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RADIATION E F F E C T S ON BORON-CONTAINING COMPOUNDS 

Donald J . Hamman and Pau l Schall 

Elemental boron, boron carbide, and zirconium diboride were irradiated 
at reactor ambient temperature (150 F) and elevated temperatures (500 to 750 F) 
to burnups ranging from 20 to 95 per cent of the boron-10 isotope. Zirconium 
diboride containing both natural and enriched amounts of boron-10 was evaluated. 
The amount of helium released during irradiation was measured, and X-ray 
diffraction, metallographic, and chemical examinations were performed both 
before and after irradiation. 

Zirconium diboride containing natural boron appeared to be the most 
promising material from a helium-retention standpoint. None of the materials 
exhibited excessive particle fragmentation or dimensional changes during the 
course of the experiments even though there was evidence of temperatures 
much higher than design conditions. 

I N T R O D U C T I O N 

Since he l ium is produced during the i r r ad ia t ion of boron , the ability of the m a t e ­
r i a l to r e ta in this he l ium is of p r i m e impor t ance . Also impor tan t a r e the d imen­
sional s tabi l i ty and al l other p rope r t i e s consis tent with r e a c t o r operat ing condit ions. 

The p r o g r a m repor t ed h e r e on boron-containing compounds was ^ng.^f several) to 
a s s i s t ^ e " K n o U s Atomic Power Labora tory lin the se lect ion of a l t e rna te cont ro l m a -
t e r i a l s | a n d was supported by the Naval Reac to r Branch of the United States A tomic | 
Energy Commiss ionj^Tn ' the p r o g r a m , e lementa l boron , boron ca rb ide , and z i rcon ium 
3fg5j ,Tde^ere i r r ad i a t ed in the MTR at r eac to r ambient t e m p e r a t u r e (150 F) and 
elevated t e m p e r a t u r e s (500 to 750 F) to burnups ranging f rom 20 to 95 per cent of the 
boron-10 i so tope . Two capsules containing hafnium diboride a r e s t i l l under i r r ad ia t ion 
at the ETR. 

EXPERIMENTAL PROCEDURES 

Selection of Mate r ia l s 

The m a t e r i a l s used for this p r o g r a m were powders of known mesh s i z e . This 
fo rm was chosen to e l iminate l imita t ions imposed by d i s p e r s i o n s , c o m p a c t s , e t c . , or 
specific geomet r i e s of con t ro l - rod cons t ruc t ion . 

Selection of the m a t e r i a l s to be studied during the p r o g r a m was based on s e v e r a l 
f ac to r s . F i r s t , they were chosen to be r ep resen ta t ive of the mos t likely forms of 
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b o r o n - c o n t a i n i n g m a t e r i a l s w h i c h w o u l d be c o n s i d e r e d for c o n t r o l m a t e r i a l s on t h e 
b a s i s of c h e m i c a l a n d p h y s i c a l p r o p e r t i e s . T h e m a t e r i a l s s e l e c t e d w e r e e l e m e n t a l 
b o r o n , b o r o n c a r b i d e , a n d m e t a l b o r i d e s of b o t h t h e d i b o r i d e and h e x a b o r i d e t y p e s . 
O t h e r m e t a l b o r i d e s s u c h a s the m o n o b o r i d e s , t e t r a b o r i d e s , and d o d e c a b o r i d e s a r e 
k n o w n bu t a r e u s u a l l y h a r d e r to p r e p a r e a n d a r e r e l a t i v e l y u n s t a b l e c o m p a r e d w i t h t h e 
d i b o r i d e s a n d h e x a b o r i d e s . 

T h e m e t a l b o r i d e s s e l e c t e d w e r e z i r c o n i u m a n d h a f n i u m d i b o r i d e s a n d d y s p r o s i u m 
a n d e u r o p i u m h e x a b o r i d e s . Of t h e s e m a t e r i a l s , d a t a h a v e b e e n o b t a i n e d on ly o n t h e 
z i r c o n i u m d i b o r i d e . T h e h a f n i u m d i b o r i d e i s c u r r e n t l y b e i n g i r r a d i a t e d , and e f fo r t on 
t h e h e x a b o r i d e s h a s b e e n l i m i t e d t o p r e p a r a t i o n of s a t i s f a c t o r y m a t e r i a l s . 

