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A QUANTITATIVE DIFFERENTIAL THERMAL ANALYSIS STUDY 
OF THE U308-Al THERMITE REACTION 

A. E. Pasto,  G. L. Copeland, and M. M. Martin 

ABS TRACT 

Concerns about p r o l i f e r a t i o n  r e s i s t a n c e  of nuc lear  f u e l  
c y c l e s  and f u e l s  have prompted a r e i n v e s t i g a t i o n  of U308-Al cer- 
m e t  f u e l s  c u r r e n t l y  being used i n  r e sea rch  and tes t  r eac to r s .  
I n  p a r t i c u l a r ,  higher  loadings of u308 are being considered. 
These new f u e l  compositions are i n  the  region of maximum 
p o s s i b l e  thermal energy release from t h e  high-temperature 
" thermi te"  r e a c t i o n  between t h e  IJ308 and aluminum components. 
Th i s  s tudy was i n i t i a t e d  t o  q u a n t i t a t i v e l y  measure the  amount of 
react ion  hea t  evolved e 

materials of known hea t  of reac t ion .  Subsequently,  specimens of 
high-uranium-loaded U308-Al powder mixtures  were analyzed. 
Thermite r e a c t i o n  hea t  measured f o r  t hese  specimens was much 
lower than expected. 
r e a c t i o n  hea t  measured w a s  about 84 J /g ,  whereas 1.1 kJ/g was 
c a l c u l a t e d  from thermodynamics. Specimens of s imulated f u e l  
p l a t e s  showed similar low r e s u l t s .  
behavior  are d iscussed  i n  t h e  r epor t .  

r e s i s t a n c e  furnaces ,  (1) on hea t ing  t o  about 640°C t h e  aluminum 
c ladd ing  melted and flowed away from t h e  U308-bearing (meat) 
r eg ion  of t h e  p l a t e s ,  (2)  t h e  meat remained i n t e g r a l  even when 
hea ted  t o  1400°C but  warped under i t s  own weight,  and (3)  no 
v i o l e n t  thermal e f f e c t s ,  explos ions ,  o r  gas releases were 
observed. The main conclusions drawn from these  experiments are 
t h e  following: 

U308-Al mixtures  a t  temperatures  near  900°C are low compared 
w i t h  the  thermal energy requi red  t o  i n i t i a t e  t h e  r eac t ions .  
This  f a c t  i n d i c a t e s  t h a t  t h e  chemical hea t ing  e f f e c t  on a reac- 
t o r  f u e l  core  i n  an acc ident  s i t u a t i o n  i s  s m a l l .  

hea ted  minia ture  f u e l  p l a t e s  i n d i c a t e s  t h a t  switching from the  
c u r r e n t  low U3O8 load ing  t o  h igher  l e v e l s  does not  add a s ign i -  
f i c a n t  chemical r e a c t i o n  hazard t o  o t h e r  cons ide ra t ions  of s a f e  
r e a c t o r  opera t  ion. 

A d i f f e r e n t i a l  thermal a n a l y s i s  system w a s  c a l i b r a t e d  with 

For example, f o r  a 79 w t  % U308 mixture ,  

Poss ib l e  r eason( s )  f o r  t h i s  

When minia ture  f u e l  p l a t e s  were heated i n  a i r  i n  e l e c t r i c a l  

1. Measured h e a t s  of r e a c t i o n  evolved from high-uranium 

2. The l ack  of d i s r u p t i v e  thermi te  r e a c t i o n  e f f e c t s  i n  

*Research conducted under Memorandum Purchase Order 31-109-38-4529 
w i t h  Argonne Nat ional  Laboratory.  

1 
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INTRODUCTION 

Cermet Fuel  Concept 

Cermet nuc lear  f u e l s  of uranium have been u t i l i z e d  i n  r e sea rch  and 

t e s t  r e a c t o r s  s i n c e  t h e  l a t e  1950s. The cermet concept i nco rpora t e s  t he  

d e s i r a b l e  p r o p e r t i e s  of both t h e  pure ceramic and t h e  metall ic materials 

wi thout  r e t a i n i n g  t h e  worst  of t h e i r  poorer  q u a l i t i e s .  For example, cera- 

m i c  U02 and U3O8 o f f e r  e x c e l l e n t  s t a b i l i t y  under neut ron  i r r a d i a t i o n  i n  

comparison t o  many uranium a l l o y s  y e t  are too  mechanically uns tab le  t o  be 

used a lone  - in  p la te - type  f u e l s .  When t h e s e  ceramics are mixed wi th  a 

metal, however, t h e  metall ic phases of aluminum, s t a i n l e s s  s tee l ,  or  z i r -  

conium a l l o y s  provide d u c t i l i t y ,  f a b r i c a b i l i t y ,  and high thermal conduc- 

t i v i t y  i n  t h e  f u e l  element. 

Research e f f o r t s  expended a t  Oak Ridge Nat iona l  Laboratory i n  the 

1950s and 1960s y i e lded  a r e a d i l y  f a b r i c a b l e  and acceptab ly  s t a b l e  cermet 

f u e l  form. The end product ,  a U 3 O 8  p la te - type  f u e l  element, found app l i -  

c a t i o n  i n  t h e  Puer to  Rico Nuclear Center Reactor  ( c i r c a  1960), t h e  High 

F lux  I so tope  Reactor  (1965, cont inuing) ,  and more r e c e n t l y  i n  the  High 

F lux  B e a m  Reactor ,  t h e  Nat iona l  Bureau of Standards Reactor ,  and t h e  Oak 

Ridge Research Reactor.  I n  t h e s e  elements ,  d i spe r sed  u308 f u e l  p a r t i c l e s  

are surrounded by a cont inuous aluminum metal phase,  which se rves  the  

above-mentioned purposes and a l s o  acts as a f i s s i o n  product release 

b a r r i e r .  This  fue l ed  reg ion ,  c a l l e d  t h e  "meat," i s  c l a d  wi th  aluminum 

a l l o y  6061. The usua l  f u e l  i s  93% enr iched  i n  235U wi th  the  

U308 occupying about 20 v o l  % (about 40 w t  %) of t h e  "meat." 

I n  t h e  1970s, t h e  concerns about p r o l i f e r a t i o n  r e s i s t a n c e  of f u e l s  

and f u e l  cyc le s  l e d  t o  an e f f o r t  t o  u t i l i z e  lower enrichment l e v e l s ,  

(e.g. ,  <20% 235U). To main ta in  f l u x  and power l e v e l s ,  a concomitant 

i n c r e a s e  i n  t h e  volume loading  of t h e  U3O8 i s  requi red .  

c e n t r a t i o n  of U3O8 i n  t h e  meat t h a t  i s  c u r r e n t l y  under development a t  ORNL 

i s  about 43 v o l  % (about 75 w t  %) U308, depending on f a b r i c a t i o n  voids.  

S e v e r a l  p o t e n t i a l  problems are brought on by t h i s  change, such as decreased 

f a b r i c a b i l i t y ,  unproven i r r a d i a t i o n  behavior ,  lower thermal conduct iv i ty ,  

and a composition i n  t h e  reg ion  of maximum c a l c u l a t e d  p o t e n t i a l  energy 

The maximal con- 
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release from the thermite reaction. The object of the study reported here 
is to determine the actual magnitude of this heat release, which is 

related to safety of the reactor in the event of an over-temperature 

excurs ion. 

Thermite Reaction 

It was recognized in the 1950s that the phase assemblage aluminum- 

urania constituted a nonequilibrium mixture, and thus that a cermet fuel 

would ultimately tend to change phases with potentially dangerous 

consequences. This is the thermite reaction. However, at temperatures up 

to 500°C little reaction occurs, and up to the aluminum melting point at 

about 66OOC the worst behavior noted was time-dependent reaction leading 

sometimes to fuel-plate swelling and warpage. l s 2  This reaction was only 

of significance to fuel fabricators who had to braze fuel elements at tem- 

peratures of about 600OC. Operating temperatues of the fuel plates in- 

reactor were much lower than this, often less than 100°C, so that the 

potential thermite reaction was inconsequential except in the event of a 

loss-of-coolant accident. In view of this possibility, studies of the 

thermal behavior of the U308-Al system were undertaken. 

The major features of reactions between aluminum and U3O8 were deli- 

neated by Fleming and ~ o - w o r k e r s ~ ~  at Georgia Institute of Technology, 
and researchers at Argonne National Laboratory6 3 investigated the con- 
sequences of thermite reactions in fuel plates. Other investigations in 

this area were performed by workers at the Savannah River Lab~ratory~,~ 

and in Germany.1b13 

lyses of Al-lJ308-fueled reactors, such as the Oak Ridge Reactor.14 

These studies were used as a basis for safety ana- 

Fleming and Johnson3 enumerated the possible reactions between 

U3O8 and aluminum as follows: 

U3O8 + 1 6 / 3  Al + 8/3 Al2O3 + 3U , 



4 

The weight (mole) percent  aluminum requ i r ed  f o r  completion of r eac t ions  

(1)  through (5)  as w r i t t e n  are,  r e s p e c t i v e l y ,  4.1 (57.1),  14.6 (84.21, 

