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FABRICATION VOIDS I N  ALUMINUM-BASE FUEL DISPERSIONS 

M. M. Martin and W. R. F k r t i n  

ABSTRACT 

The introduct ion of fabr ica t ion  voids e q l a i n s  
va r i a t ions  i n  i r r a d i a t i o n  performance o f  many f ie1 
dispers ions f o r  nuclear reac tors .  To obtain con- 
s is  t e n t  and improved i r r a d i a t i o n  performanee, we must 
understand t h e  fabr ica t ion  fac tors  t h a t  control  the  
amount of void volume. 

The purpose of  t h i s  study was t o  inves t iga te  
t h e  void content of aluminum-base dispersion-type 
f u e l  p l a t e s  a t  a l l  s tages  of manufacture. Two 
grades of  U30g and two grades of  UA1, were examined 
a t  var ious loadings up t o  1.7 g U/m3 of core; t h i s  
covers the  range appl icable  t o  t h e  High Flux Isotope 
Reactor (HFIR)  and t h e  Advanced Test Reactor (Am). 

The void content of t h e  ro l l - c l ad  aluminwn- 
base dispers ions depends on (1) t h e  type and con- 
cent ra t ion  of t h e  f ie1  compound, ( 2 )  t he  aluminum 
cladding alloy, and (3) t h e  amount of co ld- ro l l ing  
deformation a t  room temperature. For a p a r t i c u l a r  
ma te r i a l  combination, t h e  f irst  roll-bonding reduc- 
t i o n  of a s  l i t t l e  a s  15% i n  thickness e s t ab l i shes  
a constant void concentration f o r  a l l  subsequent 
ho t - ro l l i ng  passes.  This equilibrium quant i ty  of 
voids i s  i n s e n s i t i v e  t o  the  i n i t i a l  dens i ty  of fuel 
compact and t h e  amount of -325-mesh f u e l  p a r t i c l e s  
i n  t h e  dispers ions.  The f i n a l  void content of the 
completed Fuel p l a t e  shows only a secondary depen- 
dency on hot deformation and heat treatment.  

INTRODUCTION 

The control  of i r radiat ion-induced swelling i n  .fuel dispers ions by 

introduct ion of f ab r i ca t ion  voids has been used by severa l  inves t iga tors  
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t o  explain var ia t ions  i n  i r r a d i a t i o n  performance - '-A I f  th5.s concept i s  
val-id, w e  must understand the  fabr ica t ion  fac tors  t h a t  control  tile f i n a l  

void volume i n  p la te - type  fuel. elements t o  obtain consis tent  and improved 
i r r a d i a t i o n  performance of commercially produced f i e 1  elements. 

'The purpose of t h i s  inves t iga t ion  i s  .to d-etemine and evaluate fah- 

r i c a t i o n  f ac to r s  t h a t  a f f e c t  t h e  void concentration of aluminum-base d is -  

pers ion fie]. p l a t e s  f o r  research reac tors .  We examined two grades o f  

u308 and two grades of UA1, a t  t h e  present  u-ranium loadings and contem- 

p l a t ed  higher loadjngs of i n t e r e s t  t o  t h e  High Flux Isotope Reactor (HPIK)  

and Advanced Test Reactor (A'I'R) . 
many instances simulated the  manufacture of ATR and HFIH p l a t e s  were 

used i.n preparing tine ex-erimerifial tes t  pl.ates and a r e  discussed l a t e r  

i n  more d e t a i l .  

Standard fabr ica t ion  techniques t h a t  i n  

To provide an expanded understanding o f  p a r t i c u l a r  f ab r i ca t ion  

var iables ,  we a l s o  made parametric s tud ies  of t he  e f f e c t  of mater ia l s  

and deformation. We compared cladding al.l.oys w t t h  vari.ous s trengt'ns, 
f'ul.I.-size HFIR p l a t e s  with miniature tes t  p l a t e s ,  fabr ica t ion  tempera- 

tu res ,  p a r t i c l e  s i zes  of the  U308 and UAl, fuel  compounds, and stages  

of p l a t e  processj:n.g such as pressing and degassing of t h e  f'uel. compacts, 

individual  hot and cold r o l l i n g  passes, and heat treatments.  The impor- 

tance of each of these f ac to r s  has been assessed i n  t h i s  repor t .  

'J. R. Weir, A Fai lure  Analysis f o r  t h e  T'ow-Temperature Performance 
of Di-spersion l;'ueL Elements, 0RNI;-2902 (May 27, 1960). 

(Pu,U)02--Stainless S tee l  Cermet Fuels i n  Rod and P la t e  Geometry i n  H3gh 
Temperature Nuclear Fuels, " pp. 23 '7954  i n  Nuclear Metallurgy, Vol. 1 ~ 2 ~  
Ser ies  12, ed. by A.  N. Holden, Gordon & Breach, New York, 1968. 

'M. J. Graber, M. Zukor, and G .  W. Gibson, "Superior I r r a d i a t i o n  
Performance of S ta in less  S tee l  Cermet m e 1  Pla tes  Through Use of  Low- 
Density U02, " Trans. Am. Nucl. Soc. __ 10 ( 2  ), 482-483 (Novem'oer 1967). 

2 -  - J . D .  B. Lambert, " I r r ad ia t ion  Study of U02-Stainless S tee l  and 

- 
'A. E.  Richt, M. M. Martin, and W. K. Martin, Pos t i r rad ia t ion  

&ami-nation and EvaLuation of %ungsten-Urania Cermets, ORllL-L.569 
(June 1970). 

- 
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DESCRIPTION OF TEST PLATES 

Two types of p l a t e s  were used i n  t h i s  inves t iga t ion :  

The 1miqu.e HFIR p l a t e s  have a tapered f i e1  thickness as  i l l u s t r a t e d  

The duplex cores fo r  t h e  inner and outer  annulus Pael p l a t e s  

a f 'u l l -s ized 

HFIR p l a t e  and a miniature i r r a d i a t i o n  t e s t  p l a t e .  

i n  Fig.  1. 

of t h e  HFIR f i e 1  element cons t i t u t e  a rectangular  parallel-epiped and co11- 

sist of  two mating por t ions :  a Fuel sec t ion  of  TJ3Os-aluminum o r  UA1 - 
aluminum t h a t  varies i n  thickness across t h e  9late ,  and a f i l l e r  sec t ion  X 

of aluminum. 

t h e  nominal core dimensions a r e  20 X 3 X 0.027 in .  

f'uel-bearing region va r i e s  f r o m  a m a x i m u m  of  about 0.023 i n .  near t h e  

center  t o  about 0.010 i n .  near t h e  edge. 

The f i e 1  cores of our miniature  p l a t e s  a r e  o f  uniform thickness 2nd 
composition (as a r e  t h e  ATR &el p l a t e s )  and a r e  roll-clad with 0.013 in. 

