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A technique has  been developed f o r  m k i n g  l a rge  s h e e t s  o r  
c a s t i n g s  o f  BbC and aluminum complex f o r  abso rp t ion  o f  thermal 
neutrons without  production o f  hard gamma r a d i a t i o n ,  
has the following prope r t i e s :  

The -:" s h e e t  

Boron Content: 50% B4C ( o r  40s E )  by volume 
O,gl g B/cm3 o r  0058 g B/cm2 of 2'' shee t ,  

Thermal Neutrcn Attenuat ion of l o l o  i n  5" (based on 
z13h POO crn-l), 

Tens i l e  Strengths  5500 ps i  (10 t ims concrete ,  1/10 mild 
s t e e l ,  about equal  b e s t  p l a s t i c s ) ,  

Thermal Conductivity:  Somewhat b e t t e r  t h a n  s t e e l  (more - 
prec i se  measurements in progress ) 

Can be sheared,  sawed,, mldeci,  punched, d r i l l e d ,  tapped, r o l l e d ,  
and hot-pressed, 
t o  5' x 6 ,  t e s t  s h e e t s ,  

Sheets 7' by 33' by -4" are in  preparat ion f o r  shearing 

It i s  f e l t  t h a t  t h i s  m s t s r i a l  w i l l  have many uses where a l a r g e  
thermal neutron f l u x  must be absorbed without  production of hard gamnas,, 
e,g, inner  s e c t i o n  o f  r e a c t o r  s h i e l d s ,  s h u t t e r s  f o r  thermal columns, 
inst rumentat ion,  

I c 
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2 0 In t roduc t ion  

The absorpt ion of thermal  neutrons wi thou t  production of hard 

gamma r a d i a t i o n  can be a very important func t ion ,  For  example, i f  

t h e  r a d i a t i o n  impinging upon a s h i e l d  i s  such t h a t  t h e  t b rma l  neutrons 

outnumber the quanta of hard gammas by a f a c t o r  of 100, and t h e s e  

thermal  neutrons are absorbed i n  t h e  s h i e l d  t o  produce hard gammas 

( t h e  usual  r e s u l t ) ,  t hen  t h e  inc iden t  gamma f l u x  which must be 

sh i e lded  has been e f f e c t i v e l y  increased by t h i s  f a c t o r ,  i s b a ,  a n  

a d d i t i o n a l  26" of  concrete  ( o r  equ iva len t )  must be added t o  the  

thield,  If in s t ead ,  these i n c i d e n t  thermal neutrons were absorbed 

without hard gamma production (e,g, i n  a t h i n  f i l m  of boron), t h e  

26" of hypo the t i ca l  concrete  could be removed, E. Creutz of Carnegie 

I n s t i t u t e  of Technology estimates that  a comparable t h i c h e s s  of 

concrete  added t o  t h e  C I T  cyc lo t ron  s h i e l d  would have c o s t  over $20,000 

i n  materials and f l o o r  space, I n  a s t a t i o n a r y  r e a c t o r  s h i e l d  it m i g h t  

c o s t  t e n  t i m s  this amount, 

i n  a mobile r e a c t o r  s h i e l d ,  

I t  might t i p  t h e  balance of  f e a s i b i l i t y  

The B l 0 ( n D d ) L f 7  r e a c t i o n  is uniquely s u i t e d  f o r  such a func- 

Natural  boron, con ta in ing  l8,8% B l o o  has a c ros s - sec t ion  o f  t i o n ,  

703 barns f o r  t h i s  r eac t ion  a t  thermal energyo f a l l i n g  o f f  as l/v 

t o  about 0,1 barn a t  1 MeV where t h e  func t ion  becomes i r r e g u l a r .  The 

r e s i d u a l  a c t i v i t y  is n e g l i g i b l e  and the  O,& MeV gamma, which is  emit ted 

a f t e r  93% of the captures ,  i s  s o f t  enough t o  be e a s i l y  absorbed. Cad- 

mium, by c o n t r a s t ,  emits a 6 MeV gamma and leaves fou r  unstable  i s o t o p e s  

af ter  i r r a d i a t i o n ,  
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Boron can be bought i n  many forms: Nearly pure c r y s t a l l i n e  

boron a t  $200 - 300 per pound, amorphous boron a t  $15 per pound, 

and B4C i n  va r ious  grades and p r i c e s  s t a r t i n g  n e a r  $7 per pound. 

