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PROJECT STATEMENT 

The Uni ted  Sta tes  and t h e  European Atomic Energy Community (EURATOM), 
. - 

on May 29 and June 18, 1958, signed an agreement which provides a bas is  

f o r  cooperat ion i n  programs f o r  t h e  advancement o f  t h e  peaceful a p p l i c a t i o n s  

of atomic energy. Th is  agreement, i n  p a r t ,  prov ides f o r  t h e  establ ishment 

o f  a J o i n t  U.S. - Euratom research and development program which i s  aimed 

a t  reac to rs  t o  be constructed i n  Europe under t h e  J o i n t  Program. 

The work described i n  t h i s  r e p o r t  represents t h e  J o i n t  U.S. - Euratom e f f o r t  

which i s  i n  keeping w i t h  t h e  s p i r i t  o f  cooperat ion i n  c o n t r i b u t i n g  t o  the  

common'good by t h e  shar ing o f  s c i e n t i f i c  and techn ica l  in fo rmat ion  and 

min imiz ing  t h e  d u p l i c a t i o n  o f  e f f o r t  by the  l i m i t e d  pool o f  t echn ica l  

t a  l e n t  ava i lab l e  i n  Western Europe and t h e  Un i ted  States.  



1.0 ABSTRACT 

Nuc lear  c ross  sec t i on  data f o r  gad0 I i n  i um, Gd- 155, and Gd- 157, were 

compi led. Average absorp t ion  c ross  sec t ions  were computed assuming 

Maxwell ian thermal spectra for moderator temperatures from 70 F t o  

Poi  son demand curves were computed .for a  bo i  l i ng water r e a c t o r  w i t h  

an H20-to-UO r a t i o  o f  2.6, 111-235 enrichments from 1.8 w/o t o  3.8 w/o, 
2 

z i rconium o r  s t a i n l e s s  s t e e l  as clad, and f u e l  dep le t ions  i n  t h e  range 

Based on t h e  above poison demand curves, poison lumps i n  the  shape o f  
I 

cy  I i nders are bei ng inves t iga ted ana l y t  i ca  l ly .  A ca lcu l a t i  ona I method 

i s  being developed f o r  d e t a i l e d  dep le t ion  s tud ies  o f  cy l i nde rs .  

Gadol inia, alumina, and AI2O3-Gd203 rods were formed and s i n t e r e d  

a t  temp-eratures t o  2700 F, i n  an a i r  atmosphere f o r  two t o  s i x  hours. 

I nves t iga t i ons  of r e a c t i o n  beheen  Gd2O3 and A1 0  were begun. 
2  3 



2.0 PRINCIPAL INVESTIGATORS 

The f o l l o w i n g  i n v e s t i g a t o r s  were a c t i v e  on t h e  program t h i s  quarter :  

P i e r r e  Desc leve 

Benjamin F i  t t s  

P a t r i c k  Lacy 



I 3  - 0  STATEMENT OF MF PROBLEM 

Program a c t i v i t i e s  t h i s  quar te r  have been d i v ided  i n t o  t h e  f o l l o w i n g  

categor ies:  

3.1 Nuclear Cross Sect ion  Data 

Nuc lear  cross ' sec t i on  data f o r  gad0 I i n i  um by isotope were reviewed. 

Absorpt ion cross sec t ions  f o r  Gd, Gd-155 and Gd-157 were computed as ' 

a  func t i on  o f  energy and averaged over Maxwel l i a n  spectra as a  func t i on  

o f  temperature. 

3.2 Poi  son Demand Curves 

To prov ide a  bas is  f o r  s e l e c t i n g  a  poison lump shape, poison demand 

curves f o r  e i g h t  f u e l  l a t t i c e s  were computed as a  func t i on  of WD/T 

f o r  a  large b o i l i n g  water reac to r .  

3.3 C y l i n d r i c a l  Shaped Lumps 

Based on the  resu I t s  o f  t h e  poison demand ca l c u  la t ions ,  de ta i  led s tud ies  

were i n i t i a t e d  on neutron capture p r o b a b i l i t i e s  i n  c y l i n d r i c a l  shaped 

po i son I umps . 