Af%er being roll-clad.  with 0.0115 in .  o f  a luminm a l l o y  6041, 
The thickness of the 

ORNL-DWG 70-5825 
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of various aluminum a l loys .  The i%el-bearing region i s  nominally 

5.5 X 1- X 0.020 i n .  

Table l l i s t s  the range of file1 compositions fabr ica ted  f o r  both 
tyyes of f u e l  p l a t e s .  

por t ion  of t h e  core, the  standard outer  and inner annulus loadings are,  
respect ively,  0 . 8 5  and 1 . 2 1  g / a u 3 ,  while the  standard ATR loading i s  

1.39. 

we examined brackets t ha t  reqiiired fo r  K F l R  and ATR f u e l  p l a t e s  o f  

present and coa'templ.ated higher loadings. 

I n  ternis of uranium dens i ty  of t h e  fbel-bearing 

The fuel. concentration range o f  0 .8  t o  1.7 Q U/cm3 of core t h a t  

Table 1. Concentration Range of  Dispersoids Exmined 

Concentration Range Examined 
a 'Type o f  Dispersoid Dispersoid 

(wt $) 
Uranium 
Density 
(g/cm3 1 

HFIR Type Pla tes  
High- f i r ed  U3 08 30.2-49 .8 0.85-1.64- 

Rv-med U3Og 30.6-48.7 0.83-1. 47 

Solid-s ta te-reacted UA1, 36.1-58.9 0.90-1.69 

Miniature Plates 

1.22-1.68 High-fired U3Os  40 2-50.2 

Burned U308 43.8-53.0 1.. 29-1.67 

Sol id-s ta te-reacted UAlx 48.6-58. S 1.33-1.70 

Arc-cast UAl, 48.6-S7 .A 1.35-1.68 

MaterjkJ- dispersed i n  Alcoa 101 aluminum. a 

CmMCTERIZATION OF CORF COMPONENTS 

The dispers ion cores were two-phase systems with p a r t i c l e s  of t he  
uranium-bearing phase dispersed Tn a metal 1 i c  matrix of Rlcoa 101 a l -mi-  
nun. For the dispersed phases or f u e l  compounds, we examined two grades 
o f  U30guand two grades o f  uranim-aluminm in te rmeta l l ics .  

a c t e r i s t i c s  of t h e  dispersoid and matrix mater ia ls  a r e  given i n  Table 2 ;  

actual values along wi th  measurements of  surface a rea  and p a r t i c l e  s i z e  

Typical. char- 
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distribu-Lion measurements can be found i n  Append5.x A f o r  a l l  t he  prepared 

powders used i n  the  stildy. 

The high-fired U308 i s  iden t i ca l  t o  material. being success1”ully 

used5 i n  t h e  HFTR. 
i s  usua l ly  grea te r  than  98% of theo re t i ca l .  

t e r ing ,  i s  found rnetallographically i n  t h i s  mater ia l .  The burned U3O8 

i s  made sinip1.y by burning uranium mchin ing  chips. 

i s  an ea r ly  s tage of  t h e  mmufacturing process t o  produce high-f i red U308. 

The ].ow crushing s t rength  and dens l ty  o f  burned u308 a re  less than 1 g 

and ‘7.6 g,/ai3, respect ively.  

t i c l e  containing considerable closed poros i ty  and sometimes cracks t h a t  

are  inaccessible  t o  toluene. To achieve t h e  part-icular s i z e  d . is t r ibut ions 

shown i n  Appendix A, t he  as-supplled high-f i red and bumed p a r t i c l e s  were 

separated i n t o  known mesh f rac t ions  and then recornbined i n  t h e  d.esired 
proportions.  The powders were sieved up t o  four times t o  e f f e c t  a s t ab le  

separat ion.  

I t s  density,  determined i.n a pycnometeir wi:th toluene, 

Open porosi ty ,  due t o  s in -  

The burning operation 

These values ind ica te  a highly f r ia -b le  par- 

The method-s of manufacture f o r  t h e  uraniim-aluminum 7.ntemetal l ics  
included arc-cast ing and hydriding techniques. 

s imi la r  mater ia l  t o  .i;’riat used6 i n  the A m .  
s t i t u e n t  i s  UA13, as determined by x-ray d i f f r a c t i o n .  The so l id - s t a t e -  

reacted UA1, was prepared7 by reac t ing  a blend of uranium hydride and 

aluminum powders a t  1000°C. 

reacted f’uels contain I J A l a ,  UA13, and IJAL,, t he  desired stoichiometry 

may be more uniformly control led by t h e  hydriding technique. The two 

grades oi” uranium-al.umi.num in te rmeta l l ics  thus made were crushed t o  
powder i n  a dry box, si.eved, and then blended i n  a i r  t o  achieve the  

desired p a r t i c l e  s i z e  d i s t r ibu t ions .  

the  UA1, p a r t i c l e s  were f a i r l y  dense and had crushing s t rengths  more 

Arc-cast UAl, i s  a 

I t s  major c r y s t a l l i n e  con- 

Although both arc-cast  aiid so l id - s t a t e -  

I n  contrast  t o  t he  uranium oxides, 

%. J. Werner and J. R .  Brhnan ,  Characterization and. Production of 
U308 for .the High Flux Isotope Reactor, ORNL-4052 (April  11967). 

6G- W. Gibson, The Development of  Powdered Uranium-Alu.fni.nide 

‘11. J. Eding and E. M. Carr, High Fur i ty  Urani.unl Compounds - Final 
Compounds f o r  Use as Nuclear Reactor Riels,  I N - 1 1 3 3  (December 1.967 j .  

--I Report ANT,-6339 (1961). 
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than 10 times t h a t  of t h e  two grades of  U3O8. 

four f'uels a r e  compared i n  Fig. 2. 

Photomicrographs of t h e  

GEUEXKL FABRICATION PROCEDURES 

The general  fabr ica t ion  techniques f o r  t h e  simulated HFIR and 
miniature i r r a d i a t i o n  tes t  p l a t e s  have been reported. '7 

s teps  a r e  
The e s s e n t i a l  

1. 

2. 

3 .  

4 .  

5. 

6. 

7 . 
8 .  

9 .  

10. 

t h e  

weighing and blending t h e  component pawder f o r  each miniature f u e l  

core and HFIR f i e 1  and f i l l e r  sections,  

shaping the  blended powders t o  t h e  desired configuration i n  s t e e l  

dies ,  
cold pressing i n t o  f ie1 compacts, 

hot degassing t o  remove pressing lubr icants  and adsorbed gases, 

assembling t h e  degassed cores i n t o  frames and welding on cover 

p l a t e s  t o  form t h e  r o l l i n g  b i l l e t s ,  
cladding by h o t - r o l l  bonding, 

annealing t o  sof ten  and also t o  t e s t  f o r  b l i s t e r i n g ,  

cold r o l l i n g  t o  a reduction i n  thickness of 2074 

heat  t r e a t i n g  t o  t h e  "0" temper for aluminum, and 
f in i sh ing  operations - core 1-ocation, p l a t e  shearing, cleaning, 
and u l t r a s o n i c  nonbond inspection. 