The c r y s t a l l i n e  B i s  q u i t e  pure9 the amorphous B 60-80$, t h e  

B4C 75-805 B o  B46 i s  n o t  only t h e  cheapest form of highly 

concentrated boron, it i s  a l s o  exceedingly r e f r a c t o r y ,  chemically 

i n e r t ,  mechanically hard,  and a tomica l ly  dense; i n  each af t h e s e  

p rope r t i e s  it exceeds almost a l l  o t h e r  known materials. F o r  88 t o  

10 per pound, it can be  obtained q u i t e  pure, 

Being d i f f i c u l t  t o  work, it seems des i r ab le  t o  bind t h e  B4C 
with a mort d o c i l e  material f o r  handl ingo Aluminum appears  t o  be 

t h e  most promising cementing agent:  it has a low c ross - sec t ion  f o r  

t h e  production o f  hard cap tu re  gammas, it is d u c t i l e  and e a s i l y  

f a b r i c a t e d ,  has high thermal conduc t iv i ty ,  i s  inexpensive,  l i g h t  

weight, and corrosion r e s i s t a n t ,  

The question of r a d i a t i o n  damage n a t u r a l l y  a r i s e ,  Since 

aluminum is t h e  continuous phase, it should n o t  s u f f e r  from destruc-  

tion of" the, embedded BhC p a r t i c l e s ,  Radiat ion damage s t u d i e s  on 

aluminum show t h a t ,  wi th  the possible  excep t ion  at' warpage, no dele-  

t e r i o u s  e f f e c t s  should  be expected, The d i f f u s i o n  of helium (from 

t h e  n o a r e a c t i o n )  through t h e  aluminum i s  expected t o  take p l ace  

without damageo I r r a d i a t i o n  tests w i l l  be madto 

3.0 Early Experiment 8 

The o b j e c t i v e  was t o  achieve as h igh  a f r a c t i o n  as poss ib l e  of 

B4C0 I n  a d d i t i o n  it was f e l t  th t  no BbC should be  exposed a t  t h e  

su r face  and no loose B46: should e x i s t  w i th in  the s h e e t ,  In  this way 

I 
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it was hoped t o  minimize t h e  p o s s i b i l i t y  of escape of B4C from t h e  

shee t  due t o  b l i s t e r i n g  during ope ra t ion  o r  machining during f a b r i -  

ca t ion ,  

chosen, 

A r b i t r a r i l y  a Is1 r a t i o  by volume of BkC t o  aluminum was 

For a $" s h e e t ,  t h i s  i s  s u f f i c i e n t  t o  give a 1O1O a t t e n u a t i o n  

of thermal neutrons , assuming a macroscopic cross-sect ion f o r  boron 

of 100 

used f o r  the unclad m a t e r i a l ,  g iving a volume r a t i o n  of 2,7 BbC I 2-45 A l ,  

but t h i s  i s  compensated f o r  by t h e  c l a d d i n g  on bo th  s i d e s  which occupies 

a t o t a l  of 16% of t he  t h i c k n e s s o  

l a r g e r  f r a c t i o n  of BbC could no t  be obtained wi thout  s e r i o u s l y  i m p a i r -  