26.6 (91.9),  31.5 (93.5), and 35.7 (94.5). They s tud ied  compositions from 

6 t o  65 w t  % A l  wi th  u308, t h e s e  mixtures  being i n  the  form of pressed 

p e l l e t s .  Based on thermochemical c a l c u l a t i o n s  and assuming complete reac- 

t i o n  of t h e  l i m i t i n g  r e a c t a n t ,  they computed t h e  "est imated maximum cre- 

d i b l e  energy release" from va r ious  U 3 0 8 - A l  compositions.  Thei r  r e s u l t s  

a r e  shown i n  Fig. 1. The p o t e n t i a l  hea t  release e f f e c t s ,  on moving from 

t h e  c u r r e n t  d i s p e r s i o n  f u e l  compositions (60 t o  75 w t  % Al) t o  t h e  newer 

developmental  high loadings  of u308 (25 t o  35 w t  % Al) ,  are obvious from 

t h i s  f i g u r e .  Thei r  i n i t i a l  d i f f e r e n t a l  thermal  a n a l y s i s  (DTA) study3 of 

s e v e r a l  compositions indeed showed behavior  q u a l i t a t i v e l y  s imilar  t o  

Fig.  1. However, they d id  no t  do q u a n t i t a t i v e  work t o  determine the  amount 

ORNL-DWG 80 -8200R 
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.., 
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W 2 630 
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A I  CONTENT ( w t  %I 

Fig.  1. Est imated Maximum Energy Release From U3O8-Al React ion 
Mixtures .  Redrawn from: J. D. Fleming and J. W. Johnson, "Exothermic 
Reac t ion  i n  Al-U3O8 Composites," pp. 649-66 i n  Research Reactor Fuel 
Element Conference, TID-7642, Book 2, 1962. 
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of heat actually released. 
reaction heat apparently concentrated in one small temperature range, the 

"ignition" temperature. This temperature ranged from about 800 to 1000°C, 
increasing as the U3O8 level increased from 75 to 85 wt % u308 as shown in 

Table 1. 

Differential thermal analysis scans showed the 

Table 1. Effect of U308 Content 
on Thermite Reaction Ignitiona 

Ignition U3O8 content Relative temperature peak area 
("C) (wt %) 

85.4 993 1 .o 
79.5 932 1.7 
74.5 932 2.2 

aSource: J. D. Fleming and 
J. W. Johnson, "Aluminurn-U308 Exothermic 
Reactions," Nuczeonics 21(5): 84-85 (1963). 

Fleming et al., in the final program r e p ~ r t , ~  determined that 

the U308 reaction with aluminum occurs in at least two stages, an initial 

very rapid reduction of u308 to U02, followed by a slower reaction forming 

uranium-aluminum compounds. They hypothesized that the initial reaction 

leaves a barrier of A1203 and U02 around the still-solid U308 particles, 
hindering further reaction with the molten aluminum. These layers were 

actually observed in some specimens. They further proposed that the 

secondary reaction is controlled by the rate of diffusion of aluminum to 

the reaction zone. Hence, the exotherms they observed in heating of 

U308-Al mixtures were probably from only the initial, rapid portion of the 
reaction. Slower, diffusion-controlled reactions would generally release 

heat so slowly that experimental measurement by DTA techniques would be 

difficult. For that matter, they are not likely to cause large tem- 

perature increases in a fuel element heated to the ignition temperature. 

A final observation5 of relevance to fuel elements was the retention 

shape and some strength in experimental fuel plates after heating above 

the aluminum melting point. This residual strength increased by a factor 

of 4 after completion of the thermite reaction. 
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I n v e s t i g a t i o n s  a t  ANL6 a g a i n  ind ica t ed  a two-stage na tu re  t o  the  

U308-Al the rmi t e  r e a c t i o n ,  with three- four ths  of t h e  r e a c t i o n  hea t  

r e l e a s e d  i n  t h e  f i r s t  s t a g e  reduct ion  t o  U02. 

d e f i n i t e  p a r t i c l e - s i z e  e f f e c t  occurred,  with smaller U3O8 p a r t i c l e  s i z e s  

y i e l d i n g  more r ap id  and complete r eac t ion .  More impor tan t ly ,  it was found 

t h a t  hea t  t rea tment  below 65OOC of an U308-Al compact, i n s t ead  of passi- 

v a t i n g  t h e  U308-Al i n t e r f a c e  and r e t a r d i n g  r eac t ion ,  a c t u a l l y  caused more 

i n t e n s e  r e a c t i o n  and h igher  hea t  release rates. Apparently,  t h i s  hea t  

t rea tment  r e t a r d s  the  r e a c t i o n  u n t i l  f u r t h e r  hea t ing  causes  a breakdown i n  

t h e  pas s iva t ed  l a y e r  and, a t  the  h igher  temperature ,  r e a c t i o n  occurs more 

quick ly .  This  f a c t  has  cons iderable  imp l i ca t ions  f o r  f u e l  plates ,  because 

t h e i r  f a b r i c a t i o n  e n t a i l s  ho t - ro l l i ng  and h e a t - t r e a t i n g  s t e p s  t h a t  may 

worsen t h e  p o t e n t i a l  r e a c t i o n  consequences. 

They a l s o  determined t h a t  a 

A f u r t h e r  s tudy a t  ANL7 d i s p e l l e d  many of t he  f e a r s  concerning the  

behavior  of U308-Al dispers ion-type f u e l  elements t h a t  use f u l l y  enr iched 

uranium. These experiments involved nuc lear  hea t ing  of High Flux Iso tope  

Reactor  (HFIR)  fue l -p l a t e  s e c t i o n s  (41 w t  % U308 i n  t h e  "meat," 27 w t  % 

i nc lud ing  c ladding)  i n  t h e  Trans ien t  Reactor T e s t  F a c i l i t y .  Thei r  experi- 

ments and r e s u l t s  are summarized as fol lows:  

Experiments were performed over a range of f i s s i o n  energy input  
from 1331062 c a l / g  i n  30"C, 120"C, and 285°C water. The 
samples  r e t a i n e d  t h e i r  p l a t e - l i k e  shape a t  f i s s i o n  energy inpu t s  
as  h igh  as 440 c a l / g  even though an energy of 230 c a l / g  w a s  suf- 
f i c i e n t  t o  m e l t  t he  aluminum c ladding  and t h e  aluminum i n  the  
m a t r i x  of t h e  fue l .  The ex ten t  of r e a c t i o n  f o r  t h e  f u e l  samples 
t h a t  rece ived  440 c a l / g  or  l e s s  of energy was <2.5%, with t h e  
except ion  of one sample i n  285OC water which reac ted  t o  the  
e x t e n t  of 11.8%. Samples subjec ted  t o  ene rg ie s  g r e a t e r  than 
about  500 c a l / g  l o s t  t h e i r  resemblance t o  p l a t e s .  I n  t h i s  energy 
range ,  two samples i r r a d i a t e d  i n  30°C water fragmented and 
r e a c t e d  t o  t h e  ex ten t  of 28.4 and 74.6%,  r e s p e c t i v e l y ;  samples 
i r r a d i a t e d  i n  120 and 285°C water formed s i n g l e  l a r g e  globules  
and r eac t ed  from 91 t o  94%. Resu l t s  wi th  t h e  HFIR f u e l  were 
g e n e r a l l y  similar t o  those  from previous  s t u d i e s  with aluminum- 
uranium a l l o y  f u e l  except  t h a t  t h e  cermet f u e l  r e t a i n e d  a plate-  
l i k e  shape a t  ene rg ie s  up t o  440 ca l /g .  
t h a t  t he  aluminum-tJ308 thermi te  r e a c t i o n  may not be an important 
energy source i n  t h e  t r a n s i e n t  meltdown of t h e  cermet f u e l .  

The r e s u l t s  i nd ica t ed  

. - .  
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t elucidating the mechanism of the reactions 
Rollig,l0 in his study of the analogous U02-Al 

reaction, in the presence of excess aluminum, decided that after an ini- 

tial interface reaction coats the U02 with Al2O3 and some uranium-aluminum 
compound, the remainder of the reaction is rate-limited by aluminum ion 

diffusion. This statement is in agreement with that of Fleming et a1.5 

Similar conclusions regarding u308 were reached by Ondracek and Patrassi12 

in an excellent summary of reaction mechanism data. 

Later studies of U308-Al reactions were stimulated by experiences at 

the Savannah River Plant in which exothermic reactions occurred in mix- 

tures of alkali-uranates with aluminum. Gray and Kerrigan8, examined the 

reactions by DTA, along with thermogravimetric- and evolved-gas analyses 

(TGA and EGA, respectively). 

and electron microprobe techniques. 

reaction o€ U308 and aluminum leading to formation of UO2 to occur around 

600°C, this reaction being quenched by the endothermic melting of the alu- 

minum at 660OC. 

led to formation of UAl4 + Al2O3. For batches of scrap powders consisting 

largely of U03 or U3O8 mixed with aluminum and heated, they estimated that 

1.7 to 2.1 kJ/g of mixture was released in the higher temperature (>8OO0C) 

reacti~n.~ 

largely in agreement with other investigators. 

Phases were identified by x-ray diffraction 
They found8 the initial exothermic 

The larger exothermic reaction began around 9 5 O o C ,  and 

The end products were Al2O3, UO2, and uranium aluminides, 

In summary, the thermite reaction between U308 and aluminum is 

coinposition-dependent regarding total possible heat release, ignition 
temperature, and residual phases. The "reaction" is likely to be at least 

two separate reactions; the first being rapid and involving interfacial 

formation of U02 and A1203 on the U308 particles, the later reaction(s) 

involving formation of UAl2, UAl3, and/or UAl4. 

are likely to be diffusion-controlled and are not therefore sources of 

large instantaneous energy releases; that is, their self-heating effects 

are small. 