3.4 Fabr i ca t i on  o f  A I  0 and A I2O3-Gd 0  ~ o d s  
2 3' 2 3  

To begin i n v e s t i g a t i o n  of f a b r i c a t i o n  techniques, A 1  0 Gd203, and 
2  3 '  

A1 0 -Gd 0 rods were formed and s in te red .  
2 3  2 3  

3.5 A 1 0 -Gd 0 Reaction Studies 
2 3  2 3  

For  s tud ies  o f  t he  r e a c t i o n  between A I  0 -Gd 0 'rods of A l  0 conta in ing  
2 3  2 3 '  2 3 

Gd 0 p a r t i c  les were formed and s in tered.  
2 3  
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3.6 F a b r i c a t i o n  o f  Gd 0 Wafers ? 3 

A n t i c i p a t i n g  t h a t  t h i n  wafers might  be the  des i red  shape o f  t he  poison 

lumps, t h i n  sheets o f  Gd 0 were made, punched t o  form wafers, and 
2 3 

s i ntered. 



4.0 DFSCRIPTION OF WORK. PHYSICS. AND FABRICATION RESULTS 

4. 1 Nuclear Cross Sect ion Data 

The m a t e r i a l  p roper t i es  o f  gado l i n i  um metal and gad6 I i n  i a  t o  be used i n  

t h i s  study are  l i s t e d  i n  Table 4.1 below. 

TABLE ' 4.1 

WTERIAL PROPERTIES OF 
GADOLINIUM AND GADOLlNlA 

. . .  . < .  . 
P roper ty  - Gd G d203 

Atomic Weight 156.9 36 1.8 

3 Dens i t y  (g/cm ) 7.895 7.407 

Tab le 4.2 I i s t s  c ross  sec t ions  f o r  the stab le isotopes o f  gad0 l inium as 

g iven i n  Reference I, and the  i so top ic  abundancies o f  gadolinium. 

TABLE 4.2 

GADOLINIUM ISOTOPIC DATA , . 

. . , 

Abundance (%) 



The data i n  Tables 4.1 and 4.2 are i d e n t i c a i  t o  those used i n  an 

e a r l  i e r  s tudy (Ref.  2) f o r  wh ich excel  l e n t  agreement was obta ined 

. ' .  between experiment and ca lcu l a t i ons .  

Isotopes 154 and 156 do n o t  a c t i v a t e ,  and t h e i r  c ross  sec t ions  have n o t  

been measured. Gd- 156 i s  qu i t e  s ign  i f icant ,  as it . i s  p resent  i n  na tura  l 

gadolinium, and i s  produced by neutron capture i n  Gd-155 f o r  a t o t a l  

concent ra t ion  of  up t o  35 per c e n t  i n  a depleted sample. The work i n  

Reference 2 based on danger c o e f f i c i e n t  measurements o f  i r r a d i a t e d  

samples ~ n d i c a t e s  a ~ d - 1 5 6  thermal c ross  sec t i on  o f  300 + 300 barns. 

Reference 3 l  i s t s  a Gd- 156 upper l  i m i  t cross  sec t  ion  va l ue, as measured 

by mass spectrograph i c  methods i n  a therma l reac tor ,  o f  14 barns. Thus, 

u n t i l  t he  i r r a d i a t i o n  experiments proposed i n  t h i s  program a re  completed, 

t he  absorp t ion  c ross  sec t i on  o f  Gd- 156 w i l l be assumed t o  be zero.' . 

Measurements by Mo l l e r ,  e t  a l  a t  Brookhaven (Ref. 4) f o r  th ree  gadol in ium 

samples o f  d i f f e r e n t  i so top i c  abundances over a range o f  0.018 t o  1.0 ev 

y i e  lded the  resonance parameters g iven i n  Tab l e  4.3. 

TABLE 4.3 

l sotope Eo(ev) R e v )  r y ( e v )  2 b , (  mv) 2gl?n0 (md ) 

Gd- 155 0.0268 . 0.108 0 .  108 0 .  130 0.800 

Gd- 157 0.03 14 0 .  107 0 .  106 0.590 3.350 

Cross sec t ions  f o r  Gd-155 and Gd-157 p l o t t e d  on F igu re  1 are based on 

t h e  Ere i t-W'igner s ing  le  leve l formu la w i t h  the  resonance parameters o f  

Table 4.3. These curves w i t h  the  i so top i c  abundances o f  Table 4.2 were 



F i gure I - Absorption Cross Sect ion For Gd- 155 and Gd- 157 



used t o  compute the natura l  gadolinium absorption cross sect ion versus 

energy. Thew resu I t s  are cornpared w i th  Yhs B#L (Ref. I) curve f o r  

natura l gado l i n  i urn on B lgure 2 b Cornpar i son o f  F i gures I and 2 w i th  

Tab le 4.2 shows t h a t  the ea lcu late4 cross sect  ions are s l i gh t  ly high 

i n  the 0.025 ev region. 

