a l c i n e  and/or  r e a c t i o n s  between 

c a l c i n e  and s i l i c a  on h e a t i n g  t h e  i r r a d i a t e d  m a t e r i a l ,  i.e., t o  r e a c t i o n s  

promoted by r a d i a t i o n  damage i n  t h e  .mater i  a1 .** 

SEN-4, B o r o s i l i c a t e  Glasses 

Resu l ts  o f  t h e  var ious  enthalpy-change measurements on samples o f  t h i s  

m a t e r i a l  a r e  assembled i n  Table 20. Resul ts  o f  measuraments o f  the  average 

s p e c i f i c  heat  o f  i r r a d i a t e d  and u n i r r a d i a t e d  samples a r e  l i s t e d  i n  Table 22. 

The r e s u l  t s  o f  DSC measurements, F i gu re  13, showed no s i  gn i  f can t  i r r e -  

. v e r s i b l e  thermal e f f e c t s  upon hea t i ng  t o  600'. The i n d i c a t e d  t r a r ~ s f o r m a t i o n  

temperature, T  ( t r a n s f o r m a t i o n  between a  g lass  and a  supercooled l i q u i d )  i s  
9  

between 495 and 500°C. The l a c k  o f  i r r e v e r s i b l e  thermal e f f e c t s  - ~ d i c a t e d  

t h a t  t he  en tha lpy  o f  t he  g lass  a t  a  g iven  temperature was n o t  s e n s i t i v e  

t o  t h e  r a t e  o f  cool  i n g  through T 
g  ' 

+(34-36) Rapid re1  i e f  o f  s t resses  i n  

glasses takes p l ace  upon h e a t i n g  t o  and above T  
g  ' (34)  and i t  i s  l i k e l y  t h a t  

s t o red  r a d i a t i o n . e n e r g y  a l s o  anneals r a p i d l y  upon h e a t i n g  t o  and above T 
g*  

Assuming t h a t  t h i s  was t h e  case, annea l ing  o f  s t o r e d  energy occurred l r a p i d l y  
I 

a t  a l l  t h e  l i s t e d  c a l o r i m e t e r  temperatures a t  4 8 9 ° C  and above. 1 
The DC measurements on u n i r r a d i a t e d  specimens a t  Th = 510°C showed an 

i r r e v e r s i b l e  thermal e f f e c t  i n  which 4  c a l / g  were evolved. Apparent ly  

changes occur red  i n  t h e  g lass  d u r i n g  t he  r e l a t i v e l y  l o n g  t imes (1  5-30' mi n )  

t ha t ,  a  sarr~ple remai'ned a t  510". ( 3 6 )  The na tu re  o f  t h i s  change i s  unknown. 

The occurrence o f  changes d u r i n g  h e a t i n g  a t  510" was a l s o  i n d i c a t e d  by t h e  

* S i m i l a r  es t imates  f o r  t h e  low-f luence SEN-7 sample showed t h a t  t h e  amounts 
o f  energy re l eased  which wer? n o t  accounted f o r  by t he  s i l i c a  were a l s o  
20 t o  25 ca l /g .  

** The i n d i c a t e d  amounts o f  s t o r e d  energy a r e  much g rea te r  than found i n  
e i t h e r  SEN-2 c a l c i n e  samples (Table 17)  o r  i n  SEN-1 samples of c a l c i n e  
on alumina Table 18. However, t h e  r a d i a t i o n  e f f e c t s  i n  t he  c a l c i n e  may 
have been enhanced by t h e  s t r a i n s  which must have r e s u l t e d  f rom the  15% 
s w e l l i n g  o f  t h e  s i l i c a  d u r i n g  i r r a d i a t i o n .  Also, t h e  p a r t i c u l ~ r  hea t  
and pressure t reatments  used i n  t he  p repa ra t i on  o f  t h e  SEN-7 m a t e r i a l  
may have e f f e c t e d  t h e  s u s c e p t i b i l i t y  t o  r a d i a t i o n  damage. 

t The r a t e  o f  c o o l i n g  d u r i n g  manufacture o f  t h e  g l ass  was 1.5"C/min 
w h i l e  t h a t  du r i ng  t h e  DSC measurement was about 20°C/min. 



changes i n  t h e  observed average hea t  capac i t y  o f  bo th  i r r a d i a t e d  and u n i r r a -  

d i a t e d  specimens a f t e r  h e a t i n g  a t  510" i n  t he  DC (Table 21). However, t he  

i n fo rma t i on  on s p e c i f i c  heats  i s  i n s u f f i c i e n t  f o r  e v a l u a t i n g  t h e  q u a n t i t y  