The latter reaction(s) 
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EXPERIMENTAL APPROACH 

The ques t ions  r e l a t i n g  t o  h ighly  loaded U308 elements then re the  

fol lowing:  (1) how much hea t  i s  r e l eased  (and how quickly)  on hea t ing  a 

f u e l  p l a t e  beyond i t s  ope ra t ing  l i m i t s ,  ( 2 )  a t  what temperature i s  the  

ma jo r i ty  of t h i s  hea t  r e l eased ,  and (3)  what e f f e c t  does t h i s  heat  release 

have on the  o p e r a b i l i t y  and s a f e t y  of t he  r e a c t o r ?  This  r epor t  w i l l  pre- 

s e n t  r e s u l t s  of experiments designed t o  determine q u a n t i t a t i v e  answers t o  

t h e  f i r s t  two ques t ions .  The t h i r d  ques t ion  w i l l  be answered only very 

q u a l i t a t i v e l y  . 
A d i f f e r e n t i a l  thermal a n a l y s i s  system w a s  used t o  measure t h e  t e m -  

p e r a t u r e s  a t  which the  thermi te  and o the r  r e a c t i o n s  occur and t o  quan- 

t i t a t i v e l y  determine the  en tha lpy  changes during these  r eac t ions .  Two 

U308-Al powder mixtures  of d i f f e r i n g  composition were f i r s t  eva lua ted ,  

fol lowed by samples  punched d i r e c t l y  from f a b r i c a t e d  U308-Al minia ture  

f u e l  p l a t e s  (minip la tes ) .  X-ray d i f f r a c t i o n  phase a n a l y s i s  was used i n  an 

a t t empt  t o  de f ine  t h e  r e a c t i o n s  tak ing  p lace  on hea t ing  one of the  powder 

samples. F i n a l l y ,  a few complete min ip l a t e s  were heated i n  e lec t r ic  fur -  

naces  t o  observe t h e  mechanical behavior of a f u e l  p l a t e  on hea t ing  

through t h e  thermi te  r e a c t i o n  temperature  range. 

EQUIPMENT AND PROCEDURES 

X-Ray D i f f r a c t i o n  

Phase i d e n t i f i c a t i o n  f o r  a few s e l e c t e d  samples of reac ted  U308-Al 

was performed by x-ray d i f f r a c t i o n  ana lys i s .  

through a 200-mesh sc reen  (U.S. Sieve S e r i e s )  and mounted on a s i l i c o n  

s i n g l e  c r y s t a l  t o  reduce t h e  x-ray background. The s i l i c o n  w a s  o r i en ted  

i n  such a way as t o  provide no c o n t r i b u t i o n  t o  the  x-ray spectrum. A ver- 

t i c a l  Norelco d i f f r ac tomete r  us ing  copper r a d i a t i o n  with a g raph i t e  

c r y s t a l  d i f f e r e n t i a l  beam monochromator was used t o  provide the  x-ray data .  

Data c o l l e c t i o n  was a t  a 20-scan ra te  of 37 prad/s  wi th  a 6-s i n t e g r a t i n g  

t i m e ,  providing a f i n a l  p l o t  of d i f f r a c t e d  i n t e n s i t y  a g a i n s t  20. 

p o s i t i o n s  were measured manually and compared t o  s tandard  p a t t e r n s  f o r  

known phases. 

Samples were ground t o  pass  

The peak 
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Differential Thermal Analysis 

Preliminary experiments were performed with a Dupont Model 900 
Thermal Analyzer, while most of the work including all quantitative stu- 

dies utilized a Dupont Model 990 Thermal Analysis System. This system 

includes a furnace capable of attaining 1 6 0 O O C  at a programmed constant 

rate, while maintaining the test specimens under any given atmosphere. 

Sample temperature and differential temperatures are fed into a 

controller-programmer-recorder module that allows selection of numerous 

data readout options. 

versus time with a 2-pen recorder. 

Thermograms were customarily recorded as AT and T 

A diagram of the furnace, thermocouples, and specimens is given in 
Fig. 2 and serves to illustrate the theory of DTA operation. The material 
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Pt 43Rh HEATER 
WINDINGS 

RECORDER 
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TIME 

Fig. 2. Schematic Diagram of a Differential Thermal Analysis System. 
Power supply, programmer, and controller are not indicated. 
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whose thermal  e f f e c t s  are t o  be observed is  placed i n t o  an A1203 cup which 

i s  placed i n t o  in t ima te  contac t  with the  sample thermocouple. A thermally 

i n e r t  material ( i n  t h i s  case g ranu la r  high-f i red Al2O3)  i s  s i m i l a r l y  

l o c a t e d  next  t o  t h e  sample i n  i t s  own cup. The furnace  tube i s  placed 

around t h e  sample and re ference ,  and proper  atmosphere i s  e s t ab l i shed .  

The furnace  is  then heated a t  a cons tan t  rate u n t i l  t h e  des i r ed  

temperature  i s  reached. 

I f  t he  sample and r e fe rence  materials have i d e n t i c a l  hea t  capac i ty ,  

d e n s i t y ,  thermal conduc t iv i ty ,  and hea t  t r a n s f e r  c o e f f i c i e n t s ,  t he  d i f -  

f e r e n t i a l  temperature w i l l  be cons tan t  and t h e  d i sp lay  w i l l  be a horizon- 

t a l  l i n e ,  because the  temperature d i f f e r e n c e  between the  samples  w i l l  

remain t h e  same as hea t ing  progresses .  I f  t h e i r  c o n d u c t i v i t i e s ,  

d e n s i t i e s ,  and/or  hea t  c a p a c i t i e s  d i f f e r ,  t he  temperature  sensed by the 

sample and r e fe rence  thermocouples w i l l  d i f f e r  and a AT s i g n a l  w i l l  be 

generated.  Ord ina r i ly ,  t hese  e f f e c t s  are observed as an o f f s e t  from zero 

o r  a cons tan t  s l o p e  on t h e  AT ve r sus  t i m e  curve,  and t h e  instrument  can be 

compensated f o r  t hese  e f f e c t s .  When t h e  hea t  capac i ty  changes suddenly i n  

t h e  course of hea t ing ,  as a t  a phase t ransformat ion  or  thermally a c t i v a t e d  

r e a c t i o n ,  t h e r e  w i l l  aga in  be generated a AT s i g n a l .  A s  t h e  t r ans fo r -  

mation or  r e a c t i o n  proceeds,  t h e  sample temperature  d i f f e r s  more and more 

from t h e  (cont inuously inc reas ing )  r e fe rence  material temperatures  and t h e  

AT s i g n a l  i nc reases .  A s  t h e  r e a c t i o n  ceases, t h e  AT s i g n a l  w i l l  

d isappear .  I f  t h e  r e a c t i o n  is  endothermic,  t h e  hea t ing  thermogram w i l l  

e x h i b i t  a nega t ive  dev ia t ion  ( v a l l e y )  from zero  AT as t h e  sample absorbs 

h e a t  while  remaining a t  t h e  same temperature  and t h e  r e fe rence  material 

temperature  inc reases .  This  i s  t y p i f i e d  by mel t ing  behavior and c e r t a i n  

phase r eac t ions .  Conversely, some changes of s t a t e  or  r e a c t i o n s  are 

c h a r a c t e r i z e d  by exothermic ( h e a t - l i b e r a t i n g )  e f f e c t s  and a p o s i t i v e  

AT change occurs  (peak).  

Seve ra l  conventions ex is t  among thermal a n a l y s i s  workers regarding 

t h e  measurement of r e a c t i o n  "onset"  temperatures  and a l s o  concerning 

c o n s t r u c t i o n  of t h e  b a s e l i n e  under a peak f o r  measurement of areas encom- 

passed i n  t h e  AT-t ime region.  

from one l abora to ry  t o  t h e  next t o  use a given set  of t hese  conventions,  

a l though as long as they are s p e c i f i e d  i n  t h e  d a t a  i t  does not  matter 

It i s  necessary f o r  c o r r e l a t i o n  of d a t a  
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which set is used. This is even more true when, as in this report, all 
data reported are relative to data taken on standards using the same 

equipment and conventions. 

baseline construction conventions used are illustrated in Fig. 3. 

The onset temperature of a reaction and the 

ORNL-DWG 80-8498 
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Fig. 3. Differential Thermogram Illustrating Definition of 
" B a s  e 11 ne " and "Ons et Temp era t ur e. " 

The onset temperature is determined by constructing the continuance 
of  the lower temperature baseline past the thermal event (a t o  b in the 
figure) and finding on it the intersection with the back-extrapolated peak 

or valley wall (c to d). 
where the peak or valley first deviates from the baseline to the point 

where it returns to a normal baseline. These are illustrated by lines 

a-e, and f-g in Fig. 3. 

The smoothed baseline is drawn from the point 

The area ( A )  encompassed by a'thermal event on a thermogram is pro- 

portional to the enthalpy of transformation or reaction of the sample 

( A H ) ,  the mass of the sample (M) and the speed with which the pen moves 



1 2  

a long  t h e  time axis (C). 

s i t i v i t y  (ATy). 

It is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  AT-axis sen- 

Thus, one can write 

where E i s  a cons t an t  a t  any given temperature and i s  r e l a t e d  t o  t h e  ease 

of h e a t  f low from t h e  furnace i n t o  t h e  sample and r e fe rence  ma te r i a l s .  It 

i s  c a l l e d  t h e  hea t  flow c a l i b r a t i o n  constant .  Now, i f  one wishes t o  

c a l c u l a t e  a hea t  of t r ans fo rma t ion  o r  r e a c t i o n  (AH), a measured area under 

t h e  peak from a known weight of sample w i l l  a l low i t s  c a l c u l a t i o n  i f  E i s  

known f o r  t h e  DTA system a t  t h a t  temperature.  Consequently, one must 

determine E as a f u n c t i o n  of temperature,  which is  bes t  accomplished by 

measuring peak areas from materials of known AH. This  was t h e  procedure 

followed i n  t h i s  study. 