The isotop ic  absorption cross sections were averaged over a thermal 

neutron f l u x  d i s t r i b u t i o ~  assuming the neutron dbnsi ty d i s t r i b u t i o n  

These resu l t s  f o r  temperatures from 70 F t~ 600 F are summarixed on 

Figure 3. 

4.2 Poison Demand Curves 

To provida a bas i r  f o r  selection o f  a poison lump shape, poison demand 

curves were camputcsd as a funct ion o f  WD/T f a r  a large boi l ing water 

reactor.  The poison demand i s  defined as the  poison required to adjust  

the reactor  to c r i t i c a l i t y  i n  the equi l i b r ium f u l l  power operating 

condition, w i t h  a l l  con t ro l  rods f u l l y  withdrawn. 

Two group l a t t i c e  constants and hence the mu l t i p  ly ing proper t ies  f o r  a 

large range of  b o i l i n g  water reactor IaWiaes were ava i lab le  from fue l  

cyc lo economic studies perf  o r w d  a t  A l l i si-Cha Imrs .  To date % i gh t  

reactor l a t t i c e s  described i n  Table 4.4 have been analyzed. 



Figure 2 - Absorption Cross Section For Gd Vs. Energy 



F i gure 3 - Maxwe l l i an Averaged Absorption Cross Section for Gd Vs. Temperature 



TABLE 4-4 

DESCRiPTIOW OF REACTOR LATTICES FOR 
WH l CM PO I SON J@$AsdD MA$ C W W - ,  

. . 
Parameter vb lue 

Pressure (psi ) l OW 

Saturation tsaperature (OF) 

~~0 /UQ2 vo l ume r a t  i Q 

Average void vo l u m  f rac t ion  

Fue l  rod d i ~ ~ ) t e r  

5 ta  i n less stare, I c lad 

UO diameter C i nchss) 
2 

C lad th ickwess ( i ncbes) 

Zircon i urn e lad 

WO d i meter ( i srtstkses) 2 
clad thit~nrsri (inches) 

Enr i c k w n t  (W/O W-255) 

0.499 

0.0 19 

2.3, 1.8, 3.3, and 3.8 

0.447 

Q .O25 

1.8, 2.3, 2.8, and 3.3 

The A l I i s s h a  l m r s  aria i y t  ica l glodsj for  dep l e t  ion of f ue l lattices 

includes the f o l  lowing: I 

I 

I. fas t  group constants f o r  the energy range 0.625 ev t o  10 Hev 

based on the WFT program, 

2 .  U-238 resonance escape probab i l l tp wi th  dopp l ~ r  broaden i ng 

normalized t o  axperimental rssul tar  

3. thermal group ~omstawts below Oh625 ev bmed sn the SOrCml'E 

program, 



4. thermal group UO clad, n n d M 0  f luxweighteddisadvantage 
2 ' 2 

factors eonputed using the P-3 approximation, 

5. long term f i ss ion  product absorption cross mot ions  i n  both 

f a s t  and thermal groups using the data i n  Refsrsnce 5. 

For the poison demand, a thermal poison was added uniformly t o  the fue l  

la t t ice,  and the thermal emponeat o f  the two-group i n f i n i t e  w u l t i p l i -  

oat  ion factor  adjusted t o  y i e  i d  a ka = 1.03. The oho ice of I ,O3 a l lows 

0.02 bk/k f o r  leakage (geobstr i c  buck l i ng o f  approximate l y  0.00025 cn-') 

and 0.0 1 ~ k / k  f o r  non-un iform dep le t ion  e f fec ts  (the dep le t ion  ca leu l a t  ions 

were performed using a two-group zero dimnsional d l .  A l l  parasetic 

absorptisn doe t o  contro l  rod channels, structure, etc.  was included, 

exp l i a i t y  i n  the ca lcu lat iens. The poison demand curves f o r  the e igh t  

la t t ioas  desoribad i n  Table 4.4 are shown on Figure 4. As tke poison 
' &, t"' 

demand approaruher zero, the reactor beco~asr subcr i t ica l ,  kw e1.03. Mote ' A ;I ' 
fha t  over the  major i ty  o f  reactor l i f e ,  the poison requirements decrease 

l inear ly  wi th  l i f e .  This i s  eespecially t rue  f@f the higher enrlubentss > ,  

'r 
1 ' 2 P 

where the gain i n  react i v l t y  due t o  eonvers ion i s  n ~ t  apparent. 