AH(Ta) - AH(Ti) [see Equat ion (13), Sec t ion  5.31. The r e s u l t s  o f  DC expe r i -  

ments i n  which t h e  specimen was withdrawn f rom the  c a l o r i m e t e r  much more 

s l o w l y  than usual a f t e r  t h e  f i r s t  drop showed no e f f e c t s  o f  wi thdrawal  r a t e  

on AH and suppor ted t he  i dea  t h a t  t he  en tha lpy  o f  t h e  g lass  a t  a  g iven  tem- 

pe ra tu re  was n o t  s e n s i t i v e  t o  t h e  r a t e s  o f  c o o l i n g  through T  
9  ' 

I I n  p r i n c i p l e ,  t he  DC values should be ad jus ted  f o r  t h e  AH1(125) va lue 

o f  4  c a l / g  and f o r  p o s s i b l e  d i f f e r e n c e s  between AH values a t  d i f f e r e n t  

annea l ing  temperatures be fo re  comparing t h e  DC and DSC s t o r e d  energy r e s u l t s .  

(See Sec t ion  5.3.) However, as mentioned above, t he  i n f o r m a t i o n  on s p e c i f i c  

heats  i s  i n s u f f i c i e n t  f o r  e v a l d a t i n g  p o s s i b l e  d i f f e r e n c e s  between AH values 

a t  d i f f e r e n t  temperatures. The agreement among the  r e s u l t s  i n  Table 20 sug- 

I gests  t h a t  any e f f e c t s  o f  an app rec iab le  AH' (125) were cance l l ed  by t h e  

I 
1 

e f f e c t s  o f  d i f f e r e n c e s  between e f f e c t i v e  anneal i ng temperatures . 
SEN-5, B o r o s i l i c a t e  Glass ' 

Resu l ts  o f  t h e  va r i ous  enthalpy-change measurements on samples o f  t h i s  

I m a t e r i a l  a r e  assembled i n  Table 21. Some r e s u l t s  o f  measurements o f  t h e  

average s p e c i f i c  hea t  o f  i r r a d i a t e d  and u n i r r a d i a t e d  samples a r e  1  i s t e d  i n  

Tab1 e  22. 

Genera l ly ,  t h e  d iscuss ions  and i n t e r p r e t a t i o n s  g iven  above f o r  t he  SEN-4 

g lass  samples app l y  a l s o  t o  t h i s  m a t e r i a l  and t o  t he  enthalpy-change r e s u l t s .  

The i n d i c a t e d  t r ans fo rma t i on  temperature T  was between 508 and 512"C, about 
9  

12 degrees above t h a t  f o r  SEN-4 (see F igu re  14). It i s  1  i k e l y  t h a t  anneal-  

i n g  o f  s t o r e d  energy occur red  r a p i d l y  a t  a1 1  t h e  l i s t e d  c a l o r i m e t e r  tempera- 

t u r e s  above 500°C. 

As w i t h  the  SEN-4 samples, t h e  DC measurements a t  510°C on unannealed 

samples o f  SEN-5 showed an i r r e v e r s i b l e  thermal e f f e c t .  However, t h e  AH1- 

va lue  f o r  SEN-5 was 2  ca l /g ,  one-ha l f  t h a t  o f  SEN-4. 



As can be seen in Table 22 ,  there i s  close agreement among a l l  the A'H 

values obtained a t  a given calorimeter temperature. There were no s igni f i -  
cant differences between the ,  two different neutron exposures. Tk:.  stored 
energy in these specimens, . , as indicated by both the DSC and DC resul ts ,  was 

20 cal/g. 

Again, in principle, the DC values should be adjusted for  the AH' (125) 
value ( 2  cal/g) and for possible differences between AH values, a t  .different 
effective annealing temperatures before comparing the DC and DSC stored 
energy resul ts  (see Section 5.3).   ow ever, as with the SEN-4 samples, the 

information on specif ic  heats i s  insuff ic ient  for  evaluations of possible 
difference between AH values a t  different temperatures. The agreement among 
the resul ts  i n  Table 22 suggests that  any effects  of'  an appreciable AH'  (1 25) 
were cancel 1 ed by the effects  of differences between effective anneal ing 
temperatures. 