Samples of NBS Standard Reference Materials Sn, Zn, Al, Cu, and Pb, 

a long  wi th  high-purity Ag and Au, were used as both temperature and AH 

s t anda rds .  

hea t ed  t o  above the  melt ing temperature a t  10°C/min hea t ing  rate. 

Granular  high-f i red Al2O3 w a s  used as a r e fe rence  material. A flow of 

50 cm3/min A r  ( a t  STP) w a s  d i r e c t e d  down over t h e  materials during the  

run. The sample w a s  melted once i n  t h i s  f a sh ion  while recording the  

thermogram, then  r e r u n  a f t e r  cool ing t o  below t h e  melt ing po in t .  

procedure e l i m i n a t e s  problems encountered i n  us ing  powdered metal (versus  

s o l i d  chunks) where s i n t e r i n g  may occur before  melt ing t h e  powders, 

abso rb ing  hea t  and g iv ing  erroneous AH values .  Peak areas were measured 

from t h e  thermogram traces with a c a l i b r a t e d  planimeter.  Some specimens 

were run s e v e r a l  t i m e s  t o  v e r i f y  r e p e a t a b i l i t y  on t h e  same sample, and 

E f o r  some materials w a s  measured on s e v e r a l  s e p a r a t e  samples. Resu l t s  of 

t h e  c a l i b r a t i o n  runs are presented i n  Table 2,  and some t y p i c a l  thermogram 

traces are shown i n  Fig. 4 .  The E ve r sus  T d a t a  were analyzed by least  

squa res  r e g r e s s i o n  a n a l y s i s  using s e v e r a l  formulas. 

c o r r e l a t i o n  c o e f f i c i e n t )  was obtained with t h e  r e l a t i o n  

From 10 t o  65 mg of sample w a s  weighed i n t o  an A1203 cup and 

This 

The b e s t  f i t  (h ighes t  

E = (2.79 x 10-l) , 
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Fig. 4. Typical Thermograms of Metals Used for DTA Calibration. 

Table 2. Results of Calibration of Thermal Analyzer 

Melting Observed Sample Calculated 
AH weight E 

("C) ("C) (Jig) (mg) (~v-1 min-1) 
Material temperaturea onset temperature 

Sn 
Pb 
Zn 
A1 
A1 
A1 
A 1  
A1 
Ag 
Ag 
Ag 
Au 
cu 
c u  

231.9 
327.5 
419.6 
660.4 
660.4 
660.4 
660.4 
660.4 
961.9 
961.9 
961.9 

1064.4 
1083.4 
1083.4 

233 
326 
429 
663 
658 
658 
658 
658 
969 
968 
960 

1068 
1082 
1078 

59 
23 

113 
397 
397 
397 
397 
397 
111 
111 
111 
63 

205 
205 

39.2 
43.4 
25.1 
20.5 
30.4 
30.4 
19.2 
19.2 
35.7 
35.7 
35.7 
35.1 
27.4 
29.9 

28 
32 
37 
49 
56 
58 
55 
54 
84 
87 
84 
80 
99 
80 

~ ~~ ~~~~~~~~~ 

aIPTS 1968 Primary Fixed Points and Secondary Reference Points .  

krom Table 2.2, page 63, in  CRC Handbook of MzteriaZs Science, Vo'oz. I: 
GenemZ Properties ,  ~ C. T.  Lynch, Ed. ,  CRC Press,  Cleveland, Ohio, 1974. 
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where E i s  i n  J/V*min and T i s  i n  'C. 

p l o t t e d  i n  Fig. 5, and t h e  l i n e  represented  by Eq. (7) is  superimposed t o  

show t h e  c o r r e l a t i o n .  

Data po in t s  from Table 2 are 

A s  t h e  tes t  of accuracy of t he  procedure,  two materials wi th  known AH 

were s e l e c t e d  and t r e a t e d  as unknowns. These were chosen t o  have t rans-  

format ions  i n  t h e  same temperature  range where the  thermi te  r e a c t i o n  peaks 

occur.  

above procedures ,  measuring peak areas by p lan imeter  and s e l e c t i n g  

E values  from Eq.  ( 7 )  a t  t h e  appropr i a t e  temperatures.  The A H s  calcu- 

l a t e d  are compared t o  l i t e r a t u r e  va lues  i n  Table 3. The agreement between 

l i t e r a t u r e  and c a l c u l a t e d  va lues  is e x c e l l e n t  f o r  t h i s  type of a n a l y s i s ,  

e r r o r  being less than 7%. 

Samples of germanium metal and SrC03 powders were analyzed by the  

1000 (100 

Fig. 5. Heat Flow C a l i b r a t i o n  Constant ( E )  Versus Reaction 
Temperature Showing Data Po in t s  and Best-Fit  Curve. 

Table  3. Comparison of Calcu la ted  AH Values t o  
L i t e r a t u r e  Values f o r  Unknowns 

Transformation temperature, "C AH (J ig )  E-value used 
( J T ~  min-1 ) Material 

Literature Calculated Literature 0 bs e rved 

. 

Ge 937Q 943 77.4 477a 472 
SrC03 925b 935 77.0 116b 109 

aFrom Table 2.2, p.  6 3 ,  in  CRC Handbook of MUte?~kl8 Science, Vol. I: General 

bR. C .  Mackenzie and P . F . S .  Ritchie, "Peak Areas and Heats of Transition of 

Properties, C .  T. Lynch, Ed . ,  CRC Press, Cleveland, Ohio, 1974. 

DTA Temperature Standards," Them. A n a l .  1:  441-52 (1971). 
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Sample P repa ra t ion  

Two t r i a l  compositions of mixed powders were examined. The f i r s t  was 

a mixture of 50 w t  % U308 powder-50 w t  % Alcoa 101 AI powder (vacuum 

degassed a t  500°C). This  mixture ,  designated 50/50, was used p r imar i ly  t o  

t es t  e f f e c t s  of ins t rumenta l  and sample p repa ra t ion  parameters on thermo- 

gram q u a l i t y .  No p a r t i c u l a r  care t o  c o n t r o l  p a r t i c l e  s i z e s  was exerc ised .  

Both powders were of average p a r t i c l e  s i z e  - less than 44-pm equiva len t  

s p h e r i c a l  diameter.  Using t h e  Model 900 Thermal Analyzer ( t h e  Model 990 

was not  y e t  a v a i l a b l e ) ,  i t  was determined t h a t  t h e  most reproducib le  ther -  

mograms were obtained with a sample prepared by blending the  powders i n  an 

ob l ique  b lender ,  p re s s ing  i n t o  a p e l l e t  a t  138 MPa, and crushing t o  p a s s  a 

s c r e e n  with 500-pm openings. Heating rate a l s o  played a r o l e  i n  ther-  

mogram r e p r o d u c i b i l i t y ,  and 10"C/min was chosen as an optimum rate. Using 

t h e s e  parameters, t h i s  material was run i n  t h e  DTA system s e v e r a l  times, 

w i t h  hea t ing  being d iscont inued  a t  s e v e r a l  temperatures  on success ive  

samples. Samples  were then subjec ted  t o  x-ray d i f f r a c t i o n  a n a l y s i s  f o r  

phase i d e n t i f i c a t i o n  a f t e r  t he  runs.  

To b e t t e r  approximate the  meat region of a maximal U308-loaded f u e l  

p l a t e ,  a second composition was prepared from the  same materials i n  the  

same way. This  was 79 w t  % U3O8-21 w t  % Al (79/21 mixture) .  

t i t a t i v e l y  analyzed on the  new Model 990 Thermal Analyzer System. 

It w a s  quan- 

F i n a l l y ,  min ip l a t e s  w e r e  f a b r i c a t e d  by the  convent ional  processes of 

powder-blending, press ing ,  c ladding,  r o l l i n g ,  and hea t - t rea t ing .  The 

e s s e n t i a l  s t e p s  were: 

1. weighing and blending t h e  u308 powder ( t h e  p r i n c i p a l  par t ic le  s i z e  i s  

44 t o  88 pm wi th  about 25 w t  % <44 vm) wi th  the  aluminum powder 

( p r i n c i p a l  p a r t i c l e  s i z e  i s  0 t o  44 pm) f o r  each f u e l  compact, 

2 .  cold p re s s ing  a t  414 MPa (60,000 p s i )  t o  form the  green compacts, 

3. degassing the  compacts a t  590°C and less than 7 Pa (0.05 t o r r )  f o r  1 h 

t o  remove p res s ing  l u b r i c a n t  and adsorbed gases ,  

. 7 ,  

1, 

4 .  assembling t h e  degassed compacts into frames and welding on cover 

p la tes  of Alclad 6061 aluminum a l l o y  t o  form t h e  r o l l i n g  b i l l e t ,  



16 

5. c l add ing  by hot r o l l  bonding a t  495"C, 

6. 

7. cold r o l l i n g  t o  a r educ t ion  i n  th i ckness  of 20% ( t o t a l  r educ t ion  i n  

anneal ing a t  495°C f o r  1 h t o  s o f t e n  and a l s o  t o  tes t  f o r  b l i s t e r i n g ,  

t h i c k n e s s  is 87.5%), and 

8. hea t  t r e a t i n g  t o  the  "0" temper f o r  aluminum a l l o y  6061. 