Fuel depletion i 5  i n  terms o f  M D  per metric ton o f  uranium. The data 

on F igure 4 assumes ocarp let. reactor r e f  ue l i ng. I f the react& wou l d be 

refheled one-third s t  o ti=, a more l i k e l y  s i tuat ion, the scale on 

Figure 4 should be divided by 0.67. Thus, 15,000 MD/T on Figure 4 

represents futa l dep le t ion  t o  22,500 WQ/T w i t h  a one-third core rrsfue l ing  

schedu le. 



Figure 4 - Poison Demand Curves f o r  Boi l ing Water Reactor wi th  H ~ O / U O ~  = 2.5 



4.3 A n a l y t i c a l  Model f o r  Dep le t ion  o f  Poison Cy l i nde rs  

The poison demand curves on F igu re  4 suggest t h a t  t he  poison lumps be 

shaped i n t o  cy l i nde rs .  I n  a  p re l im ina ry  c a l c u l a t i o n  f o r  a  poison 

cy l i nde r ,  i t  was assumed t h a t  a l l  absorpt ions occur a t  t h e  surface. 

Here the  poison e f fec t iveness i s  p ropor t i ona l  t o  t h e  radius,  and thus 

v a r i e s  l i n e a r l y  w i t h  i r r a d i a t i o n  matching t h e  poison demand curves. 

To con f i rm  the  s e l e c t i o n  o f  c y l i n d r i c a l  poison lumps, more prec ise  

ca lcu l a t  ions have been i n i t i a t e d .  These ca lcu l a t  ions involve the 

func t i on  

-. --  - -  - . -  3 .  -UX& du. 
. - u  

. . 
1 A 1 i t e r a t u r e  search has n o t  r e  la ted t h i  s  func t i on  t o  e x i s t i n g  tab  les, 

so fhe in teg ra - I -w i  I I be eva luated numerical l y .  

Th is  func t i on  a r i s e s  from cons idera t ion  o f  t he  p r o b a b i l i t y  o f  neutron 

escape ( ~ e f .  6) from .a. c y l i n d r i c a l  lump as f o l  lows: 

For  a  u n i t  i s o t r o p i c  p o i n t  source a t  A i n  a  pu re l y  absorbing medium, t h e  
i I 

.probab i I  i -fy (P) f o r  a  neutron escaping through a  sur face on B i s :  

dP( r ) /ds  = l /4n e r r  / r , 

I 



where: 

ds = surface e lement 

-t 
n = outer  norma l a t  ds on B. 

A 

I f  t h e  sur face.  i s  a c y l i n d e r  a long a x i s  z ,  n remains constant  along 
- 4  

t he  l i n e  CB and r = ro + r '  
-a a 4 

2 
ds = d s . 2 ~  - ds element o f  length i n  xy plane 

Since: 
dz = 

3 4  d = 

as 

For an i n f i n i t e  c y l i n d e r  and f o r  Ca independent o f  z 

Let :  
. x = Caro 

and 

u = r/rO 

Then.: -4 

dP/ds = r *n /2n za/ro 
0 



Next : 
- P C  

' take  p o l a r  coordinate ( r ' ,@)  f o r  p o i n t  C. ro.n/ ro i s  t h e  cosine o f  t h e  

angle between the  l i n e  Ac and the  normal t o  t h e  curve, a l s o  equal t o  the  

s i ne o f  the ang le  o f  l i ne AC, and t h e  tangent  t o  the  curve 

we and sinrp r,de/ds 

hence t h e  i n t e g r a l  dP/ds becomes 

To o b t a i n  t h e  neutron dens i t y  a t  A consider  the  number ( p )  of  neutrons 
# - - 

escap i ng from the  c y  l i nder i s  

I f  the  c y l i n d e r  i s  immersed i n  an i n f i n i t e  bath o f  i s o t r o p i c  neutrons 

i n  a vacuum, t h e  number o f  neutrons o f  speed v en te r ing  the  body i n  a 



4 

d i r e c t i o n  r a t  B i s  
Pm 

v/4n i n  a  pure ly  absorbing 'medium t h i s  number 

. i s  reduced a t  A by t h e  f a c t o r  e-zar and t h e  number of neutrons i n  t h e  
-. 

so l i d  ang le do from a  sur face e  lement ds a t  B i s  

= e-&r - z r  2  -+ 

d ~ v  p, v/4n dfi = e m  v/4n e a / r  r * n / ( r l  ds. 