7.0 CONCLUSIONS 

7.1 PREDICTED AMOUNTS OF STORED ENERGY AND AMOUNTS AND EFFECTS OF 

TEMPERATURE EXCURSIONS IN  THE EVENT OF STORED ENERGY RELEASE 

The main concerns w i t h  s to red energy are: 1 )  t h a t  i t s  r a p i d  re lease 

may cause temperature r i s e s  which cou ld  be excessive w i t h  respect  t o  the  

e f f e c t s  o f  h igh  temperatures on the  i n t e g r i t y  o f  t h e  waste-container and 

on the phys ica l  and chemical p rope r t i es  of the s o l i d  wastes, and 2)  t h a t  

the  exp los ive  re lease o f  mechanical energy accompanying a sudden tempera- 

t u r e  r i s e  i n  the  wastes might  be o f  concern. 

The r e s u l t s  o f  t h i s  study show t h a t  l a r g e  temperature excursions 

r e s u l t i n g  from the  re1  ease o f  t he  s to red energy which may be accumulated 

dur ing  a per iod  o f  ten  years o r  more a t  r e l a t i v e l y  low storage tempera- 

t u res  f o l l o w i n g  reprocessing a re  n o t  poss ib le .  The temperature r i s e s  which 

cou ld  occur under ad iaba t i c  cond i t i ons  and which represent  t he  worst  cases 

were est imated and a r e  l i s t e d  i n  Table 23 f o r  the  syn the t i c  wastes inc luded 

i n  t h i s  study. The values were ca l cu la ted  us ing the  maximum observed 

s tored energies and the'measured heat capac i t ies ,  assuming t h a t  a spontane- 

ous re lease i s  t r i gge red  a t  125OC and t h a t  the  temperature r i s e  occurs 

a d i a b a t i c a l l y .  The maximum f a s t  neutron doses t o  the  ca l c ines  i n  SEN-1, 

-2, and -7 'samples were equ iva len t  t o  the  damaging r a d i a t i o n  doses whic'h 

would accumulate. w i t h i n  wastes du r ing  about 500 and 10 years f o l l  owing 

reprocessing f o r ,  respec t i ve l y ,  LWR-U02 waste and mixed LWR-U02 (213) and 

LWR-Pu02 (113) waste. The damaging doses t o  the  glasses'  dur ing  neutron 

i r r a d i a t i o n s  were much 1 ower (Table 10) because the  concent ra t ions  o f  

f i s s i o n  product  elements i n  t h e  glasses were much lower; about 114 to '  

113 those i n  the  ca lc ines .  However, t h e . r e s u l t s  obta ined w i t h  the  Cm- 

spiked g lass  samples ( s i m i l a r  i n  composi t i g n  t o  the  SEN-4. samples) showed 

t h a t  damaging doses du r ing  23°C storage exceeding those mentioned above 

fo r  t he  ca l c ines  would n o t  r e s u l t  i n  more than about 25 c a l / g  s to red energy 

i n  t he  glass. 



TABLE 23. Maximum Temperature Rises R e s u l t i n g  
From Stored Energy Release 

Maximum Observed 
'Specimen No. and F r a c t i o n  Average Maximum 

and Observed Heat Capaci ty,  Temperature 
M a t e r i a l  AH, c a l / g  cal /g/"C Rise, "C 

SEN-1 15 - -a l l  t o  0.213 70 
Ca l c i ne  on 750°C 

2'3 

SEN-2 25- -a l l  t o  0.140 180 
Ca lc ine  >9OO0C 

SEN-4 
Glass 

SEN-5 21 -a.11 
Glass 

SEN-7 ' 34--a1 1 t o '  0.219 155 
Hot Press >8OO0C 

No se r i ous  adverse e f f e c t s  on t h e  waste con ta ine r  o r  on t h e  phys i ca l  

and chemical  p r o p e r t i e s  of t h e  wastes have been v i s u a l i z e d  as r e s u l t s  o f  

sudden temperature r i s e s  i n  t h e  amounts shown i n  Table 23. A lso,  no se r i ous  

mechahical e f f e c t s  a r e  i n d i c a t e d .  Thus, an instantaneous temperature r i s e  
3 of 250°C i n  6.3 ft o f  waste w i t h i n  a  12.-in. I D  c a n i s t e r  would re l ease  a - 8 .  

maximum o f  1.7 x l o 5  c a l  o f  mechanical energy (assumjng t h a t  t h e  heat  

c a p a c i t y  and c o m p r e s s i b i l i t y  o f  t h e  wastes a r e  t h e  same as those f o r  Pyrex 
5 g l ass ) .  The 1.7 x 10 c a l  represen ts .an  innocuous amount o f  mechanical 

energy. The l i n e a r  expansion of t h e  wastes r e s u l t i n g  f rom t h e  250°C AT 

would be about  0.1%. The s t e e l  w a l l s  o f  t he  waste c a n i s t e r  would e a s i l y  

accommodate t h e  s t r e s s  f rom t h i s  amount o f  expansion. 