Specimens were punched out of two of t hese  m i n i p l a t e s ,  both of which 

had 75 w t  % U308 i n  t h e  "meat," and a t o t a l  of 52 o r  63 w t  % Al, 

r e s p e c t i v e l y ,  i nc lud ing  cladding. These specimens would c l o s e l y  r ep resen t  

t h e  a c t u a l  f u e l  element i n  a r e a c t o r  compared t o  the  blended powder 

materials,  because t h e  p l a t e  specimens had undergone t h e  same f a b r i c a t i o n  

procedures  a f u e l  p l a t e  would receive.  Other complete min ip l a t e s  were 

hea ted  i n  an e l e c t r i c a l  r e s i s t a n c e  furnace i n  a i r  and v i s u a l l y  monitored 

t o  determine macroeffects  of hea t ing  through the  the rmi t e  r e a c t i o n  

temperature.  

EXPERIMENTAL RESULTS AND DISCUSSION 

Powder Mixtures 

50 w t  % U308 composition 

A t y p i c a l  AT-T thermogram obtained with t h e  Model 900 Thermal 

Analysis  System f o r  t h i s  composition i s  shown i n  Fig. 6. C l e a r l y  

d i s c e r n i b l e  f e a t u r e s  on i t  are t h e  following: 

1. an exotherm on hea t ing  with a peak a t  about 62OoC, followed c l o s e l y  

by, 
2. a sharp endothermic peak a t  656"C, 

3. 

4. exothermic a c t i v i t y  around 1300°C and g r e a t e r ,  and 

5. 

a broad exotherm beginning near  850°C with a peak a t  985"C, 

a sharp exotherm on cool ing a t  about 64OOC. 

Based on t h e  l i t e r a t u r e  d a t a  descr ibed p rev ious ly ,  one can a s c r i b e  

( l ) ,  ( 2 ) ,  (3 ) ,  and ( 5 ) ,  r e s p e c t i v e l y ,  t o  t h e  i n i t i a l  

. 
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Fig. 6. Typica l  Thermogram of a 50/50 Mixture as Recorded With the  
Model 900 DTA System. 

a 
r e a c t i o n Y 3  which is  obscured by the  hea t  absorbed by melt ing of aluminum 

( -66OoC) ,  followed by t h e  secondary thermi te  r e a c t i o n  peak a t  g r e a t e r  

t h a n  8 O O 0 C ,  and f i n a l l y  the  640°C f r e e z i n g  exotherm aluminum on cooling. 

The l a t t e r  i s  smaller than t h e  melt ing endotherm ( i n  peak a r e a s )  because 

p a r t  of the  aluminum has been consumed i n  r e a c t i o n  wi th  U308. 

aluminum has been r eac t ed  because,  according t o  p o s s i b l e  r eac t ions  

(1)-(5), (pp. 3-4) t h e  50 w t  % Al i n  t h i s  mix is  i n  excess of t h a t  

r equ i r ed  t o  convert  a l l  U 3 O 8  t o  o the r  products.  Also, one w i l l  n o t i c e  t h e  

r e l a t i v e  s i z e  of t h e  secondary thermi te  peak area i n  r e l a t i o n  t o  the  alu-  

minum melt ing endotherm. That i s  t o  say,  t he  the rmi t e  r e a c t i o n  hea t  

evolved i s  not  f a r  g r e a t e r  than t h e  hea t  absorbed by t h e  melt ing of the  

a luminum. 

Not a l l  

The o t h e r  f e a t u r e ,  ( 4 ) ,  on t h e  thermogram has not  been repor ted  i n  

t h e  l i t e r a t u r e .  Its o r i g i n  is unknown a t  present .  

I n  an a t tempt  t o  de f ine  t h e  phases p re sen t  a f t e r  each of t hese  

r e a c t i o n s ,  several o the r  specimens of t h i s  composition were heated i n  t h e  

DTA t o  temperatures  beyond t h e  peaks,  cooled r a p i d l y ,  and analyzed by x- 

r a y  d i f f r a c t i o n .  Phase a n a l y s i s  r e s u l t s  are presented  i n  Table 4.  
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Table 4.  Phases Present  i n  50/50 Mixture 
Af t e r  Heating t o  Given Temperatures 

Temperature a t t a i n e d  
( " C )  Phases present  

Af t e r  hea t ing  t o  7 2 5 " C ,  t h e  molten aluminum should have reac ted  par- 

t i a l l y  wi th  t h e  U 3 0 8  p a r t i c l e s ,  according t o  previous i n v e s t i g a t o r s ,  

r e s u l t i n g  i n  appearance of U 0 2  and A l 2 O 3 .  

p rocess  as a su r face  r e a c t i o n  phenomenon, r e s u l t i n g  i n  a t h i n  l a y e r  of 

r e a c t i o n  products .  I f  t h i s  l a y e r  comprised less than about 5 t o  10 w t  % 

of  t h e  m i x ,  our x-ray d i f f r a c t i o n  technique may not  have been s e n s i t i v e  

enough t o  d e t e c t  t h e  product phase. Hence, t h e  absence of U 0 2  and A1203 

phases a t  7 2 5 O C  does not n e c e s s a r i l y  mean they were not produced. A more 

s e n s i t i v e  technique,  such as e l e c t r o n  microprobe or  t ransmiss ion  e l e c t r o n  

microscope a n a l y s i s ,  may be r equ i r ed  t o  d e t e c t  t hese  phases. 

However, they descr ibed  t h i s  

A f t e r  hea t ing  beyond t h e  850 t o  1 0 0 0 ° C  peak, x-ray d i f f r a c t i o n  shows 

t h e  presence of A l 2 O 3 .  

s u f f i c i e n t  r e a c t i o n  occurs  t o  a l low observa t ion  of U A l 2  i n  t h e  r e a c t i o n  

products .  The appearance of t h i s  phase would be puzz l ing  i n  an 

equ i l ib r ium r e a c t i o n  s i t u a t i o n ,  because one would expect t o  f i n d  U A l 4  i n  

t h e  presence of excess  aluminum. The f a c t  t h a t  even a f t e r  exposure t o  

1 3 5 0 ° C  t h e r e  i s  s t i l l  u308 remaining i n d i c a t e d  t h a t  equi l ibr ium was not 

achieved. Because t h e  r e a c t i o n  i s  probably d i f fus ion -con t ro l l ed ,  i t  may 

be t h a t  t h e  U A l 2  i s  merely t h e  primary phase between t h e  U 3 O 8  and aluminum 

phases ,  and given t i m e ,  more aluminum would d i f f u s e  i n t o  t h e  U 3 O 8  p a r t i c l e  

through t h e  U A l 2  l a y e r  and convert  i t  t o  U A l 3  and f i n a l l y  U A l 4 .  

It is  not  u n t i l  a f t e r  t h e  1 3 0 0 ° C  exotherm t h a t  

Seve ra l  d u p l i c a t e  DTA runs w e r e  made on t h i s  material, during which it  

became apparent  t h a t  t h e  approximate 900 and 1 3 0 0 ° C  exotherms var ied  widely 

i n  onse t  temperature ,  peak shape, and dura t ion .  This  was p a r t i c u l a r l y  

t r u e  of t h e  h ighes t  temperature exotherm ( c i r c a  1 3 0 0 ° C ) .  Onset temperature 

v a r i e d  from 1100 t o  1 3 O O 0 C ,  geometry a t  t i m e s  being extremely narrow and 

8 
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sharp, and at others shallow and broad, including fine structure (extra 

peaks). In many cases, the peak area surpassed that of the approximately 

800 to 1000°C peak, while at other times it was less. The origin of this 

exotherm is still unknown, and certainly is of complex nature. 

79 wt % U308 composition 

Mixed powders of 79 wt % U3O8-21 w t  % Al were pressed into pellets 
and crushed for DTA examination. Four T-AT-time thermograms were obtained 

from four separate specimens. A tabulation of major features is given in 

Table 5. Peak areas are for comparison of aluminum melting endotherm to 

Table 5. Results of Differential Thermal Analysis 
of 79/21 Aluminum Specimens 

Aluminum Thermite 
melting endotherm reaction exotherm Others 

Onset T Peak area Onset T Peak area Peak T 
Run number 

("C) (cm2> ("C) ( 0 2  ("C> 

1 654 7.77 88 1 5.32 1223, 1263 
2 654 7.82 880 5.18 1224, 1249 

15  654 6.89 880 9.11 1223, 1245 
1 7  654 8.02 883 14.37 1213, 1250 

thermite exotherm in any one run, and cannot be compared between runs, 

because the sample weights varied from run to run. One thermogram is 

shown in Fig. 7. It has the same characteristic features as the ther- 
mogram of the 50/50 mixture (Fig. 6 ) ,  except that the thermite peak at 800 

to 900°C is now smaller in extent than the aluminum melting endotherm. 

Also, the highest temperature exotherm now is better defined, showing in 

all four cases two distinct peaks. They occur at lower temperatures than 

for the 50/50 composition. The shoulder on the low-temperature side of the 

aluminum melting endotherm, previously ascribed to reaction ( l ) ,  now 

appears less distinct in comparison and was absent in runs for two of the 

samples. 
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Fig. 7. Typical  Thermogram of 7 9 / 2 1  Mixture as Recorded With the 

Model 990 DTA System. 

A s  a f u r t h e r  tes t  of the accuracy of t h e  DTA hea t  of r e a c t i o n  cali-  

b r a t i o n ,  t hese  specimens were q u a n t i t a t i v e l y  analyzed. The area encom- 

passed by t h e  aluminum melt ing endotherm was measured, and along with the 

known weight of aluminum i n  t h e  mixture i n  t h e  sample, a p p r o p r i a t e  i n s t r u -  

mental  parameters (C, ATy) and t h e  E-value from Eq. ( 7 ) ,  t h e  AH (melt ing)  

f o r  aluminum was measured. R e s u l t s  of t h e s e  c a l c u l a t i o n s  are presented i n  

Table  6. The c l o s e  c o r r e l a t i o n  between c a l c u l a t e d  and known values  f o r  

t h e s e  mixtures  implies  two f a c t s :  f i r s t ,  t h e  procedure and c a l i b r a t i o n  are 

c o r r e c t ;  and second, very l i t t l e  aluminum reacts t o  form Al2O3 by t h e  t i m e  

t h e  melt ing po in t  i s  reached. I n  o t h e r  words, i f  r e a c t i o n  (1) does occur 

a t  temperatures lower than t h e  aluminum melt ing p o i n t ,  only a very small 

f r a c t i o n  of aluminum is  involved. This  r e s u l t  i s  i n  agreement with the  

f a c t  t h a t  no A1203 was de tec t ed  by x-ray d i f f r a c t i o n  i n  t h e  50/50 com- 

p o s i t i o n  heated t o  725OC. 