I/p,v .dpv/ds i s  the  same as dP(r)/ds 
I . - 

thus  i n t e g r a t i n g  over ds y i e l d s  

and a  r e l a t i o n s h i p  has been es tab l ished beheen  t h e  neutron dens i ty  a t  r 

and the  probab i 1 i t y  o f  a  neutron escap i ng .fron~ t h e  cy l i nd r i  ca l lump. 

Thus, t h e  neutron absorpt ion r a t e  f o r  each speed (v )  may be computed as 

a  f u n c t i o n  o f  the  c y l i n d e r  radius.  Th is  r a t e  i s  requ i red  f o r  d e t a i l e d  

dep le t i on  s tud ies  a t  each speed. The one v e l o c i t y  dep le t i on  r a t e s  w i  l l  

be in tegra ted over  the  inc ident  neutron spectrum t o  prov ide  t o t a l  deplet ion.  

4.4 Reaction Study 

A search o f  t h e  l i t e r a t u r e  p e r t a i n i n g  t o  the  reac t i ons  o f  Gd 0  w i t h  
2 3 

A1203 revealed t h a t  very l i t t l e  work has been done on t h i s  sub jec t .  The 

Russ ians, Tresvyatsk i  i e t  a  I (Ref. 7) have construoted a  phase d  iagram. 

A copy o f  t h i s  diagram was obta ined and studied. I t  ind i ca tes  t h a t  

Gd 0  and A l 0 form a  e u t e c t i c  a t  25 mo le/o A 1 0 and a t  75 mole/o 
2  3  2  3  2  3  

A 1 0 w i t h  e u t e c t i c  temperatures o f  1720 $ 20 C and 1930, + 2 0  C, respec t i ve  1 y. 
2 3 

On l y  t h e  25 mole/o A I2O3 e u t e c t i c  mix tures  wou Id  be o f  i n t e r e s t  i n  t h i s  

study, because i t s  me l t i ng  p o i n t  i s  near t h e  s i n t e r i n g  temperature o f  

Lumps dispersed i n  A l  0 could be complete ly  destroyed 
2  3  



by an aggressive e u t e c t i c  reac t ion .  E f f o r t s  are  being made t o  lower 

t h e  s i n t e r i n g  temperature o f  A l  0 and thereby avoid t h i s  occurrence, 
2 3', 

and t o  v e r i f y  t h e  Russian experiment. 

/ 

Samp les which have been f a b r i c a t e d  f o r  t he  r e a c t i o n  study are  as f o  l lows: 

I .  samples con ta in ing  100% A I  0 
2 3' 

2. samples conta in ing  100% Gd 0 , 
2 3 

3. samples con ta in ing  100% Gd 0 p a r t i c l e s  dispersed i n  a 100% 
2 3 

A I  0 mat r i x ,  
2 3 

4. a homa~eneous rni)cture of 10 w/o Gd O power and 90 w/o A l  0 
2 3 2 3 

powder. 

These mixes were blended w i t h  appropr ia te  b inders  and lub r i can ts  and 

extruded from a 1/4 inch diameter d ie .  The green rods were d r i e d  a t  

100 C and s l i c e d  i n t o  p e l l e t s  1/2 in .  long. 

F i v e  rods o f  each o f  these sample batches were f i r e d  i n  a i r  a t  var ious  

temperatures and soaking times. F i r i n g  cyc les comp le ted were a t  

temperatures o f  2400 F, 2600 F and 2700 F w i t h  soaking per iods  o f  two 

hours i n  each case. Two other  f i r i n g s  were made on t h e  same sample 

d i s t r i b u t i o n  t o  2700 F w i t h  one soaking t ime o f  f ou r  hours and a second 

soaking t ime o f  s i x  hours. 

The resu I t s  ind ica ted t h a t  t h e  100 per  cent  A I  0 was no t  we I  l s in tered,  
2 3 

b u t  t h a t  i f  d i d  have enough s t rength  t o  h o l d  wafers i n  p o s i t i o n  i n  a ma t r i x .  

The Gd 0 was we l l s i n tered and showed much greater  shrinkage than t h e  
2 3 

A I2O3. The samp les conta in ing  Gd 0 p a r t  i c les i n  an A I 0 matr  i x  f i r e d  t o  
2 3 2 3 

2700 F and soaked f o r  s i x  hours were sectioned, po l ished and examined under 



a microscope. The g rea t  d i f f e r e n c e  i n  shrinkage between the  two mater ia I s  

l e f t  a v o i d  which completely surround the  Gd 0 p a r t i c l e s .  A very t h i n  
2 3 

layer  of r e a c t i o n  i n t e r f a c e  was observed i n  t h e  samples between t h e  Gd 0 
2 3 

and t h e  A 1  0 . There was no evidence o f  a e a t e c t i c  r e a c t i o n  a t  t h i s  
2 3 

temperature. 