VOID VOIJJME DETERMINATION 

After  completion of a l l  fabr ica t ion  operations, t h e  density,  D, of 

core i n  t h e  fabr ica ted  miniature p l a t e s  was obtained from conventional 

pycnometer techniques described i n  Appendix B and t h e  expression 

'R. W. Knight, J. Binns, and G. M. Adamson, Jr., Fabrication 
Procedures f o r  Manufacturing High Flux Isotope Reactor Fuel Elements, 
ORNL-4242 (June 1968 I .  

'M. M. Martin, W .  J .  Werner, and C.  F. Lei t ten,  Jr., Fabrication 
of Aluminum-Base I r r a d i a t i o n  Test Plates ,  OEWL-TM-1377 (February 1966 1. 
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0 014 F..; ...................... 
I ' l0.010 In. 1 i 

I Y C  
' 5 0 X  

Fig. 2. Microstructures of Fuel. Particles. (a) 'LSpical. "dead-burned" 
U3O8 produced at Y-12 for HFIR. 
turnings. 
hydriding process. 

(b) u309 formed by burning uranium 
(c> UAI, produced by a m  rneltjng. jd) UA1, produced. by 
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where 

= dens i ty  of aluminum cladding, g/cm3, 'A1 
P, = dens i ty  of solut ion,  g/cm3, 

W = weight of core i n  a i r ,  g, 

W = weight of p l a t e  i n  a i r ,  Q, 

W = weight of  p l a t e  i n  solut ion,  g. 

C 

a 
S 

For t he  simulated H F I R  p l a t e s ,  we subtracted t h e  volume of t he  

f i l l e r  sect ion a s  we l l  as  t h e  volume o f  t h e  cladding. 'The corresponding 

density,  DF, of t h e  f'uel bear ing region i s  

where 
= dens i ty  of the  f i l l e r  sect ion,  g/cm3, PI 

W = weight; of t h e  f i e 1  sect ion,  g. f 
'The concentration, V, of f ab r i ca t ion  voids i n  the  completed f u e l  p l a t e  

was then ca lcu la ted  from t h e  measured dens i ty  of t h e  fliel.. core and t h e  

for  t h e  dispers ions:  t heo re t i ca l  density,  PtJ 

Since the  TJA1, p a r t i c l e s  were not of uniform stoichiometry, we based our 

ca lcu la t ions  of  t h e o r e t l c a l  dens i ty  f o r  both U308 and Uhl,  d ispers ions 
on the  toluene dens i ty  o f  t h e  fuel and matr ix  powders. 

given below presents  t h e  usua l  r e l a t ionsh ip  fo r  a dispers ion and serves 

t o  def ine theo re t i ca l  dens i ty  i n  Eq. 

Equation ( 4 )  

(3). 

Pt = 1/iX,/Pf + (1 - X,)/Pm1 , 
where 

P = toluene density,  g/cm3, 

X = weight f r a c t i o n  i n  uranium-bearing por t ion  of core. 

'The subscr ip ts  t, f ,  and m denote theo re t i ca l ,  fuel, and matrix a t t r i b u t e s ,  

respec t ive ly .  Please note t h a t  t he  d e f i n i t i o n  of t h e o r e t i c a l  dens i ty  

e f f e c t i v e l y  excludes a l l  closed porosi ty  wi th in  t h e  s t a r t i n g  f'uel and 
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matrix powders from V of Eq. ( 3 ) .  

these  i n i t i a l  i s o l a t e d  volds a re  a l so  important and niust be considered. 

In comparing i r r a d i a t i o n  r e su l t s ,  

RESULTS 

Type and Concentration of  Dispersoid 

We determined t h e  void volume of t he  uranium-bearing region of  a l l -  

the t e s t  p l a t e s  f o r  the  var ious uranium loadings given i n  Table 1.. The 

data  a r e  given i n  Figs .  3 and. 4 .  I n  these  and a l l  l i k e  f igures ,  t he  
I -bars  i nd ica t e  the  ranges of  observed. values f o r  t h e  nimbers of' id.enti- 

ea1 p l a t e s  i n  parentheses.  'The void concentrations o f  both types of 

p l a t e s  exhibi ted exce l len t  uniformity; the t o t a l  range about t he  avera.gc 

of a group o f  p l a t e s  w 8 s  always l e s s  than 3~0.75 vo'l- $. Regard]-ess of 

Fig. 3 .  Effect of Dispersoid Concentration on Void Volume of Fuel 
Section i n  Experimental HFIR Fuel Pla t e s .  Duplex f i e 1  compacts were c lad  
w i t h  aluminum a l loys  by hot r o l l i n g  a t  490°C. Solid and broken l i n e s  
denote compacts c lad respec t ive ly  with 6061 and 1 1-00-a1 PI ad 6061 aluminim 
a l loys .  
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DISPERSOID CONCENTRATION (~01%) 

J 

Fig. 4 .  Effect  of Dispersoid Concentration on Core Void Vol.ume oE 
Miniatiire Test P l a t e s .  
by hot r o l l i n g  a t  490°C. 

Fuel compacts were c lad  w i t h  6061 aliuninum a l l o y  

t h e  type and quamtity of .fuel, t he  HFIR and miniature p l a t e s  were suc- 

cessfu l ly  r o l l e d  i n  t h e  normal manner and withou.t added d i f f i c u l t i e s  a t  
t h e  higher loadings.  

A s  depicted i n  Fig. 3 f o r  HFIR p la t e s ,  t h e  void volume o f  t h e  &el. 
s ec t ion  increases  w i t h  f u e l  concentration and w i t h  t h e  following order 

of f’uels: so l id-s ta te - reac ted  UAlx, high-f i red TJ308, and burned U3O8, 

The l a t t e r  order  p a r a l l e l s  t h e  crushing s t rengths  shown i n  Table bu t  

our data  a re  not s u f f i c i e n t  to es t ab l i sh  t h a t  a r e l a t ionsh ip  between 

void volume and f i e 1  crushing s t rength  i s  r e a l .  

Figure A shows the  void. volume data  f o r  t he  miniature i r r a d i a t i m  

t e s t  p l a t e s .  Although the  l imi ted  concentration range covered f o r  high- 

f i r e d  U3Og f a i l e d  t o  show t h e  void volume dependency on dispersoid con- 
t en t ,  a l l  t rends c i t e d  above f o r  t he  I D I R  -fuel sec t ions  a l so  apply t o  

t h e  miniature f’uel cores .  For example, FLg. 4 includes data  on disper-  

s i0n . s  containing a rc-cas t  TJAlx, which has a crushing s t rength  between 
t h a t  of  the  so l id-s ta te - reac ted  IJAL, and t h e  oxides. 

d i sperso id  content, these  dispers ions contain aboiit 2.5  vol $ more 

For s imi l a r  
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voids t‘nan those made with the s t ronger  f i e 1  conq~ound, and t h e  burned. 