Run 15 y i e lded  a s i g n i f i c a n t l y  lower value of AH (me l t ing )  than t h e  

o t h e r  t h r e e ,  and the  suspected reason f o r  t h i s  w a s  an  experimental  

weighing e r r o r .  As is  shown i n  Table 6,  t h e  the rmi t e  AH i s  a l s o  lower f o r  

t h i s  run, which suppor t s  t h i s  p o s s i b i l i t y .  

Using t h e  E-value a t  t h e  a p p r o p r i a t e  temperature ,  known C, ATy, and 

sample weight,  AH f o r  t h e  area under t h e  the rmi t e  exotherm w a s  c a l c u l a t e d  
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Table  6 .  Resu l t s  of DTA Examination of 79/21 Specimens 

~ ~ ~~ ~ 

Thermite  r e a c t i o n  hea t  (J/g) Calcu la t ed  AHQ Aluminum m e l t i n g  

(J/g) Calcu la t ed  From Fleming and Johnsonb 
Run number o n s e t  t empera tu re  

( " C )  
~ ~~ ~~~ ~ ~~ 

1 6 54 394 79.1 1090 
2 654 390 76.1 1090 

1 5  6 54 357 55.6 1090 
17 6 54 403 85.4 1090 

acornpare t o  397 J / g  l i t e r a t u r e  value.  

bJ. D. Fleming and J. W. Johnson, "Exothermic Reac t ions  in Al-U308 Composites," pp. 
649-66 in Research Reactor Fuel Element Conference, TID-7642, Book 2, 1962. 

f o r  each of the four  runs.  Resu l t s  are presented  i n  Table 6 ,  along wi th  

t h e  c a l c u l a t e d  "maximum c r e d i b l e  energy release" va lue  f o r  t h i s  com- 

p o s i t i o n  from Fleming and J ~ h n s o n . ~  

Obviously,  a l l  of t h e  p o t e n t i a l l y  a v a i l a b l e  r e a c t i o n  hea t  is not 

r e l e a s e d  i n  t h e  observed temperature range of about 880 t o  1000°C. The 

reason  i s  unknown, but  t he re  are s e v e r a l  p o s s i b i l i t i e s :  

1. Heat release rate is  a func t ion  of hea t ing  ra te ,  and f a s t e r  rates 

would probably r e s u l t  i n  l a r g e r  concent ra ted  hea t  releases. Up t o  the  

20"C/min ra te  eva lua ted  i n  t h i s  test ,  however, no s i g n i f i c a n t  e f f e c t  i s  

observed. 

2. React ion ra te  and thus hea t  release is  probably inve r se ly  propor- 

t i o n a l  t o  U3O8 pa r t i c l e  s i z e ,  and f i n e r  par t ic les  than those used could 

r e s u l t  i n  l a r g e r  thermal energy releases. 

3 .  

complete r e a c t i o n ,  which w a s  not t h e  case he re  ( see  x-ray r e s u l t s ,  

Table  4). 
4. Thei r  d a t a  f o r  h e a t s  of formation were overes t imates ,  based on the  

b e s t  information a v a i l a b l e  a t  t h e  t i m e .  This  is poss ib ly  t h e  case f o r  

U A l 2  and UAl3, and U A l 4  e s p e c i a l l y ,  though not  by a f a c t o r  of about 15 as 

would be r equ i r ed  here . l5  

5. Pa r t  of t h e  " thermite"  r e a c t i o n  thermal  energy release may w e l l  be 

r ep resen ted  i n  t h e  exotherms occurr ing  a t  t he  h igher  temperatures.  These 

peaks occur a t  temperatures  beyond t h e  range of c a l i b r a t i o n  of our 

i n s t rumen t ,  so e s t ima t ing  t h e  hea t  involved i s  impossible.  

The hea t  of r e a c t i o n  c a l c u l a t i o n  of Fleming and Johnson3 assumed 
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6. Di f fus ion-cont ro l led  r e a c t i o n s ,  as t h e s e  are presumed t o  be, may 

simply proceed too slowly t o  e x h i b i t  measurable thermal energy release. 

I f  one uses  t h e  hea t s  of r e a c t i o n  c a l c u l a t e d  from these  thermograms 

f o r  aluminum melt ing and t h e  thermi te  r e a c t i o n ,  t he  21% Al i n  such a f u e l  

absorbs  about 85 J / g  f u e l  on melt ing,  while  t h e  thermi te  r e a c t i o n  hea t  

evolved i s  a maximum of 85 J / g  f u e l .  Considering then t h e  p o t e n t i a l  hea t  

e f f e c t s  of t he  thermi te  r e a c t i o n ,  one could conclude t h a t  i t s  e f f e c t  w i l l  

be  n e g l i g i b l e  compared t o  the  hea t  required:  

1. t o  hea t  t h e  f u e l  from ope ra t ing  temperature  t o  t h e  melt ing poin t  of 

aluminum, 

2 .  t o  m e l t  t h e  aluminum, and 

3. t o  hea t  t he  r e s u l t i n g  mass t o  about 880'C. 

However, i f  t h a t  much hea t  were a v a i l a b l e  i n  t h e  r e a c t o r  from decay 

hea t ing ,  then,  depending on t h e  hea t ing  ra te  and o t h e r  f a c t o r s ,  t he  ther -  

m i t e  r e a c t i o n  a t  about 880°C could perhaps produce enough hea t  t o  i n i t i a t e  

t h e  exothermic r e a c t i o n s  a t  g r e a t e r  than 1200"C, which i n  t u r n  would pro- 

duce even more hea t .  Tests t o  co r robora t e  t h i s  concept were then formu- 

l a t e d .  F i r s t ,  samples  of min ip l a t e s  were q u a n t i t a t i v e l y  analyzed by DTA, 

t hen  e n t i r e  min ip l a t e s  were heated i n  an e lectr ic  furnace  and v i s u a l l y  

o bs e r ved . 
Minip l a  t es 

D i f f e r e n t i a l  thermal  a n a l y s i s  

Specimens punched from two d i f f e r e n t  min ip l a t e s  were q u a n t i t a t i v e l y  

analyzed by DTA. Typical  thermograms from each of t he  (es t imated  nominal) 

52 and 63% Al p l a t e s  are given i n  Fig. 8. 

t h e  peak areas were analyzed f o r  thermi te  r e a c t i o n  h e a t ,  us ing  only t h e  

main peak a t  around 900°C. 

num melt ing endotherm w a s  analyzed t o  provide an e s t ima te  of t he  weight 

pe rcen t  aluminum ( t o t a l )  i n  t h e  specimen. Resu l t s  are presented i n  

Table  7. Thermite r e a c t i o n  h e a t s  are compared t o  Fleming and Johnson's 

c a l c u l a t i o n s 3  i n  Table 8. 

measured the rmi t e  r e a c t i o n  hea t  is very low compared t o  t h e  ca l cu la t ed  

maximum p o s s i b l e  value.  

A s  wi th  t h e  79/21 composition, 

Also, t h e  peak area encompassed i n  the  alumi- 

Again, as wi th  the  powder mixtures ,  t he  
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Fig. 8. Typical Thermograms of U3O8-Al Miniplate Specimens as 
Recorded with the Model 990 DTA System. 
content of 52 wt %. 

(a) Nominally estimated aluminum 
(b) Nominally estimated aluminum content of 63 wt %. 
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Table 7. DTA Results From Miniplate Specimens 

Specimen 
number 

14-3-1 
14-3-2 
14-3-3 
14-3-4 
14-3-5 
14-3-6 

Run 
number 

Aluminum content, ut % 

E s t  irna t edQ Calculated 

Thermite reaction Other peaks 
r 

Onset T, "C AH, S/g Peak T ,  O C  

28 
29 
30 
35 
36 
37 

52 b 
52 50.1 
52 55.1 
52 b 
52 59.9 
52 57.4 

Average = 55.6 

898 165 -1330 
880 398 -1200 
904 264 
872 38 1 - 1300 
892 123 

120 
243 
- 895 

16-1-1 3 1  63 b 90 1 77 -1220 
16-1-2 3 2  63 67.5 908 48 1220, 1330 
16- 1-3 33 63 67.3 904 92 1170, 1320 
16-1-4 34 63 66.7 896 68 1220, 1330 - 

Average = 67.2 7 1  

aEstimated from weight percent aluminum in  core and average cladding thickness. 

b e a k  w a s  off-chart; area could not be measured. 

Table 8. Comparison of Measured Thermite 
Reaction Heats to Literature Values 

Thermite reaction heats 
(J/g fuel) Tot a1 

aluminum content 

Measured Literaturea (wt % >  

5 2-5 6 243 830-900 
63-67 71 650-710 

aJ. D. Fleming and J. W. Johnson, 
"Exothermic Reactions in a-U308 
Composites," pp. 649-66 in Research 
Reactor Fuel Ekment Conference, TID-7642, 
Book 2, 1962. 