S e v e r a l d i f f e r e n t c r y s t a l s t r u c t u r e s a r e r e p r e s e n t e d by t h e m a t e r i a l s s e l e c t e d for 
t h i s p r o g r a m . T h e e l e m e n t a l b o r o n i s k n o w n to e x i s t i n a n a m o r p h o u s s t a t e " ) a n d in 
two ( h e x a g o n a l a n d t e t r a g o n a l ) c r y s t a l l i n e s t a t e s ! 2 ) . T h e r e f o r e , b o r o n m i g h t u n d e r g o 
c h a n g e s in e i t h e r c r y s t a l s t r u c t u r e o r d e g r e e of c r y s t a l l i n i t y d u r i n g i r r a d i a t i o n a s t h e 
r e s u l t of d i s p l a c e m e n t s of b o r o n a t o m s a n d the p r o d u c t i o n of l i t h i u m and h e l i u m . H o w ­
e v e r , b o r o n i s qu i t e s t a b l e o v e r a w i d e r a n g e of l a t t i c e i m p e r f e c t i o n s , a n d t h i s p r o p e r t y 
m a y d e n o t e r e a s o n a b l y good r a d i a t i o n s t a b i l i t y . 

P r e l i m i n a r y e x p e r i m e n t s i n d i c a t e d t h a t b o r o n c a r b i d e w a s b e t w e e n e l e m e n t a l 
b o r o n and the m e t a l b o r i d e s w i th r e s p e c t to e x p e c t e d s t r u c t u r a l r a d i a t i o n s t a b i l i t y . T h e 
B 4 C c r y s t a l ( 3 ) s t r u c t u r e o r B ^ ^ ^ S c o n s i s t s of a l i n e a r c h a i n of 3 c a r b o n a t o m s w i t h 
12 b o r o n a t o m s a t t h e p o i n t s of a n e a r l y r e g u l a r i c o s a h e d r o n and the w h o l e a r r a n g e d in 
a r h o m b o h e d r a l s t r u c t u r e . 

T h e m e t a l d i b o r i d e s a n d m e t a l h e x a b o r i d e s n o r m a l l y h a v e s e p a r a t e a n d d i s t i n c t 
c r y s t a l l i n e s t r u c t u r e s of good s t a b i l i t y . T h e two t y p e s of s t r u c t u r e v a r y c o n s i d e r a b l y . 
T h e d i b o r i d e s h a v e a p r i m i t i v e h e x a g o n a l s t r u c t u r e ( 4 ) s i m i l a r to g r a p h i t e in t h a t t h e y 
a r e l a y e r e d w i t h t h e b o r o n a n d m e t a l f o r m i n g a l t e r n a t e l a y e r s . The h e x a b o r i d e s f o r m 
a c o m p l e x s t r u c t u r e ^ ^ ) in w h i c h t h e s i x b o r o n a t o m s a r e a t t h e p o i n t s of a r e g u l a r 
o c t a h e d r o n , and e a c h o c t a h e d r o n i s l i n k e d to s i x o t h e r o c t a h e d r a , f o r m i n g a c o n t i n u o u s 
n e t w o r k of cub i c s y m m e t r y w i t h t h e m e t a l a t o m s in t he i n t e r s t i c e s . R a d i a t i o n - s t a b i l i t y 
d i f f e r e n c e s a r e s u g g e s t e d by the l a r g e v o l u m e of the h e x a b o r i d e o c t a h e d r a , w h i c h m a y 
e f f ec t i ve ly c o n t a i n t he l i t h i u m o r h e l i u m a t o m s . If t h e r e a r e d i m e n s i o n a l c h a n g e s in 
t h e c r y s t a l s t r u c t u r e , t h e y w o u l d b e e x p e c t e d to b e a n i s o t r o p i c i n t h e c a s e of t h e d i ­
b o r i d e s a n d i s o t r o p i c i n t he h e x a b o r i d e s . 

N u c l e a r p r o p e r t i e s w e r e a l s o c o n s i d e r e d in t h e s e l e c t i o n of t he c o m p o u n d s to b e 
s t u d i e d . E l e m e n t a l b o r o n h a s a n a b s o r p t i o n c r o s s s e c t i o n of 750 b a r n s fo r the n e u ­
t r o n s h a v i n g a v e l o c i t y of 2200 m p e r s e c , a n d , b e i n g a 1/V a b s o r b e r , i s e f fec t ive 
o v e r a f a i r l y w i d e n e u t r o n - e n e r g y r a n g e . B y u s i n g a c o m p o u n d of b o r o n in w h i c h the 
s e c o n d c o m p o n e n t i s a l s o a s t r o n g a b s o r b e r , e s p e c i a l l y in t h e r e s o n a n c e - e n e r g y 
r e g i o n , i t s e f f e c t i v e n e s s a s a c o n t r o l m a t e r i a l c a n b e s i g n i f i c a n t l y i m p r o v e d . On t h i s 
b a s i s h a f n i u m d i b o r i d e w a s s e l e c t e d , a n d the h e x a b o r i d e s c h o s e n w e r e t h o s e of 
d y s p r o s i u m a n d e u r o p i u m . 