U308 f’uel exhibi ted more voids  than e i t h e r  i n t e rme ta l l i c .  

Many of  t h e  poin ts  plo- t ted i n  Figs ,  3 and 4 represent  the  average 

void content of dispers ions containing f’uel. compounds of various pa rd;icle 
s l z e  d i s t r ibu t ions  Table 3 show f o r  i d e n t i c a l  mini.aturpe p l a t e s  some 

Table 3. Void Vol-ume of Miniature Fuel P l a t e s  Containing 
Fuel Compounds o f  Various P a r t i c l e  Size Distr?.butions 

Primary 
P a r t i c l e  Size Fuel Fines Void Volume, % Number of < 44 pm (wt $) l”ue1. P l a t e s  Avzrage Range 

17.6 vo l  ‘$ High-Fired IJ308 Cores 

4443 10 5 3.3 3.1-3.4 
44-88 25 5 3 .O 3.0-3.1 
44-48 51 5 3.1 3.0-3.1 

23 .G vo l  Burned U3Os  Cores 

44-38 11 5 8.0 7.84.1 
4448 26 5 €3.1 7.94.5 
U-%8 54 5 8.3 7.94.5 

34.5 vol $ Solid-State-Reacted- UA1 Cores 
X- 

44-62 0 3 5 .o 4.8-5.2 
44-48 0 2 5.2 5 .O-5.4 
44-88 10 2 5.4 5.3-5.5 
44-105 0 1 5 . 8  5.8 

.t;ypical data  t h a t  we have separated according t o  primary p a r t i c l e  s i z e  
range and weight percent of f i e 1  f i n e s .  The resul- ts  f o r  so l id - s t a t e -  
reacted UA1, i nd ica t e  t h a t  Sue1 f ines  up t o  10 w t  $ and a p a r t i c l e  s i z e  
var ia . t ion from 62 t o  105 prn have l i t t l e ,  i f  a.ny, e f f e c t  on the void 

volume. A sfmilar statement; can be made f o r  dispersi-ons of both burned 

and high-f i red ~ 3 0 8  containing up t o  50 w t  % fie]. f i nes .  

Cl-addlng Material  

Eefore we compare s p e c i f i c a l l y  t h e  void volume of  HFIR and minia- 

ture f ie1  p l a t e s ,  it i s  convenient t o  firsi; consider t h e  e f f e c t  of 
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cladding s t rength .  
t o  be r o l l e d  i n t o  miniature f u e l  p la tes  were clad and framed with alwni- 

num a l loys  2219, G o G I . ,  and 1100. A s  one would e,xpeet, these  mater ia l  

combinations responded d i f f e r e n t l y  to i d e n t i c a l  f d r i c a t i o n  procedures. 

The compressive y i e ld  s t rength  of t h e  claddings could be r e l a t e d  t o  t h e  
void concentrations i n  t h e  completed f u e l  core, as  shown i n  Fig. 5 f o r  

the  p l a t e s  c lad  a t  500°C. We estimate" t h a t  khe compressive s t r ecg th  
of  t h e  core was between 2500 and 3100 psi. 

Void concentration and dogboning ( the thickening of t h e  core end-s 

Cores of 49.!+ w t  $ (23 vo l  $1 burned U30g-aluminwn 

during r o l l i n g )  follow the same trend;  t h a t  is, t h e i r  values a r e  g rea t e r  

loJ. H. Erwin, M. M. Martin, and W. R. Martin, "The Effect  of  Fuel 
Concentration on t h e  Compressive Strength of Core Material-s TJsed i n  
Research Reactor Fuel P l a t e s , "  (Summary) Trans. Am. Nucl. Soe. 1 1 ( 2 ) ,  ..... 

490 (November 1968). ._I_. 

ORNL-DWG 70-2940 

to 
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Fig. 5. Effect  of CLaddTng Alloy on Void Volume of  MLniature P la tes  
Containing 49.4 wt $ Burned U3O8 Cores. 
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when weaker cladding mater ia l s  a r e  used. Thus, replacing alloy 6061 w i t h  

2219 on a f ie1  plate f o r  t he  4TR, for example, w m l d  probably decrease 
the  degree o f  dogboning a t  t h e  core ends. Howvex”, t he  p e m i s s t b l e  

burnup level may be reduced, s ince  less space would be ava i lab le  f o r  

t h e  accommodation of irradiation-induced- growth from f i s s i o n  products.  

Comparison Between HFIR and Miniature P la tes  

A s  shown i n  Fig.  t he  dupl-ex KFHR core cons is t s  of  ‘GWO mating 

port ions : a f’uel s ec t ion  containing the uranium-bearing dispers ion and 

a f i l l e r  sec t ion  of aluminum. I n  essence, the  f i l l e r  mater ia l  c lads  
one s i d e  of  t h e  flreb sec t ion  and i.n t u r n  i s  bonded to t h e  cover p l a t e .  

The compressive yie1.d s t rength  of the  f i l l e r  dur5.ng r o l l  bond-ing a t  500°C 

i s  s i g n i f i c a n t l y  l e s s  .I;‘nan t h a t  of e i t h e r  UAl.,-aluminm o r  U308 -allmii?um 

f’uel sec t ions .  lo 

various compressive s t rengths ,  we would therefore  expect t h e  HFIR f u e l  

sec t ion  t o  contain more void volume than the  f’uel-bearing regions of t h e  
miniature p l a t e s .  

I n  vi.ew of  t he  a’oove resul’is on cladding m t e r i a l s  o f  

The void’volume data  on f’ull-size I P I R  plates a r e  compared i n  

Table 4 with da ta  Trom t h e  miniatu-re p l a t e s .  Our conclusion seems t o  

‘Table 4 .  Comparison of Void Volume i n  the )%el-Bearing Region 
of‘ Miniature and IiFPR me1 Pla tesa  

Uranium Void Volume i n  Final  
Type of Fuel Concenlxat ion Plates ,  vol $ -.” 

Mj n ia tu re  HFIR $Tt %) 

Sol i d  - s t a t  e -reacted IJAl 27 < 1.0 3.2 

32 2.0 A.  0 

36 2 . 5  4 .% 
43 5 . 2  7.9 

Rurned u308 36 6 . 3  7.5 

X 

43 8 . ‘I 9.6 
.-- 

R Pla tes  c lad with aluminum a l l o y  6061. 



apply t o  f b e l s  w i t h  both the  highest  and. lowest crushing s t rengths ;  t h a t  

is, t h e  void volume i s  g rea t e r  i n  the  HFIR p l a t e  w i t h  equivalent uranium 
concentration. For the  so l id - s t a t e - r eac t ed  UAl,, which exhibi ted the  
highest  crushing s t rength  of t h e  fue l s  examined, t he  devia t ion  ranged 

from 2.0 t o  2.7 vol 8.  
burned TJ308 was only about 1 vol $. 