The calculation of total aluminum content based upon the heat effect 

was close to the estimated value in both cases, as expected. This DTA 

technique was sensitive enough to detect the fact that there were two 

types of aluminum present, the cladding of aluminum alloy 6061 and the 
matrix ("meat") material of 101 aluminum. This is evidenced by the 

double-peak nature of the aluminum melting endotherm [Fig. 8(a)J. The 

low-temperature shoulder observed previously on this endotherm is 



25 

e s s e n t i a l l y  absen t ,  which may i n d i c a t e  t h a t  t h e  i n i t i a l  r e a c t i o n  between 

U308 
r o l l i n g  o r  anneal ing,  and hence was not occur r ing  upon sample hea t ing  i n  

t h e  DTA furnace.  

and aluminum [ r e a c t i o n  ( l ) ]  may have been i n i t i a t e d  during p l a t e  

The h ighe r  temperature exotherms observed with t h e  79/21 and 50/50 

powder mixes are extremely v a r i a b l e  i n  t h e s e  samples. Their  na tu re  and 

o r i g i n s  are unknown. 

Heating tests 

Four separate min ip la t e s  (roughly 25 by 50 by 1.5 mm t h i c k )  were 

hea ted  i n  e l ec t r i ca l  r e s i s t a n c e  furnaces  i n  a i r  t o  determine the  e f f e c t s  

of h e a t i n g  an element beyond t h e  800 t o  1000°C the rmi t e  r e a c t i o n  t e m -  

p e r a t u r e  range. The f i r s t  was held up r igh t  i n  a bed of sand, heated 

slowly overnight  t o  5OO0C, then heated t o  1020°C i n  2 h. The p l a t e  

slumped over a t  710"C, a f t e r  t he  aluminum cladding had been observed t o  

m e l t .  No f u r t h e r  changes i n  appearance were noted. Af t e r  cool ing,  the 

s t i l l  i n t e g r a l  p l a t e  w a s  s ec t ioned  lengthwise.  Visual  examination showed 

t h r e e  d i s t i n c t  l a y e r s  of material; t h e  two o u t e r  c ladding l a y e r s ,  each of 

which had formed i n t o  a pool nea r  t h e  c e n t e r  of t he  p l a t e ,  and the  inne r  

"meat" which, though r eac t ed ,  w a s  s t i l l  i n t a c t ;  t h a t  i s ,  no "explosions" 

o r  l a r g e  displacements of material had occurred. 

The second m i n i p l a t e  was l a i d  i n  a hemicy l ind r i ca l  qua r t z  r e a c t i o n  

boa t  and heated t o  1110°C from a preheat  l e v e l  of 500°C i n  21 min. This 

would give an average h e a t i n g  rate of about 3O0C/min, or  t h r e e  t i m e s  as 

f a s t  as the  rate used on t h e  DTA runs. The p l a t e  slumped i n t o  the boat a t  

about  69OoC, with no f u r t h e r  observable  occurrences.  On cool ing,  t h i s  

p l a t e  a l s o  was i n t e g r a l .  There had been a s l i g h t  a x i a l l y  downward t i l t  t o  

t h e  specimen during hea t ing ,  and t h e  aluminum cladding had flowed i n  t h a t  

d i r e c t i o n  and was s o l i d i f i e d  there .  This l e f t  t h e  U3O8-Al r e a c t i o n  pro- 

d u c t s  i n  t h e  meat exposed. The meat w a s  hard and s t r o n g  i n  t h i s  state.  

No evidence of unusual thermal behavior w a s  found. 

The t h i r d  min ip la t e  w a s  t r e a t e d  s i m i l a r l y ,  t h i s  t i m e  with a thermo- 

couple  i n  con tac t  with the  p l a t e .  It w a s  heated from 500 t o  1050°C i n  

30 min. A f t e r  5 min, t he  p l a t e  had reached the  cladding melt ing t e m -  

p e r a t u r e  (-650°C) a t  which temperature a thermal arrest w a s  observed. No 
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o t h e r  thermal e f f e c t s  were observed on heat ing.  On cool ing,  a change i n  

s l o p e  of t h e  temperature-time curve i n d i c a t e d  f r e e z i n g  of t h e  aluminum. 

A s  wi th  t h e  second plate,  t h i s  specimen had the  meat exposed, and though 

warped i t  was i n t e g r a l .  

t h e  q u a r t z  boat y e t  i t  r e t a i n e d  adherence t o  t h e  meat. 

The aluminum c ladd ing  had flowed t o  t h e  bottom of 

S ince  t h e r e  were DTA exotherms noted p rev ious ly  a t  g r e a t e r  than 

1200°C f o r  specimens taken from t h i s  type of p l a t e ,  a f o u r t h  min ip la t e  was 

r a p i d l y  heated t o  1405°C (106 min from 500°C). A thermal arrest  was noted 

only a t  about 640 t o  650°C. 

t h e  previous two, except t h a t  warpage w a s  more severe.  

After cool ing,  t h e  p l a t e  appeared similar t o  

These fou r  m i n i p l a t e  experiments showed no major d i s r u p t i v e  e f f e c t s  

t h a t  could be a sc r ibed  t o  t h e  the rmi t e  r eac t ion .  This i s  as expected from 

t h e  DTA experiments. It is  i n t e r e s t i n g  t o  no te  t h a t  i n  t h e  l a t t e r  t h r e e  

of  these experiments the  m e a t  w a s  e s s e n t i a l l y  exposed to t h e  atmosphere, 

n o t  i n  c o n t a c t  with t h e  aluminum of the cladding. Hence t h e  meat, 75 w t  % 

U308-25 w t  % Al, w a s  allowed t o  thermally react by i t s e l f ,  without t h e  

d i l u t i n g  e f f e c t  of t h e  aluminum cladding. This composition is  one of 

t h o s e  c a l c u l a t e d  by Fleming and Johnson3 (Fig. 1) t o  e x h i b i t  maximal 

energy release upon r eac t ion .  

e f f e c t s  o t h e r  than warping a f t e r  h e a t i n g  t o  1400°C i s  encouraging, i nd i -  

c a t i n g  t h a t  t h e  the rmi t e  r e a c t i o n  i n  t h i s  type of f u e l  p l a t e  is not l i k e l y  

t o  pose any s a f e t y  problems. 

The f a c t  t h a t  t h e  m e a t  showed no ill 

SUMMARY AND CONCLUSIONS 

Summary 

D i f f e r e n t i a l  thermal a n a l y s i s ,  x-ray d i f f r a c t i o n ,  and in-furnace 

h e a t i n g  experiments were performed on powder mixtures and miniature  f u e l  

p l a t e s  of compositions ranging from 50 w t  % U308-50 w t  % Al t o  79 w t  % 

U3O8-21 w t  % Al. The DTA experiments showed t h e  following: 

1. On hea t ing ,  U308-Al mixtures  of t h e s e  compositions e x h i b i t  

s e v e r a l  d i s t i n c t  thermal energy releases or  abso rp t ions .  These inc lude  an 

exotherm between 600°C and t h e  melt ing p o i n t  of aluminum, an endotherm on 

. 
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. mel t ing  of aluminum, an exotherm a t  a temperature near  900°C, and one o r  

two more exotherms a t  temperatures  g r e a t e r  than 1200°C. 

2. Quan t i t a t ive  a n a l y s i s  of t he  areas encompassed wi th in  these  exo- 

and endotherms y i e l d s  good accuracy (< lo% e r r o r )  f o r  va lues  of t he  h e a t s  

of  t ransformation.  

3. Using t h e  q u a n t i t a t i v e  a n a l y s i s  technique descr ibed ,  h e a t s  of 

r e a c t i o n  f o r  t h r e e  U308-Al compositions were ca l cu la t ed .  These r e s u l t s  

were a l l  much lower than values  descr ibed  i n  t h e  l i t e r a t u r e ,  based on 

thermochemical cons idera t ions .  

X-ray d i f f r a c t i o n  a n a l y s i s  of samples  of a 50/50 composition heated 

t o  var ious  temperatures  showed no r e a c t i o n  products  a f t e r  hea t ing  t o  

725°C. 

U02 and UAl2 were found i n  t h e  r e a c t i o n  products .  

Af te r  h e a t i n g  t o  125OoC, A1203 was observed, and a f t e r  1350"C, 

When minia ture  f u e l  p l a t e s  were hea ted  i n  a i r  i n  e lec t r ica l  r e s i s t a n c e  

fu rnaces ,  (1)  on hea t ing  t o  about 640°C t h e  c ladding  aluminum melted and 

flowed away from t h e  m e a t ,  (2) t h e  meat remained i n t e g r a l  even when heated 

t o  1400°C but  warped under i t s  own weight,  and ( 3 )  no v i o l e n t  thermal 

e f f e c t s ,  explos ions ,  o r  gas releases were observed. 

Conclusions 

The main conclusions drawn from these  experiments are the  following: 

1. Measured hea t s  of r e a c t i o n  evolved from high-uranium U308-Al 

mixtures  a t  temperatures  near 900°C are low compared with the  thermal 

energy requi red  t o  i n i t i a t e  t h e  r eac t ions .  

2. The f i r s t  conclusion p lus  t h e  lack  of d i s r u p t i v e  thermi te  reac- 

t i o n  e f f e c t s  i n  heated minia ture  f u e l  p l a t e s  i n d i c a t e s  t h a t  switching from 

t h e  p re sen t  low U3O8 loading  t o  h igher  l e v e l s  does not  add a s i g n i f i c a n t  

chemical r e a c t i o n  hazard t o  o t h e r  cons ide ra t ions  of s a f e  r e a c t o r  operat ion.  