OF f o r  b o r a l ,  40 em"Io Ac tua l ly  a l e 1  weight r a t i o  w a s  

It was found tht a s i g n i f i c a n t l y  

i n g  t h e  m a h a n i o a l  and thermal  p r o p e r t i e s  of the material. In  the 

rare cases where g r e a t e r  q u a n t i t i e s  of boron a r e  needed, a t h i c k e r  

shee t  can  more e a s i l y  be used,  

Experimental work was  s t a r t e d  in December 1948 under Frank Kerze 

of t he  Engineering Materials S e c t i o n  and w a s  s h o r t l y  t h e r e a f t e r  moved 

t o  t h e  new Y-12  f a c i l i t i e s  o f  t h e  Sh ie ld ing  Group- 

3.1 F o i l  and Powder Method (Sea Figure $) 

B4C powder w a s  s p r i n k l e d  i n  t h i n  l a y e r s  between t e n  o O O ~ "  

aluminum f o i l s ,  around whieh w a s  a wrapper of .0&" 2s aluminum sheet., 

This was hot-roblad a t  ll3OOF, reducing the laminated assembly o050" 

each pass through t h e  rolls u n t i l  t h e  laminate had been reduced t o  

ano The r e s u l t s  of t h i s  experiment were u n s a t i s f a c t o r y  because only 

a small amount of the B4C embedded i t s e l f  i n  tb aluminum fo i l , ,  leaving 

most of t h e  powder l o o m  between t h e  laminat ionso The loose B4C pre- 

s e n t e d  t h e  bonding of the l a y e r s  of f o i l  and a considerable  amount of 

powder blew out  du r ing  r o l l i n g ,  prevent ing bonding of t h e  ou t s ide  

mapper .  F igu re  P shows a sheared s e c t i o n  of t he  f i n i s h e d  s h e e t ,  Note 

t h a t  t h e  laminations are not bonded t o  each other. 
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3.2 Two-Powder Method (See Figures  2 and 3 )  

A mixture 0% EbC and Al powder was placed i n  an envelope of  

AP f o i l  ( t o  prevent dus t ing  during r o l l i n g )  and this mixture was 

f i t t e d  c a r e f u l l y  i n t o  an aluminum "p ic tu re  frame", 

covered t o p  and bot%om wi th  a s i n g l e  148" wrapper sheet,, and t h e  

assembly w a s  $hen soaked a t  U!=30%' f o r  one hour, 

t h i s  temperature,  being b a t e d  PO minutes between passes, and re- 

duced t o  qqpo 

The frame w a s  

It w a s  r o l l e d  at 

The f i r s t  at tempts  (see Figure 2) were fa i r ly  s a t i s f a c t o r y ,  

b u t  s e v e r a l  s e r i o u s  d i f f i o u l t i e  s a rose  The p i c t u r e  frame gene ra l ly  

bonded t o  t h e  wrapper on t h e  f i r s t  pass ,  t r app ing  a i r  i n  the powder 
4 

mix i n s i d e o  To minimize t h i s ,  t he  envelope con ta in ing  the powder 

,. 
I 

% -  

was pressed w i t h i n  t h e  p i c t u r e  frame on a 100 p s i  S t u d e b a h r  pneumatic 

p re s s ,  before  b a t i n g  and r o l l i n g ,  I n  s p i t e  of t h i s ,  a l a r g e  blister 

mr&s formed and 8 v e n t  hale had t o  be  d r i l l e d  through t h e  wrapper. 

men the f i n i s h e d  shecat w a s  examined, it was found that  t h e  wrapper 

was n o t  bonded t o  tb inner  mterial and there was considerable  loose 

B46 apparent ,  

made,, va ry ing  the  aPminm p r t i o h e  size from approximately 20 mesh 

t o  gp* ohips ,  and t;k BbC frorn 186) mesh t o  18 mash, 

I ignif icant  improvement 

In an a t t empt  t o  improve upon this, several s h e e t s  were 

These gave no 

A l a r g e r  s h e e t  WELEI t r i e d  by t h i s  m t h o d ,  s t a r t i n g  w i t h  a 

sw x %w x lW ( in s ide  dimensions) p i c t u r e  frame ( see  Figure 310 

I n  a d d i t i o n  t o  t h e  above d i f f i c u l t i e s ,  t h e  wrapper became qu i t e  s o f t  

a t  t h e  soaking temperature ,  and handl ing t h e  l a r g e  assembly proved 

q u i t e  diff" ieulk0 It was decided a t  t h a t  t ime  t h a t  l a r g e  s a t i s f a c t o r y  
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shee t s  could not  be  rolled un le s s  t h e  B4C and aluminum were in t h e  

c 

i 

1' 