However, t he  d i f fe rence  f o r  the  very f r i a b l e  

Effect  o f  Fabri-cation Temperature 

We inves t iga ted  the  e f f e c t  of hot r o l l i n g  temperature on void -crolume 
of a 23 vol $ U30g dispers ion  c lad  w i t h  a l l o y  1100. 
were roll-clad a t  500, 525, 550, 575, and 600°C. Individual  blench of 

49.4 w t  $ IJ30g and 101 aluminum powders were f i r s t  pressed a t  30 t s i  t o  

9l%-dense compacts; these  were then degassed f o r  2 h r  a t  t h e i r  designated 

f ab r i ca t ion  temperatures.  Degassing caused l e s s  than 2% growth i n  any of 

the  pressed compacts. 

and m i n i m  changes of 1.7 and 1.1 vo l  $, respec t ive ly .  

DupLicate ciispersions 

The treatment a t  525 and 600°C produced maxkum 

After  t he  degassing operation, dupl ica te  compacts were hermetical ly  
sealed i n  1100 aluminum a l l o y  by roll bonding t o  a t o t s 1  reduction i n  

thic 'mess of 8'7.5$ a t  the  degassing temperature (and then 20% a t  room 

temperature) - 
t o  those i n  our miniature p l a t e s  f o r  i r r a d i a t i o n  t e s t i n g .  
cladding permitted f ab r i ca t ion  above 550°C without t he  e u t e c t i c  melting 

t h a t  occurs i n  a l l o y  6061. The two f i n a l  heat  treatments, a t  t h e  same 

temperature a t  which each compact was degassed, were f o r  3 and 93 h r  i n  

a i r  I 

We chose core geometry and cladding thickness i d e n t i c a l  

The 1100 

Figure 6 presents  t h e  void volumes determined on the  t e n  p l a t e s .  

Surprisingly,  t he  above f ab r i ca t ion  scheme did not densify t h e  compacts 

processed a t  500°C.  

cores of 9.7 t o  10.9 vol 74 showed l i t t l e ,  i f  any, dependency upon fab- 
r i c a t i o n  temperature and dura t ion  of t h e  f i n a l  anneal. Fabricat ion tem- 

pera ture  i n  the  range examined was an in s ign i f i can t  va r i ab le  because the  

temperature dependency o f  t he  s t r eng th  of t he  type 1100 a l l o y  i s  very 

Low and because the  burned TJ308 dispersoid i s  compatible w j t h  t he  ahm-  

inum matrix.  

I n  f ac t ,  the  void volume re ta ined  by a l l  of t he  
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Fig. 6. Effect  o f  Fabrication Temperature on Vold Vol-ui-ne o f  
Miiihture R a t e s  Containing 4.9.4 wt $ Eurned 1J308 i n  fllunli.num. 
compacts were c lad  w i t h  1100 aI.wninum a l l o y  by hot ro l l i ng .  

&el 

Void Behavior During Fabricat  ion 

Compact Preparation 

The ef fec t  of i n i t i a l  compact dens i ty  on the  void volume of f in i shed  

pl-ates was determined f o r  71.6 w t  $ high-fired U3Og and 67.2 w t  $, arc-cas t  

UAI dispersions,  which contain about A 1  vol % o f  t he  fuel. compound. 

UA1, loading i s  eyuivaLent t o  t h e  7F element design for t h e  ATR. For 

ease i n  fabr ica t ion  we chose core geometry and cladding thickness iden t i -  
c a l  t o  those i n  OIL?’ mri.nLature p l a t e s  f o r  i r r a d i a t i o n  t e s t i n g .  

‘The X 

The dispersions were fa’oricated as  before and then clad w i t h  a l l o y  

6061 by r o l l  bonding a t  490°C. 

voids we pressed compacts a t  20, 30, and 50 t s i ,  and degassed so111e 30- t s i  

compacts a t  400, 500, and, for t he  U308-bearing compacts, 600°C. 

To achieve various concentrations of 

We roll bonded four  iden t i ca l  compacts t o  a l l o y  6061 f o r  each of 

t h e  11 combinations of f i e 1  coinpound., pressing pressure,  and degassing 

temperature. Each group of compacts was assernbI.ed i n t o  a s ing le  rol.lj.ng 

b i l l e t ,  and. a l l  were r o l l  bonded simultaneously i n t o  four f i e 1  p l a t e s .  
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Rased on measurement of b i l l e t  thickness a t  room temperature a f t e r  each 
hot. pass, t h e i r  hot reductions per  pass i n  chronological sequence averaged 
15.1, 14.7, 23.5, 23.4, 24.4, 23.1, 14.7,  14.0, and about ‘7.3%. After  

hot. ro l l ing ,  t h e  b i l l e t s  were annealed for  1 h r  i n  a i r  a t  490°C t o  t e s t  
f o r  b l i s t e r i n g .  A t  t h i s  s tage  i n  fabr ica t ion ,  t h e  t o t a l  hot reduction 

of 83.6% yielded p l a t e s  about 0.0619 i n .  th ick .  

The dens i t i e s  of t h e  dispers ions were determined a f t e r  t h e  pressing, 
degassing, and hot r o l l i n g  and annealing operat ions.  bJe then ca lcu la ted  

t h e i r  void contents,  which a r e  shown f o r  t h e  above conditions i n  colwms 3, 

4 ,  and 5 of Table 5 .  I n  general, hot r o l l i n g  and anneading d.ecreased t h e  

void content o f  the  prepared compacts t o  about 7 vol  $ regardless  of t he  

d-ensity a f t e r  eitiner pressing o r  degassing. The subsequent co ld- ro l l ing  

rednctions increa.sed the  void content.  The compacts pressed. a t  50 t s i  
are  t h e  noted exceptions t o  t h e  f irst  general izat ion.  Surprisingly,  the 

equ.ilibrlum void content of these  hot - ro l led  a.nd annealed cores i s  appar- 
e n t l y  s l i g h t l y  g rea t e r  than t h a t  of t h e  pressed compacts. 

A s  shown i n  Table 5, the  UAlx-aluminum compacts pressed a t  30 t s i  
and degassed a t  500°C a l s o  deviate  f r o m t h e  norm. These compacts consis- 
t e n t l y  contained about 2 vol $ more voids a f t e r  t h e  hot- and- co ld- ro l l ing  

operations than would be expected. We note t h a t  t he  transformation.‘of 

the UAlx, induced by d i f fhs ion  during degassing,” may have caused the  

la rge  increase i n  the void content of  t he  degassed compacts. 

dem.onstrated with t h e  a i d  of a heating-stage metallograph t h a t  swelling 
of UAlx-aluminum compacts begins with f i n e  cracks i n  t h e  fue l  compound, 

soon followed by t h e  growth from t h e  cracks of  a s t r i a t e d  s t m c t i l r e  t h a t  

simply forces  apa r t  the  unbonded p a r t i c l e s  of  the  aluminum matrix.  

react ions produce a heavi ly  fragmented and b r i t t l e  f i e 1  p a r t i c l e .  The 
fragmentation of t h e  f u e l  p a r t i c l e s  during t h i s  reac t ion  and a l so  during 

ho-t r o l l i n g  may have caused t h e  addi t iona l  2 vo l  % void content of these  

compacts - 

Gregg I- e t  a l .  l2 

Tine 

I I A .  X. Chakraborty, R .  S. Crouse, and W. R. Martin, Factors 
Affecting t h e  Swelling k r i n g  Degassing of  Compacts Containing Uraniun- 
Aluminum In te rme ta l l i c s  Dispersed i n  Aliuninwn, ORNL-TM-2800 (i%rch 1970). 