4.5 F a b r i c a t i o n  Deve lopment 

Much o f  t h e  work done t o  date t o  produce samples f o r  t he  r e a c t i o n  study 

involved f a b r i c a t i o n  d e v i  lopment. The ex t rus ion  o f  100 pe r  cent  A1 0 
2 3 

and 100 per c e n t  Gd 0 or;tabl ishad I.he procedures f o r  producing rods 
2 3 

of these two compositions. The ex t rus ion  of t he  A1 0 rods con ta in ing  
2 3 

Gd 0 p a r t i c l e s  estab 1 ished t h e  procedure f o r  producing rods o f  th i s  
2 3 

composit ion. 

Other compositions extruded were homogeneous mix tures  o f  10 w/o Gd 0 
2 3 

powder and 90 w/o A l 0 and composit ions of mi nus 325 mesh A 1 0 and 
2 3 '  2 .3 

"Baymal.ll Baymal i s  a cot  l o i d a l  A1 0 which should a i d  i n  lowering t h e  
2 3 

s i n t e r  ing temperatures o f  t h e  minus 325 mesh A 1 0 . 
2 3 

A l l o f  these compos i t i o n s  were f i r e d  on t h e  same schedu les as t h e  r e a c t i o n  

study pe 1 l e t s .  The schedu les and t h e  physica 1 p r o p e r t i e s  o f  the  samp les 

a re  summarized i n  Table 4.4. 

Resu l ts  i nd i ca te  t h a t  2700 F f o r  s i x  hours i s  n o t  s u f f i c i e n t  f o r  s i n t e r i n g  

A l  0 t o  a h igh  densi ty .  The Baymal aided i n  s i n t e r i n g  b u t  n o t  t o  the  
2 3 

ex ten t  t o  which i t  was hoped. It was, however, a very  good a i d  i n  the 

actua 1 ex t rus ion  process, and w i  l l cont inue t o  be used i n  t h a t  respect .  



TABLE 4.4 

RIYSICAL PROPERTIES OF SAWLFS WOE AND SIN- FOR E&!TION SmD'L 
. . . . .  

Sarnp 18 Green 'S i ntered Dens i ti es - % of  heo ore ti ca 1 
Composition Dens i ty :$ 2400 F 2600 F 2700 F . 2700 F Remarks 

No. W/O A l 0 w/o Gd 0 $Bayma l ' Theoret i ca l 2 h r  Soak 2 h r  Soak 4 h r  Soak 6 h r  Soak 
2 3 2 3 

. - 

I 100 ----- ----- 53.86 ---- ------ ----- 60.36 Dens i ti 8s were not- 
measured on the f i r s t  
three samp les because 
o f  the i r chdk y appear- 
ance and obvious low 
densitv. 1 -. . .- 

2 75 25 50.84 ----- ----- ------ ------ 55.86 Same as above 
- - . - 

3 '87.5 12.5 54.90 ----- ------ ----- ---- 6 1.26 Same as above 
I 

P --. -. . -.. - . I P 4 90 10 
----- 54.51 ----- ----- ----- 60.97 Same as above 

- - - -  

5 95 5 55.76 56.25 56.52 59.85 60.80 Sarnp l e  appears t o  have ----- 
greater strength than the 
others a long w i th  .a. very 
smooth surf ace. 

- . .  - - - 

8 ---- loo ----- 40.22 52.6 1 55.06 63.50 66.49 Samp.le i s  we l l sintered. 
a f t e i  6 hrs. a t  2700 F. 
Meta 1 lograph i c  exam. showed 
very f i ne grained porosi ty  
homogeneously dispersed 

. - - =.-- . . . . . - - . - - - . 
throughout tte pe I lets. 

9 80 10 10 45.88 44.18 46.4 1 45.25 49.86 Sarnp l';e".di d not s in te r  t o  a 
hard ,pe l let.  The surf  ace 
i s  c.ha I ky and .meta l lograph i c  
exam. showed large voi ds . 

and course gra i.ned poros i ty . 