I 

I 

.- 

form o f  a r i g i d  s t r u c t u r e  du r ing  r o l l i n g ,  

3.3 cast Ingot Mf3thQdi (Figure b) 

Several smaPB-soale attempts were made t o  mix B4C powder w i t h  

The aluminum d id  n o t  wet t h e  B@ and th r e s u l t a n t  molten aluminumo 

mix when cooled was crumbly and incohesive,  

p r e c i p i t a t i n g  B2Q3 o r  AB 0 

temperature range,  had I f tk le  e f f e c t o  

from BbC and aBumfnurn powder were e q u a l l y  unsuccessfulo 

ox id iz ing  a tmospbre  seemed t o  make l i t t l e  d i f f e r e n c e o  

P rehea t ing  the B4CB 

on the BhC su r face ,  and varying the 2 3  
Attempts t o  make a n  ingot  

A non- 

Finally a sucoeasful i n g o t  w a s  made as follows: {Figure 4) 
Half of  the d ~ m f n u m ,  as powder, and a l l  of the B4C0 were mixed co ld  

and added ~Bowny w i t h  s t i r r i n g  t o  the remaining aluminum which w a s  

molten, 

The resu l tan t  i n g o t  wa5 somewhat porous ( d e n s i t y  2.25 g l c c ) ,  b u t  very  

The temperature ,  which seemed c r i t i c a l ,  was kept a t  l230?F4- 20, - 

s t r o n g  and homogeneous The poros i ty  w a s  n e a r l y  e l iminated du r ing  

r o l l i n g ,  r e s u l t i n g  i n  a @ ~ t e t  w i t h  a d e n s i t y  o f  2'53 ,&co This m t h o d  

was r e f i n e d  and was the basis of the presen t  f a b r i c a t i o n  technique, 

P r e s e n t  F a b r i c a t i o n  Technique (Figures 5 and 6) 

The c a p a c i t y  of t he  rsSBirag m i l l  a t  DRNL limits t h e  sheet width 

Therefore t o  27'' and t h e  b i l l e t  thickness ( inc lud ing  wrapper) t o  %&', 

it has been decided t o  r o l l  a billet 1 ~ ~ '  x 7" x 12", with a n  1/8" 

wrapper on each s i d e ,  which produces a t r h m e d  s h e e t  20' x 20" x iH. 
Since t h e  BbC powder a l o n e  stacks t o  n e a r l y  50% vo ids ,  tb bora1 ingot  

h ~ l d ~  BbG particles which are  n e a r l y  touching, r e s u l t i n g  i n  a very 

r i g i d  mass which cannot be poured, even a t  high temperatum. Therefore 
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it is d e s i r a b l e  t h a t  the r o l l i n g  b i l l e t  be ths o r i g i n a l  c a s t i n g ,  and 

n o t  r e c a s t  f r o m  a l a r g e r  p igo  For t h i s  purpose, a s p e c i a l  furnace  

has been b u i l t  f rom two standard 6w x 12" muffle furnace elements,  

which h e a t s  a graph i t e  c ruc ib l e  with i n s i d e  dilnsnsions 7" x 12" x 15" 

with 1/16" t a p e r ,  

pyrometer from a thermocouple s e t  i n  the g raph i t e ,  and the  mixed 

powders a r e  s t i r r e d  i n t o  the molten aluminum with a 3/8" s t e e l  rod, 

as shown i n  Figure 5. To 

produce an ingot  t h i s  s i z e  r equ i r e s  825 grams of 2s aluminum pig. 

To t h i s  a co ld  mixture of 1650 grams B4C (through 20 on 100 mesh) 

and 825 grams of a luminum powder (approximately 20 mssh), i s  added 

gradual ly  while s t i r r i n g  i n  order  t o  wet and suspend the  B4C particles 

i n  t h e  molten aluminum, 

The temperature is c o n t r o l l e d  by a Brown e l e c t r i c  

A t y p i c a l  i n g o t  is shown on t h e  furnace .  