12J. L .  Gregg, R. S. Crouse, and W. J. Werner, _I Swelling of TJAl?-Al 
Compacts, ORNL-4056 (January 1967). 



Table 5. Concentration of  Voids i n  Dispersions o f  71.6 wt $ 3308 and 67.2 w t  % EA1 
Y a t  Varioics Stages of FEbrication 

Average Concentration of Voids, vol % 
Fress ing Degassing 
Pressure Terxperatcre Compacts Cores 

Erid Amealed 
h s i )  :"c 1 Tressed Degassed Hot Rolled Cold Reduced i n  Thickness Final  

13.1% 18.9% Araealed 

20 
30 
53 
30 
30 
SO 

20 
30 
50 
30 
30 

None 
None 
Kone 
400 
500 
600 

None 
None 
Eone 
400 
500 

13.5 
9.7 
6.7 
9.5 
9.4 
9.6 

13.8 
9.2 
5.8 
9.c 
9.0 

U, 08 -AI Dispersions 

7.2 
6.7 
7.4 

11.2 6.9 
11.2 6.8 
11.4 6.5 

UA1 -A1 Dispersions - X 

7.0 
6.8 
6.9 

9.9 6.S 
17.9 d .7 

9.3 
9.1 
9.5 
9.3 
9.1 
8.8 

8.8 
8.8 
s.7 
8.7 
10.4 

10.0 
9.8 
10.3 
10.0 
9.8 
9.6 

9.5 
9.5 
9.4 
9.4 
11.2 

Y a 9.6 
9.6 
9 . 9 
9.7 
9.5 
9.3 

10.0 
9.9 
9.8 
9.9 

11.3 
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Hot Rolling 

After  t h e  ho t - ro l l i ng  and annealing operation, we noted t h a t  t h e  

equilibrium void content of the  71.6 w-t $ u308 and 67.2 w t  $ TJA1, com- 

pac ts  of var ious i n i t i a l  dens i t i e s  was about 7 vol $, 
of fabr ica t ion ,  t h e  compacts pressed a t  20 and 30 ts i  densif ied Twhile 

those pressed a t  50 t s i  became s l i g h t l y  l e s s  dense. 
t h e  dens i ty  change occurred during hot rol-l ing,  we used the  re la t ionship  

During t h i s  s tage  

To e luc ida te  when 

where 1, w, t, and p equal, respect ively,  t he  length, width, thickness,  

and dens i ty  of t h e  f i e l  dispers ion,  t h e  su-bscript 0 designates the  
i n i t i a l  condition of t h e  f u e l  compact t h a t  i s  ready Fox- b i l l e t  assembly, 

and i designates t h e  condition of  t h e  r o l l e d  core a t  any p a r t i c u l a r  liot- 

r o l l i n g  pass .  

Equation (5) has t h e  form 

R . w  = A f R / t i  , (6 i i  

where A 0 and R - R 0 0 0 0  w t P / p i .  

l / ti  should become constant i€ t h e  void content reaches equi l ibr i im 

during hot r o l l i n g .  

wi from radiographs of t h e  ro l l ed  b i l l e t  and a l so  measured t h e  b i l l e t  

thickness  Ti. 

t o  t h e  b i l l e t  reduction, ti was estimated according t o  

Thus, t he  slope of  Qiwi p l o t t e d  aga ins t  

A f t e r  each hot - ro l l ing  pass,  we determined ji arid 

By assuming t h a t  the core thickness reduced proport ionately 

A 

where ti represents  the  ca lcu la ted  core thickness  f o r  a p a r t i c u l a r  pass, 

i. 

For each of t h e  dispers ions character ized previousl-y i n  Table 5, we 

ca lcu la ted  by t h e  method of Least; squares t h e  in te rcept  A, t he  s lope E, 

and the  root-mean-square, S of t h e  R.w. deviat ions for Eq. (6). 'The 

co r re l a t ion  was made for hot - ro l l ing  passes 1 through 8 .  

Table 6, t he  standard e r r o r  of  estimate,  S i s  e f f e e t i v e l y  zero and 
ind ica t e s  t h a t  an exce l len t  €it of t h e  data  t o  the  l i n e a r  equation was 

Y? 1 1  
A s  shown i n  

Y' 
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'Table 6. Least-Squares F i t  of Rj-wi :I- A + B / t i  f o r  Hot-Rolled 
41  vol % U308 and UA1, $%.el Dispersions 

Standard 
Pressing In te ree  it A Slope R Error of Pres sure  

( t s i )  ( @ C  1 (in. '  ) 

Degassing 
'renip e ra  t u r  e ( i n .  2 )  (in. '  ) ES t ima Le 

U308-Al Disperstons 

20 No ne 0.052 0.1.01 0.015 
30 No ne 0.055 0.1.02 0.011 
50 None 0.070 0.102 0.010 
30 400 0.062 0.7.02 0 .007 
30 500 0.058 0.102 0.005 
30 600 0.061. 0.1.02 0.006 

=,-A1 D!spersions 

20 None 0.063 0.100 0.000 
30 None 0.071- 0.100 0.007 
50 None 0.066 0.102 0.008 
30 400 0.062 0.100 0 e 006 
30 500 0.089 0.3-01 0.010 

obtained. 'The in te rcept  i.s a l so  near zero, as  predicted from Eq. (5). 

'The slope of about 0.102 in. '  i s  constant f o r  the two types of disper-  

sions w i t h  various i n i t i a l  dens i t i e s .  If pass 1 i s  excluded from the 

correlat ion,  t he  slopes r e m t n  0.102 i n .  '. We conclude t h a t  both t h e  
U308 - and UAl,-al~uminum cores achieved t h e i r  equilibri.um void content 

on the  f irst  r o l l i n g  pass .  

reduction i n  thickness, elongates and widens t h e  core without changing 

i.ts densi ty .  