Samp le  Greend S i n te red  Dens i t i e s  - % o f  Ths6rat  i ca l 
Compos i ti on Densi ty :% 2400 F 2604 F 2700 F . 2700 F 

go. w/o A I2G3 . W/O Gd 0 Bayma I Theoretics 1 2 h r  Soak 2 h r  Soak 4 h r  Soak 6 h r  Soak Remarks 
2 3 -- . ---=-.a=--=.- -. . 

10 80 L ump s 
10 10 ------ ------- ------ ----- ----- Dens i ty  data on t l ~ e s e  sanp les 

-8 t  16 mesh wcu Id  be meaningless. Meia l  lo- 
graph i d  exam. revea Is  a iarga 
v o i d  around each lump of 
Gd 0 and a very  narrow 
ra&?ion i n te r face .  

e m .  

1 1  . 90 10 ------ , ----- ------ ------- -- - --- 
. . The so f tness  o f  t h  i s  samp le  

i nd i ca ted  t h a t  p r a c t  i ca  l l y 
no s i n t e r i n g  had occurred, 
so no data o r  o t h e r  exam. 
was made. 

90 12 Lumps ----- ----- 
10 

------ ----- ----- Sample No. 10 had a b e t t e r  
phys ica  1 appearance than 
t h  i s  samp le, so no data o r  

.o ther  exam. was made. 



,. -. 
4.6 'Fabr i ca t i on  o f  Gd 0 Wafers 

2 3 

. -.. Four methods were examined i n  .an e f f o r t  t o  produce t h i n  wafers o f  100 per  

cen t  Gd 0 as f o  l lows : 2 3 

-- I. Dry Pressing : 

F i f t y  grams o f  A l  0 were mixed w i t h  two g o f  carbowax and 10 g 2 3 

of d i s t i l l e d  water. The m ix tu re  was blended u n t i l  enough water 

had evaporated t o  cause the  m a t e r i a l  t o  form smal l  b a l l s .  T h i s  

was considered t o  be the  r i g h t  consistaney f o r  pressing. The 

batch o f  ma te r ia l  was d i v ided  and weighed o u t  i n t o  one g samples. 

The samp les were loaded i n t o  a 1/4 in. diam. d i e  and pressed 

w i t h  60 tons per  square inch pressure. The p ieces produced 

were very  f r a g i  le, and the  process so slow t h a t  t h i s  method 

was. abandoned. 

2. Ex t rus ion  and S l i c i n g :  

Th is  method involved the  ex t rus ion  o f  Gd 0 i n t o  rods o f  t h e  
2 3 

requ i red  diameter and s i n t e r i n g  them. A f t e r  s i n t e r i n g  the  rods . 

are t o  be s l iced w i th -  a d i amond o r  abrasive whee l t o  the  des i red 

thickness. The ex t rus ion  p a r t  o f  t h i s  process was proved i n  t h e  

r e a c t i o n  study. Attempts t o  s l i c e  t h e  rod w i l l  be made i n  t h e  

fu tu re .  

3. Porous C a r r i e r  Technique: 

A t h i c k  s l u r r y  o f  Gd 0 i n  water was made. Th in  s labs o f  d ry  
2 3 

p l a s t e r  o f  P a r i s  were dipped i n t o  t h e  s l u r r y  and h e l d  there  

f o r  'd.i f fere,nt  ti m s .  The th ickness o f  t h e .  coa t  i'ng obta i ned on 



t h e  p l a s t e r  o f  P a r i s  s labs was t ime dependent. 

Cast ings of p l a s t e r  of P a r i s  a re  very porous and have a 

g rea t  a f f i n i t y  f o r  water. When they are  dipped i n t o  a 

water suspension, the  water i s  absorbed and a layer  o f  

s o l  i ds i s  l e f t  o n .  t h e  su r f  ace o f  t h e  p l as te r .  Due t o  t h e  

extremely sma l l p a r t i c  l e  s i z e  o f  t he  Gd 0 1.35 v, t h e  
2 3' 

coat ings  obta ined were t i g h t l y  adhered t o  t h e  p l a s t e r  o f  

Par i s  s  labs and cou Id  no t  'be removed ' i n t a c t .  As a conse- 

quence, t h i s  method was abandoned. 