Af te r  removing t h e  ingot  from the c r u c i b l e  mold, it is then  

mta l - sp rayed  wi th  a t h i n  coat of aluminum t o  cover  completely any 

exposed p a r t i c l e e  of B4Co A wrapper of 1/8" 2s aluminum s h e e t ,  which 

has been wi re -b rushed to  remove excess oxide and d i r t  t o  f a o i l i t a t e  

bonding, is plaoed around t h e  ingot  %o form a cladding of approx-tely 

.020" on t h e  1/4" f i n i s h e d  s h e e t ,  

Lindberg fo roed-o i rouk t ion  e l e o t r i o  furnaoe and b a t e d  t o  1130%' for 

approximately one hour and r o l l e d ,  

lo$ eaoh paso through t h e  r o l l s o  

d u o t i l i t y  a t  l o w  temperatures and work-heat8 appreoiably during r o l l -  

ing, 8 0  t h a t  r ehea t ing  between p e s o s  is not neoessary i f  tb r o l l i n g  

i o  o a r r i e d  o u t  a t  a reasonable  p a w o  

The assembly i s  then  plaoed i n  a 

Tho b i l l e t  is reduoed approximately 

The m r t e r i a l  r e t a i n s  oonaiderable  
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The f i r s t  heats were run  wi th  only the  i n g o t  and a wrapper 

s h e e t ,  Since t h e r e  was nothing t o  confine the  edges of t h e  i n g o t  

during r o l l i n g ,  excessive crumbling, edge-cracking , and Unevenness 

r e s u l t e d ,  P resen t  runs employ a welded aluminum p ic tu re  frame t o  

confine the  ingot,, and this technique y i e l d s  s t r a i g h t  edges,  f r e e  

from c racks ,  

welded t o  the ou t s ide  of t h e  p i c t u r e  frame, which has s e v e r a l  vent 

holes  d r i l l e d  through it, 

The 250 ft2 Shee t s  (Figures  7 and 8)  

The edges of tb w r a p p r  s b e t  a r e  ben t  over and tack-  

500 
A s  i nd ica t ed  above, t h e  maximum width which could be r o l l e d  a t  

There i s  a need f o r  s e v e r a l  40" x 43' s h u t t e r s  f o r  the ORNL was 27", 

OWL a t t e n u a t i o n  f a c i l i t y  and s e v e r a l  56" x 66" s h e e t s  f o r  experi-  

mental worko Arrangements have been mde w i t h  the  Lukens S t e e l  

Company of C o a t e s v i l l e ,  Pennsylvania, -to r o l l  two sheets 84" x 396" x i", 
from which t e n  56" x 66" s h e e t s  and f o u r  40" x 33" s h u t t e r s  can be cut ,  

Two i n g o t s ,  6" x 36" x 32",  weighing 450 pounds each, w i l l  be c a s t  and 

wrapped a t  ET-12, t h e n  shipped t o  Lukens f o r  r o l l i n g ,  The expenses f o r  

t h i s  j o b  a r e  being parbly borne by NEPA, and ths  s h e e t s  w i l l  be used 

for tRe joint ORNL-NEPA s h i e l d  t e s t s  in the ORNL a t t e n u a t i o n  f ac i l i t y .  

The method of wrapping i s  e s s e n t i a l l y  that described i n  para- 

graph 4.0 and is  shown i n  d e t a i l  i n  Figure 7. 

c a s t i n g  the  ingo t s  (Figure 8) i s  scaled up f rom t h a t  shown i n  Figure 5, 

except t h a t  a non-tapered s t e e l  c r u c i b l e  is be ing  used, A s epa ra t e  

r e p o r t ,  ORNL-243, covering t h i s  p r o j e c t ,  w i l l  be w r i t t e n  as  soon a s  

the  s h e e t s  are  r o l l e d o  

The s p e c i a l  fu rnace  fo r  



FIGURE 7 

I" 2s ALUMINUM FRAME 
a m  

SECTION - A-A 

BORAL INGOT ASSEMBLY 
BEFORE ROLLING INTO SHEET 
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6.0 B y s i c a l  P r o p e r t i e s  