Further hot ro l l i ng ,  a t  leasf; through 83.6$ 

Cold Rolling and Annealing 

To inves t iga te  the e f f e c t  of cold ro l l i ng ,  we continued the  f a b r i -  

ca t ion  OF the  miniature p l a t e s  containi-ng about 41 vol  % of dispersoid.  
After  hot r o l l i n g  and annealing, they were reduced 18.9% i n  thickness 

a-t room temperature by four r o l l i n g  passes a t  each of the s i x  m i l l  
s e t t i n g s  0.059, 0.057, 0.055, 0.053, 0.051, and 0.050 in. To c m p l e t e  
t h e i r  fabricati-on, we annealed t h e  cold-rol-led p l a t e s  3 h r  a t  490°C and 
then slowly cool-ed them t o  produce t h e  "0" temper i n  t h e  6061 aluminurn 

a l loy  cladding. 
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During cold ro l l i ng ,  both the  oxide and in t e rme ta l l i c  f u e l  phases 

fragment and form s t r inge r s .  One would., therefore ,  expect void volime 

of dispers ion f'uels t o  increase with deformation a t  room temperature. 
The high-f i red IT308 compound, however, appears t o  form a more f r i a b l e  
p a r t i c l e  than does a rc-cas t  UA1,. 

i n  ThTckness 13.1%'' l is ts  t h e  void content of t h e  f'uel dispers ions a f t e r  

a reduction i n  thickness o f  13.1% a t  room temperature. 

working increased t h e  void content about 2 . 3  and i.8 vol  $ f o r  t h e  U308- 

and UAl,-bearing cores, respect ively.  Further cold r o l l i n g  t o  a t o t a l  

reduction of 18.9% produced an ad-ditional l i n e a r  increase of  about 

0.7 vol. voids f o r  both types of dispers ions.  

I n  TabLe 5, t he  co lwm "Cold Reduced 

This degree of 

The f i n a l  annealing operat ion a f f e c t s  t h e  void contents of t h e  two 

A comparison of the  values f o r  colct- types o f  dispers ions d i f f e r e n t l y .  

rolled. and final-annealed mater ia l s  i n  Table 5 f o r  t h e  Us08-aluminum 
core:: shows an average decrease of 0.3 vol.. $. 
0.2  vol  $ can be noted for t h e  UA1,-aluminum cores pressed a t  30 t s i  

and d-egassed a t  500°C. We be l ieve  t h a t  t h i s  s l i g h t  reduction i n  average 

void concentration denotes s i n t e r i n g  of t h e  cold-rol led mater ia l s .  For 

t h e  UAl,-alwninuni cores, it al.so implies t h a t  -the reac t ion  between , t he  

ITAl., Ole1 p a r t i c l e s  and the  aluminum matrix i s  now complete. However, 

t h i s  i s  not so for t h e  remaining UAlx-alwninwn cores pressed a t  20, 30, 
or SO t s i  or f o r  those pressed a t  30 t s i  and degassed a t  400°C. 

c lad  dispers ions increased about 0.4 vol  

pro'oably from t h e  transformation of UP!!, during t h e  f i n a l  heat t reatment .  

A simil.ar change of  

These 

i n  average void content, 

DISCUSSION 

We analyzed t h e  r e s u l t s  t o  determine and ewiluate those f ab r i ca t ion  
f ac to r s  t h a t  cont ro l  t h e  concentration of voids during f u e l  p l a t e  rnanu- 

fac ture .  
deformation on the  void content of d i spers ion  f'uel p l a t e s ,  w i l l  perhaps 

seive t o  present  and smmarize our f indings.  For example, consider two 

aluminum-base dispers ions,  a and b. These may contain e i t h e r  two types 

o f  fuel compounds o r  t h e  same f'u-el. compound of  d i f f e r i n g  dispersoid 

concentration. 

A generalized treatment of t h e  data,  shacJ-i.ng the  e f f e c t  of  
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Figure 7 scheniatically i l l u s t r a t e s  t h e  e f f e c t  o f  deformation on 

a- and Is-type dispers ions a t  the  various s tages  of  f ab r i ca t ion  i n t o  

co.mposite p l a t e s .  
of the  a and b dispersions,  respect ively.  Superscr ipts  a f f ixed  t o  
e i t h e r  aV or bv iden t i fy  a p a r t i c u 1 . a  s tage  of f ab r i ca t ton  (D = pressing 

and/or degassing, HD := hot deformation, FA := b l i s t e r  anneal., CD = cold 

deformation, and F -:: f i n a l  heat t reatment) .  Our i l l u s t r a t i o n  s tar ts  
w i t h  four  v e r t i c a l l y  p l o t t e d  poin ts  (,avo', aVD2, bVD1, bVD2 t h a t  repre- 

sen t  the  r e l a t i v e  vojd l eve l s  of a and b dispers ions a f t e r  pressing a t  

(I)  50 t s i  and (2) 20 t s i .  depends on the  ty-pe and con- 

centra.1;ion of t he  dispersoid,  the  pressing pressure,  and the  heat 

t r e a t i n g  temperature used t o  degas t h e  compacts before  rol.l.ing. 

The symbols aV and bv deno-te the  void concentration 

1 /, 

D We note  t h a t  V 

A s  depicted. i n  Fig. 7, we found t h a t  Vm my be e i t h e r  less than, 

equal to, o r  grea te r  than V , depending on t h e  pressing and degassj.ng D 

ORNL-DWG 70-403 

HD "V 

- .... .. . . . . . . . .. . . . . . . . . . . . . 

Fig. '7. Schematic 1I.l-ustration of t he  Effect  of Deformation on 
the  Void Contents, a and b, of Two General. AI-uminum-Rase Dispersions. 
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conditions f o r  t h e  powder-metallurgy compacts. It remains constant 

d.uri.ng a l l  ho t - ro l l ing  passes .  In dispers ions t h a t  a r e  composed of  
chemically compatible mater ia ls ,  VHD i s  a l s o  independent of  VI). 

b l i s t e r  annealing treatment given t h e  p l a t e s  a f t e r  hot r o l l i n g  produces 
l i t t l e  change from $ID. 
or  g rea t e r  than p. 
t e r i n g  wi th  respect  t o  avm, while bv 

because of  a reac t ion  between t h e  dispersoid and aluminum matrix.  

The 

However, VER can be e i t h e r  l e s s  than, equal to, 

I n  Fig.  7, aVM depic ts  a s l i g h t  degree of s i n -  
9A shows an increase we postulated 

CoLd roll-ing increases  t h e  void content of  dispersion-type f'uels 

bu t  t he  amount of t h e  change depends on t h e  type and probably t h e  con- 

cent ra t ion  of tine dispersoid.  

sents  a l i n e a r  increase  of 0 . 1  t o  0.2% void volume per  l$ deformation 

a t  room temperature. That r a t e  was shown by dispers ions of h igh- f i red  
IT308 and arc-cas t  UAlX containing about 41 vo l  $ o f  t h e  f'uel- compound. 