The r e s u l t s  o f  t h i s  work a l 'so.  p rov ide  means o f  e s t i m a t i n g  t he  amounts 

o f  s t o red  r a d i a t i o n  energy (and accompanying hazards) which m i g h t  accumu- 

l a t e  d u r i n g  v e r y  l ong  s to rage  pe r i ods  a t  t he  same r e l a t i v e l y  low, o r  a t  

h igher ,  s to rage  temperatures. 

The b u i l d u p  o f  s t o r e d  energy i n  t h e  Cm-spiked b o r o s i l i c a t e  g l ass  d i d  

n o t  reach  s a t u r a t i o n  a t  i r r a d i a t i o n  temperatures o f  23°C and a lpha doses o f  



up t o  1.35 x  1018 ./g; cor responding t o  t h e  t o t a l  a lpha decays d u r i n g  1000 

years  s to rage  a f t e r  reprocess ing  o f  LWR-U02 wastes' However, t h e  inc rease  

o f  s t o red  energy w i t h  dose was ve ry  smal l  f o l l o w i n g  a dose o f  about  6  x  

l 0 l 7  a/g. L i nea r  e x t r a p o l a t i o n  of t h e  exper imenta l  r e l a t i o n s h i p  between 

s tored,  energy and dose i n  t h e  dose range above 6 x  1017 a /g  i n d i c a t e d  about 
6  35 c a l / g  a t  10 years  a f t e r  reprocess ing  f o r  t he  LWR-U02 wastes [Q 30,000 

years  f o r  t h e  mixed LWR-U02 (2/3)  and LWR-Pu02 (1/3)  wastes]. Higher s t o r -  

age temperatures r e s u l t e d  i n  sma l le r  amounts o f  s t o red  energy i n  t h e  ~ m -  

spi,ked g l a s s  samples. These r e s u l t s  i n d i c a t e  t h a t  t h e  s t o r e d  energy accumu- 

l a t i o n  i n  b o r o s i l i c a t e  g l ass  wastes w i l l  be l e s s  than Q 40 c a l / g  a t  t h e  

maximum. As d iscussed above, no se r i ous  adverse e f f e c t s  a r e  expected t o  

r e s u l t  f rom sudden r e l e a s e  o f  t h i s  amount o f  s t o red  energy. 

E x t r a p o l a t i o n  o f  our  exper imenta l  r e s u l t s  f o r  t h e  c a l c i n e - c o n t a i n i n g  

specimens SEN-1,'-2,,and -7 a r e  l e s s  c l e a r - c u t  f o r  severa l  reasons i n c l u d -  

i n g  t h e  f a c t s  t h a t :  1  ) i r r e v e r s i b l e  r e a c t i o n s  w i t h  accompanying en tha lpy  

changes which were u n r e l a t e d  t o  s t o r e d  energy occur red  upon hea t ing ,  and 

2 )  o n l y  two neu t ron  doses were employed. However, f rom t h e  r e s u l t s  o f  

t h e  c o r r e l a t i o n s  o f  our  exper imenta l  da ta  and o f  o t h e r  exper imenta l  da ta  

a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  i t  was es t imated  t h a t  t h e  s a t u r a t i o n  amounts 

o , f '  s t o red  energy i n  these m a t e r i a l s  would be l e s s  than 50 ca l /g . *  

: . 
* The few da ta  which a r e  a v a i l a b l e  on t h e  e f f e c t s  o f  e l eva ted  temperatures 

d u r i n g  i r r a d i a t i o n  on t h e  accumulat ion o f  r a d i a t i o n  damage show t h a t  t h e  
amount o f  r a d i a t i o n  damage a g' iven neu t ron  dose g e n e r a l l y  decreases 
w i t h  i n c r e a s i n g  temperature.  7 However, i n  t h e  p a r t i c u l a r  case o f  alumina, 
i t  has been shown by .Kei 1  ho l  t z  and coworkers a t  ORNL t h a t  t h e  r a d i a t i o n  
damage which i s  measured by s w e l l i n g  and c r y s t a l  f r a c t u r e  increases w i t h  
temperature i n  t h e  range 100 t o  600°C. Th i s  inc rease  i s  assoc ia ted  w i t h  
format ion o f  c l u s t e r  f de fec t s .  The s to red  energy assoc ia ted  w i t h  t he  
c l u s t e r s  i s  unknown. 149 