ACKNOWLEDGMENTS 

The au thor  wishes t o  express  g r a t i t u d e  t o  D. S t ah l ,  Task Manager i n  

Reduced-Enrichment Research and Test Reactor Program a t  Argonne t h e  

Nat iona l  Laboratory,  under whose program t h i s  work was c a r r i e d  out.  



28 

S p e c i a l  thanks are due t o  H. G a t i n g  and C .  Hamby, Jr?, f o r  sample pre- 

p a r a t i o n  and exper t  performance of t h e  DTA experiments,  and t o  C. E. Dunn, 

J. N. Hix, and C. W. Holland who f a b r i c a t e d  t h e  minip la tes .  The au thors  

a l s o  a p p r e c i a t e  the a s s i s t a n c e  of T. G. Godfrey, V. J. Tennery, 

T. B. Lindemer, and R. J. Lauf f o r  review of the  t e c h n i c a l  content  of t he  

r e p o r t .  F i n a l l y ,  thanks are due t o  Natalie Millemann f o r  e d i t o r i a l  

review, and t o  Alice Rice f o r  f i n a l  p repa ra t ion  of t h e  r epor t .  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

REFERENCES 

R. C. Waugh, "Compatibi l i ty  of Uranium Oxides i n  Aluminum," pp. 

155-57 i n  MetaZZurgy Division Annu. Frog. Rep. Oct. 10, 1958, 

ORNL- 26 3 2. 

R. C. Waugh, The Reaction and Growth of Uranium D.toxt.ide-AIwninwn 
Fuel Plates and Compacts, ORNL-2701 (1959). 

J. D. Fleming and J. W. Johnson, "Exothermic React ions i n  

Al-U308 Composites," pp. 649-66 i n  Research Reactor Fuel Element 
Conference, TID-7642, Book 2, 1962. 

J. D. Fleming and J. W. Johnson, "Aluminum-U308 Exothermic 

Reac t ions ,"  Nucleonics 21(5): 84-85 (1963). 

J. D. Fleming, J. W. Johnson, and S .  H. Bomar, Reactions in AZ-34 

W / O  u308 DispePsiOn6, TID-21311 ( Ju ly  1964) 

L. Baker and J. D. Bingle ,  "Aluminum-U3O8 Thermite React ions,"  pp. 

298-303 i n  Chemical Engineering Division Semiannual Report, 
Januarwune 1964, ANL-6900 (1964). 

R. 0. Iv ins  and F. J. Testa, "Studies  wi th  Aluminum-U308 C e r m e t  Fuel 

( H F I R  Fuel)  i n  TREAT," pp. 1 6 S 7 0  i n  Chemical Engineering Division 
SemiannuaZ Report, July-December 1965, ANL-7125 (1966). 

L. W. Gray and W. J. Kerrigan, "A DTA, TGA, and Meta l lu rg ica l  Study 

o f  t he  Exothermic React ions Between Aluminum and Uranium Compounds: 

The So l id  S ta te  React ions of Uranium Oxides and Uranates wi th  

Aluminum," J .  Inorg. NucZ. Chem. 38: 1641-44 (1976). 

L. W. Gray and W. J. Kerrigan, Exothermic Reactions Leading t o  
Unexpected Meltdown of Scrap Uranium - Aluminum Cermet Cores During 
Outgassing, DP-1485 (March 1978). 

. 

h 



29 . .  

10. H. E. Rollig, "The Compatibility of Uranium Dioxide and Aluminum, 
Part I: 
Mixed Powder Compacts," Kemzenergie 6( 12): 685-91 (1963). 

Investigations Into the Kinetics of the U02-Al Reaction in 

11. G. Ondracek and B. Schulz, "The Unstable Cermet Combination 

U308-AlUminUm I. 
Keram. Ges. 45(10): 50S13 (1968). 

Technology of U308-Al-Cermets," Ber. Deutsch. 

12. G. Ondracek and E. Patrassi, "The Unstable Cermet Combination 

U308 and Aluminum 11. Reactivity and Properties of U3O8-Al Cermets," 

Ber. Deutsch. Keram. Ges. 45(12): 617-21 (1968). 
13. G. Ondracek and F. Thummler, "Investigations on Stable and Unstable 

Dispersions of Uranium Compounds and Metals," in European Symposium 
on Pozllder Metallurgy, and, Stuttgart, 1968. 
F. T. Binford, The Oak Ridge Research Reactor- Safety Analysis - 
VoZ. 2,  SuppZ. I, ORNL-4169/V2/Sl (May 1978). 

14. 

15. Personal Communication from T. B. Lindemer, Oak Ridge National 

Laboratory, to M. M. Martin and A. E. Pasto, July 17, 1979. 



3 1  

1-2. 
3 .  

4-5. 
6 .  
7 .  
8 .  
9 .  

10 .  
11-14. 

1 5 .  
1 6 .  
1 7 .  
1 8 .  
1 9 .  

20-22. 
2 3 .  
2 4 .  

50-58. 

5 9 - 6 1 ,  

6 2 .  

ORNL-5 659 
Distribution 
Category UC-80 

INTERNAL DISTRIBUTION 

Central Research Library 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, ORNL RC 
ORNL Patent Section 
R. L. Beatty 
F. T. Binford 
A. J. Caputo 
G. L. Copeland 
J. I. Federer 
T. G. Godfrey, Jr. 
R. L. Heestand 
B. Heshmatpour 
R. F. Hibbs 
M. R. Hill 
S. Hurt 111 
Jar-Shyong Lin 

2 5 .  
26.  
27. 
28 .  
29. 

3&34. 
35-39. 

40. 
41.  
42. 
43 .  
44.  
45.  
46. 
47.  
48.  
49.  

Re We Knight 
W. J. Lackey 
R. J. Lauf 
T. B. Lindemer 
E. L. Long, Jr. 
M. M. Martin 
A. E. Pasto 
H. E. Reesor 
R. L. Senn 
D. P. Stinton 
A, L. Bement, Jr. (Consultant) 
E. H. Kottcamp, Jr. (Consultant) 
Alan Lawley (consultant) 
T. B. Massalski (Consultant) 
M. J. Mayfield (Consultant) 
R. H. Redwine (Consultant) 
J. T. Stringer (Consultant) 

EXTERNAL D I STR I BUT I ON 

ARGONNE NATIONAL LABORATORY, 9700 South Cass Avenue, Argonne, IL 60439 

A .  Travelli 
J. L. Snelgrove 
D. Stahl ( 5 )  
R. F. Domagala 
R. F. Mattas 

EG&G IDAHO, INC., P.O. Box 1 6 2 5 ,  Idaho Falls, ID 83415 

V. W. Storhok 
D. G. Newton 
S. L. Seiffert 

E. I. DUPONT de NEMOURS AND CO., INC., Instrument Products Division, 
McKean Bldg., Concord Plaza, Wilmington, DE 19898 

Robert A. Wolffe, Sales Manager, Thermal Analyzers 



32 

6 3 4 4 .  E. I. DUPONT de NEMOURS AND CO., I N C . ,  Technical  Divis ion,  Savannah 
River Laboratory,  Aiken, SC 29801 

H. B. Peacock 
R. L. F ron t ro th  

65-66.  DOE, NUCLEAR POWER DEVELOPMENT, Washington, D.C. 20545 

Chief ,  Fuel Cycle Branch ( 2 )  

7G71. DOE, OAK RIDGE OPERATIONS OFFICE, P.O. Box E,  Oak Ridge, TN 37830 

R. L. Phi l ippone,  Nuclear Research Divis ion 

O f f i c e  of A s s i s t a n t  Manager f o r  Energy Research and 
Development 

72-203. DOE, TECHNICAL INFORMATION CENTER, Of f i ce  of Information Se rv ices ,  
P.O. Box 62, Oak Ridge, TN 37830 

For  d i s t r i b u t i o n  as shown in TID-4500 D i s t r i b u t i o n  
Category UC-80 (General Reactor Development) 

. - .  


	DISCLAIMERS.pdf
	SUMMARY
	LISTOFTABLES
	LISTOFFIGURES
	GLOSSARY
	FACILITY DESCRIPTION
	VITRIFICATION CELL
	EQUIPMENT
	UTILITIES MATERIALS AND WASTES

	SITING
	OP ERAT IONS
	MA I N TEN AN C E
	REFERENCES
	High-Level Liquid Waste Vitrification Flowsheet
	Canister Operating Time Cycle

	Zone Classifications
	Liquid Waste
	Personnel Exposure Categories
	NWVF Areas and Associated Functions
	Process Equipment
	Legend for Figures 5 Through
	Essential Material Requirements
	Nuclear Waste Vitrification Faciltiy Waste Generation
	Allocated Facility Staffing Requirements
	Source of High-Level Waste in the Fuel Cycle
	High-Level Liquid Waste Vitrification Flow Diagram
	High-Level ‚daste Vitrification Cell Plan View
	High-Level Waste Vitrification Cell Elevation View
	Calciner Feed Tank
	Calciner
	Melter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell AirFilters

	Welding and Inspection Stations
	Calciner Condenser


	Calciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Calciner Feed Tank
	Cal ci ner
	Me1 ter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell Air Filters
	lrlelding and Inspection Stations
	Calciner Condenser
	Cal ciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Ruthenium Sorber
	Pre- and HEPA Off-Gas Filters
	Iodine Sorber
	NOx Destructor
	Off -Gas Cool er
	Process Operators
	Radiation Monitors
	Supervisors
	Others
	(P1 ant Forces
	Craft Workers
	P1 anners and Supervisors
	Others
	Process Engineers
	Faci 1 i ty Engineers
	Safety
	Technicians
	Others (Including Analytical )
	Others
	Totals: Nonexempt
	Exempt
	Supervisors