4. 'Non-porous C a r r  l e r  Technique: 

A t h i c k  s l u r r y  o f  Gd 0 Methocel, qnd d i s t i l l e d  water was 
2 3' 

made and mixed i n  a h igh  speed impe l le r  type blender u n t i l  a  

homogeneous mix ture  was obtained. The conta iner  o f  s l u r r y  was 

then placed i n  a vacuum chamber, and 29 inches o f  Hg. vacuum 

was drawn on the  chamber. A f t e r  a l l a i r .  bubb les were drawn 

o u t  o f  t h e  s l u r r y ,  t h e  chamber was opened and t h e  s l u r r y  

conta iner  removed. The s l u r r y  was poured i n t o  a 25 cc. hypo- 

dermic syr inge and was then extruded on to  a polyethylene tape. 

Th is  apparatus i s  shown on the  fqnowing sketch. 

HYPO 



The s l u r r y  was extruded on the tape, and passed under t h e  k n i f e  edge 

as the  r o  l l e r  on t h e  r i g h t  turned. The kn i f e  edge scraped o f f  t he  

excess s l u r r y .  The remainder o f  t he  s l u r r y  formed a f i l m  the  th ickness 

o f  t h e  gap. The tape was c u t  and al lowed t o  dry. The Gd 0 f i l m  was 
2 3 

removed from t h e  tape, c u t  i n t o  wafers and f i r e d .  With t h i s  method 

wafers 0.002 in .  t h i c k  w i t h  a maximum dev ia t i on  o f  2 0.0008 i n .  were 

produced. Th is  method appears t o  be successfu l .  



5 .O PLANS FOR FUTURE WORK 
. . 

5.1 Poison Demand Curves and Cont ro l  Reauirements 

Poison demand curves w i l l  be computed f o r  b o i l i n g  water reac to r  l a t t i c e s  

w i t h  H O / U O ~  r a t i o s  o f  2.0 and 3.0, operat ing pressures o f  600 and 2000 p s i ,  
2 

v o i d  f r a c t i o n s  from 0.20 and 0.40, and dep le t ion  h i s t o r i e s  from 10,000 t o  

25,000 MWD/T. The i n i t i a l  homogeneous poison f rom t h e  poison demand curves 

w i l l be converted t o  po i  son lumps w i t h  the same e f f e c t i v e  absorpt ion c ross  

sect ion.  The behavior o f  t h e  poison lumps w i l l  be ca l cu la ted  as a func t i on  

,- o f  moderator temperature. Th is  w i l l  enable an est imate o f  t h e  f i x e d  absorber 

poison ( c o n t r o l  rods) requ i red  f o r  core shutdown and r e g u l a t i o n  from the  

c o l d  c lean t o  h o t  opera t ing  e q u i l i b r i u m  poison cond i t ions .  See F igu re  5.. 

5.2 Dep le t ion  o f  Poison Lumps 

The development o f  t h e  c a l c u l a t i o n a l  model f o r  d e t a i l e d  dep le t i on  s tud ies  

o f  c y l i n d e r s  w i l l  cont inue. See F igu re  5. 

5.3 Poison Lumps f o r  Danaer C o e f f i c i e n t s  

The poison samples w i l l  be s p e c i f i e d  f o r  t h e  i n i t i a l  danger c o e f f i c i e n t  

measurements, and f a b r i c a t i o n  of these samples w i l l  begin. See F igu re  5. 

5.4 Reaction Studies 

The A1203-Gd203 reac t ion  s tud ies  w i l l  be extended t o  3100 F f o r  both 

Gd 0 p a r t i c l e s ,  and cy l i nde rs ,  and/or wafers i n  A1 0 t o  e s t a b l i s h  t h e  
2 3 2 3 

e u t e c t i c  tehperature, and t o  increase t h e  s i n t e r e d  s t rength  o f  t he  A l  0 
2 3 

mat r i x .  See F igu re  5. 



I - . '  5.5 Fabrication Techniaues 

~ a b r  ication techniques for sma 1 1 diameter Gd 0 cy 1 inders w i I I be 
2 3 

I .: 

dewe loped. More work wi l 1 be done on the wafer technique to improve 

the sintered density and to lower the variation in thickness. See Figure 5. 
I 

5.6 Danser Coefficient Samp les 

I N  Fabrication of the sarrples required for the initial danger coefficient 

measurements~wiII begin. See Figure 5. 
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CONCLUSIONS 

The ana lys is to date indicates that for bo i l ing water reactors with 

low enriched UO fuel, Gd poison lumps cyl indr.ical ly shaped closely 
2 

approximate the poison required to match the reactivity loss due to 

fuel depletion for reactor operation with minimum control rod motion. 

The non-porous carrier technique of fabricating Gd 0 wafers appears 
2 3 

.succossf u I. 
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