1, Composition ( f o r  gQ s h e e t ,  i nc lud ing  ,020' A 1  c ladding on each s i d e )  
50% (voL) BhCD 50% A l ,  

P (d mg-mol/cm3 g/cm3 g/cm2 

B 3&0 84,2 0,911 0 578* 
A 1  5501 51.7 1 0  394 0,086 
C 80 9 18.7 225 0 0 4 3  

Th i s  i s  s u f f i c i e n t  t o  give lo1' a t t e n u a t i o n  of thermal neutrons 

3. St reng th  

a,) Tens i l e  5,500 P s i  

e )  Shear 8,237 p s i  
b )  Elongation 004 P 

d )  Welded t e n s i l e  specimens did n o t  f a i l  a t  weld 

4. Thermal P r o p e r t i e s  

a 1 Conductivityg somewhat b e t t e r  t h a n  8 t e e 1  (more p rec i se  
meaauremnts i n  progress 1 

b) S p e c i f i c  Heat8 0,175 Btu l lb  x or  g-cal/g x OC 

c)  Melting Point8 Maintains mechanical s t r e n g t h  up t o  15009 (8OO0C), 
above which ox ida t ion  i s  excess iveo  

d )  Heat Generation from n,&React ions 7.4 x 1O-I' wat ts / f t2  x u n i t  
thermai neutron f lux,  

5. Costs 15-20 #/ft2 f o r  4" shee t ,  

6 ,  'Workability: Can be sheared, sawed, welded, punched, d r i l l e d ,  
tapped, r o l l e d ,  hot-formed, and experimental ly  d i e - c a s t o  

- 
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6,2 Test ing and Ca lcu la t ion  Zethods 

1, Composition 

Ca lcu la t ions  a r e  based on Is1 ( v o l )  B4C : A 1  composition, 

Dens i t i e s  assumed a r e  2,45 and 2,7O g/cc respect ively.  

2, Densi ty  i s  based on gross volume measurement and a l s o  water  d i s -  

placement, with no s i g n i f i c a n t  d i f f e rence  ., 

3 .  T e n s i l e  s t r e n g t h  on 8 normal and 3 welded specimens, as  per 

ASTM ( e , g o  B209-46T9 1946 ed,  P a r t  I B ,  p 572, f i g o  1). 

Shear s t r e n g t h  on t h r e e  2" x 2' x 8" s t r i p s ,  i n  modified 

Johnson Shear Tool (ASTU C1O2-36, 1946 ed ,  P a r t  11, p 228, f i g .  1) 

. 

h0 Thermal Conductivity w a s  made by comparing temperature drops through 

A 1  rod, A 1  d i s c s p  and b o r a l  d i s c s ,  through which a cons t an t  h e a t  

f lux flows a x i a l l y  (see Figure 9). Comparison of the A 1  rod  and 

d i s c s  gives an approximation of the temperature drop through the 

brazed i n t e r f a c e s  of d i s c s ,  and t h i s  c o r r e c t i o n ,  app l i ed  t o  the 
I 

bora1 d i s c s  gives  t h e  drop through b o r a l  compared t o  drop through 

A 1  f o r  same h e a t  f lux,  P rec i s ion  w a s  poor and p rec i se  t e s t s  a r e  

being made on new equipmento 

d e a t  Generation = 5 Mev&/n cap tu re  x 929 nv cap tu res  x 1,6 x 10m13 w a t t s  
f t d  x see r 



. c, 

FIGURE IO. SECTIONAL VIEW OF THERMAL CONDUCTIVITY APPARATUS 
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7.0 Analyses of Raw Mater ia ls  f o r  Bora1 

Large A 1  P i g  Small A 1  Pig  

*Chemical analyses  being made 

Symbols f o r  spectrographic  analyses:  VS very s t rong  
S s t rong  
hlI medium 
W weak 
T t r ace  -- not  detected 

Analyses were made f o r  a l l  elements l i s t e d  

Vrappe r  s h e e t  and spray-metal b e k g  analyzed 

I .+I 
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