This observation presents  the  f ab r i ca to r  w i t h  an easy way t o  increase 

t h e  void content of dispers ion fi.el p l a t e s .  
t h e  dispersion, VF, shows only a secondary dependency on deformation 

and hea t  treatment but depends p r i n c i p a l l y  on t h e  type and concentra- 

t i o n  of t h e  dispers ions.  

inf luence o f  deformation and heat  treatment on void volume could s i g n i f i -  

can t ly  inf luence t h e  i r r a d i a t i o n  performance of d ispers ion  p l a t e s .  

The s lope sham i n  Fig. 7 f o r  VCD repre-  

The f i n a l  vo5.d content of 

However, one must recognize t h a t  t h e  secondary 

CONCLUSIONS 

The r e s u l t s  of t h e  inves t iga t ions  on f ab r i ca t ion  voids i n  aluminum- 

'oase dispers ion  f i e 1  p l a t e s  indicabe t h e  following: 
1. The type and concentration of t h e  f'uel compounds a f f e c t  t he  

void content of t h e  c lad  fie].. dispers ion.  The quant i ty  o f  voids increases  

wi th  increasing concentrat  ion and apparent ly  with decreasing crushing 
s t rength  of t h e  f'uel compounds. 

2. 'The type of aluminum a l l o y  clad-ding a f f e c t s  t h e  void content of 

t h e  clad fue l  d i spers ions .  

mater ia l s  o f  lower compressive y i e ld  s t rength .  

The quant i ty  of voids i s  g rea t e r  f o r  cladding 

3 .  Only 15% reduction i n  thickness  a t  500°C to  the  dispers ions 

es tab l i shes  a constant void concentration fo r  a l l  subsequent ho t - ro l l ing  
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passes. This equilibrium void volume i s  independent of  corfipact pressing 

pressure and a l s o  compact degassing temperature If the  dispers ion i s  com- 

posed of chemically compatible inaterials . 
A .  Deformation at room temperature increases  the  void content of  

t h e  clad dispers ions.  
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Appendix A 

Characterization of m e 1  Dispersoids and Matrix Aluminum 

P a r t i c l e  Sizea 

Designation Total (wt $) 

Principal  Fines of  Crushing Surface Toluene Uranium 

< 44 pm 
Powder content, w t  m e  o f  Material Blend 

High-Fired U3Og DHFA 84.8 0.2 dL-88 3 0.04 8.33 

HFAc 8L.7 43.2 4L-88 3 3.04 8.22 

PB-2 84.2 93.2 4 4 4 8  25 0.06 8.25 

A 84.7 93.2 4 4 4 8  9 0 .05  8.24 

C 
D 84.8 93.2 9-44. 100 0.06 8.25 

PB-1' 84.5 93.2 4 4 4 8  10 - 4  0.05 8.22 

PB-3' 84.5 93.2 4 4 4 8  5 1  0.07 8.26 

B 84.7 93.2 7 4 - 8 8  0 0.05 8.22 
84 .5  93.2 4 4 4 8  2 0.05 E1.22 

Burned U 3 0 g  FA' 84.5 513.2 44-105 3 0.35 7 . 6 0  
PB-4' 84.3 93.2 44+$ 11 < 1  0.34 7 .64  
PB-5' 84.4 93 .2  44-88 26 0.38 7 . 6 5  
PB-6" 84.1 93.2 44-88 54 0 .35  7 .65  
PB-7 84.5 93.2 44-88 2 0.34 7 .58  

73 .9  0 .2  4 4 4 8  27 
73 .7  93.2 88-105 0 

Solid- State-Reacted VKi, DHc 

HAC 73.7 93.2 5 3 4 8  0 
HBC HCc 73.7 93.2 44-53 0 
HD 7 3 . 7  93.2 44-58 10 

Arc-Cast UAlT7 AAc 44-a 10 75.2  93.2 

0.09 6.87 
108 0.08 6.70 

0.10 6 .70  

42 0.11 7.10 
A 

44-105 90 0.22 2.70 Atomized Alminum k-1C1 
a 

b S t a t i c  BET krypton or nitrogen surface area.  

Standard s ieve analysis .  

C These materials were subsequently i r rad ia ted .  
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Appendix B 

Density Determination 

Eqiipment : 
Analyt ical  balance (precis ion = +c), 001 g ) modified f o r  weighing 

below pan 

S ta in l e s s  s t e e l  wire 
Cylindrical  Pyrex container 

D i s t i l l e d  water, (2 500,000 ohm) 

Kodak Photo-Plow 200 

Clean l i n t - f r e e  gloves 

Clean soft l int - fYee c lo th  

Acetone 

P la t e  holder 

Thermometer, graduated t o  0.l"C 

Procedure : 

1. 

2 .  Examine p l a t e  surfaces  f o r  f inger  p r i n t s ,  o i l ,  foreign material., 

and d i r t .  If contamination i s  noted, thoroughly wipe p l a t e  sur- 
faces  with acetone using clean sort; l i n t - f r e e  c loth.  Allow 

sur face  t o  a i r  dry f o r  5 min. 

Weigh p l a t e s  i n  a i r  to nearest  0.001 g. 

( a )  Zero balance with wire i n  place.  

(b> With balance f ' ~ ~ l . 1 ~  ar res ted ,  gent ly  hang p l a t e  i n  a i r  

Receive batch of pickled f'uel p l a t e s .  

3 .  

beneath pan. 

( e )  Weigh p l a t e .  

(d) With balance f b l l y  a r res ted ,  remove p l a t e  and place i n  

Record weight a f t e r  balance comes t o  rest .  

holder.  
( e )  Repeat fo r  a l l  p l a t e s  i n  batch.  

Weigh p l a t e s  i n  water t o  nearest  0.001 g. 

(a 

4 .  

Place cy l ind r i ca l  Pyrex container  containing so lu t ion  

beneath balance.  

(b) Zero balance with w i r e  hanging i n  so lu t ion .  
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!c) Using wire, submerge and gent ly  a g i t a t e  p l a t e  i.n so lu t ion  
t o  remove a i r  bubbles. 

(d) Without exposing p l a t e  surf3ce t o  air and with -the balance 

filly arrested., hang p l a t e  i n  solut ion beneath pan. 

( e >  Wej-gh p l a t e .  

(f) Record temperature of' solution t o  nearest  0.1"C. 

(g) With balance f'ully arrested,  remove and wipe p l a t e  w i t h  
clkan soft l i n t - f r e e  c lo th .  Place dry p l a t e  i n  holder. 

Record weight a f t e r  balance comes t o  rest .  

(h) Repeat for a l l  pl.ates i.n batch.  

General : 

1. Ana.l.ytica.1.. balance i s  t o  be cal.ibrated aga ins t  lY;IuS stand-ardized 

weights before each use. 
Solution contains 1. ml. Kodak Photo-Flow 200 per  gallon of 

d i s t i l l e d  water. 

2. 

3. Hand1.e p l a t e s  only with clean l i n t - f r e e  gloves. 
4 -  Before weighing, p l a t e s ,  balance, and so lu t ion  must be at the  

same temperature. 
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