Rad ia t i on  damage i n  t h e  alumina i n  ca lc ine-on-a lumina t ype  waste d u r i n g  
s to rage  would r e s u l t  p r i m a r i l y  f rom a lpha p a r t i c l e  i r r a d i a t i o n .  We e s t i -  
mated t h a t  t h e  number of atom displacements which o c c u r r e d . i n  our  alumina 
samples d u r i n g  the.12-week neu t ron  i r r a d i a t i o n s  was about t h e  same as t h e  
number which would occur '  d u r i n g  . lo6 years  s to rage  o f  c a l c i n e s  o f  mixed 
LWR-U02 (2/3)  and LWR-Pu02 (1 /3 )  waste. Accord ing ly ,  even w i t h  some 
a c c e l e r a t i n g  e f f e c t s  o f  e l eva ted  s to rage  temperatures on t he  accumulat ion 
o f  s t o red  energy, i t  i s  reasonable t o  assume t h a t  t h e  maximum w i l l  n o t  
exceed about  50 c a l / g  (about  t w i c e  t h a t  es t imated  f o r  ou r  12-week neu t ron  
i r r a d i a t e d  a1 umina samples). 



7.2 COMPARISON OF THE EFFECTS OF ALPHA AND NEUTRON ..IRRADIATION 

The observed amounts o f  s to red  energy w i t h  specimens o f  M e l t  72-68 a t  

h igh  alpha doses and w i t h  SEN-4 (which had the  same composit ion as the  alpha- 

i r r a d i a t e d  M e l t  72-68 m a t e r i a l )  were i n  c l ose  agreement. The a l p h a - i r r a d i a t e d  

specimens conta ined 23.5 c a l l g  a t  t h e  h ighes t  dose administered, and t h e  . 
neu t ron - i r rad ia ted  specimens conta ined 21 t o  23 ca l /g .  I n  bo th  cases the  

. 
s to red  energy was near sa tura t ion . '  

The stored, energy appears t o  approach sa tu ra t i ons  a t  lower neutron 

doses than w i t h  alpha doses. The c a l c u l a t e d  neut ron- reco i l  damage energies 

a t  t he  neutron f luences  a t  which SEN-4 was i r r a d i a t e d  a re  1.4 and.3.6 x 
22 10 eV/g (see Sect ions 4.2 and 5.2.1.6). Alpha-RN damage energ ies equiva- 

l e n t  t o  t he  neutron f luences a re  a t t a i n e d  a t  1.4 and 3.6 x 1017 a/g (assum- 

i n g  damage energy of 100 keV/a-RN). comparison o f  t h e  s to red  ene rgy  values 

observed a t  t h e  two neutron f luences  and w i t h  alpha i r r a d i a t e d  specimens a t  

equ i va len t  doses i s  shown i n  Table 24. The apparent underest imate o f  t h e  

neutron damage energy i s  probably  due i n  p a r t  t o  ignor ing ,  i n  t he  ca l cu la -  

t i o n s ,  t he  f i s s i o n  product  element r e c o i l s  w i t h  pr imary energies l ess  than 

0.025 MeV and t h e  r e c o i l s  o f  t he  low atomic weight elements. 

TABLE 24. Comparison of Stored ~ n e r ~ ~ ( c )  f o r  Neutron and Alpha 
I r r a d i a t i o n s  a t  Equ iva len t  Damage ~ n e r ~ i e s ( a )  

Est imated Stored Energy c a l / g  
Neutron Recoi 1  SEN-4 Me1 t 7 ~ - 6 8 ( ~ )  
Damage Energy, (Neutron (A1 pha 

1022 eV/g I r r a d i a t e d )  I r r a d i a t e d )  

' 1.4 20.7 12.3 

a. A t  600°C anneal ing temperature. 
b. Values taken f rom Figure 7. Conversion t o  equ i va len t  

neutron damage energy based on 100 KeV/-RN. 
c. In. ca l /g .  
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