T h e r e s u l t s o b t a i n e d for s e v e r a l b o r o n - c o n t a i n i n g m a t e r i a l s on h e l i u m r e l e a s e 
d u r i n g i r r a d i a t i o n a n d d u r i n g p o s t i r r a d i a t i o n h e a t t r e a t m e n t a n d on s t r u c t u r a l s t a b i l i t y 

(1) References at end of text. 
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as de te rmined by meta l lographic examinat ion and X - r a y diffraction a r e p re sen ted in the 
following d i scuss ion . 

The exper imen ta l p r o g r a m consis ted of the i r r ad ia t ion of two s e r i e s of capstiles 
(see Table 1) and p r e i r r ad i a t i on and pos t i r r ad ia t ion examinat ions . The re were six 
capsules in the f i r s t s e r i e s with two each containing e lementa l boron , boron ca rb ide , 
and z i rconium dibor ide . The second s e r i e s cons is ted of two capsules of z i rcon ium 
diboride containing na tura l boron , one capsule of z i rcon ium dibor ide containing boron 
enr iched 50 per cent in the boron-10 i so tope , and one of boron carbide containing 
na tura l boron. 

TABLE 1. LIST OF CAPSULES 

Number Targe t 
Design of Boron 

T e m p e r a t u r e , Cycles Where Burnup , 
Capsule 

BMI-7-1 
BMI-7-Z 
BMI-7-3 
BMI-7-4 
BMI-7-5 
BMI-7-6 

BMI-7-14 
BMI-7-15 
BMI-7-16 
BMI-7-17 

BMI-7-20 
BMI-7-21 

Contents!^) 

B (N) 
B (N) 
ZrB2 (N) 
ZrB2 (N) 
B4C (N) 
B4C (N) 

ZrB2 (N) 
Z r B 2 ( E ) 
ZrB2 (N) 
B4C (N) 

HfB2 (E) 
HfB2 (N) 

F 

150 
150 
150 
150 
150 
150 

150 
500-750 
500-750 
500-750 

500-750 
500-750 

I r r ad i a t ed 

1 
3 
1 
3 
1 
3 

8 
16 
19 
20 

19(b) 
19(b) 

I r r a d i a t e d 

MTR 
MTR 
MTR 
MTR 
MTR 
MTR 

MTR 
MTR 
MTR 
MTR 

ETR 
ETR 

p e r cent 

70 
90 
70 
90 
70 
90 

80 
60 
80 
80 

90 
90 

Thermoc 

No 
No 
No 
No 
No 
No 

No 
Yes 
No 
No 

Y e s 
No 

(a) (N) denotes natural boron, (E) denotes boron enriched in the boron-10 isotope. 
(b) These capsules are still being irradiated. 

The s e r i e s of s i x c a p s u l e s w a s i n t e n d e d to p r o v i d e d a t a on the c o m p a r a t i v e r a d i a ­
t i o n s t a b i l i t y of t h e t h r e e m . a t e r i a l s , and the s e r i e s of four w a s i n t e n d e d to p r o v i d e 
m o r e c o m p l e t e d a t a on t h e s t a b i l i t y d u r i n g i r r a d i a t i o n a t e l e v a t e d t e m p e r a t u r e s of 
b o r o n c a r b i d e a n d z i r c o n i u m d i b o r i d e . 

In a d d i t i o n to t h e s e t h e r e a r e two c a p s u l e s of h a f n i u m d i b o r i d e , one c o n t a i n i n g 
n a t u r a l b o r o n a n d the o t h e r c o n t a i n i n g b o r o n e n r i c h e d to 5 5 . 6 p e r c e n t in the b o r o n - 1 0 
i s o t o p e , b e i n g i r r a d i a t e d in t he E T R . 
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Irradiation Conditions 

All compounds were irradiated in capsules designed to provide a geometry such 
that maximum, uniformity of burnup would be obtained and still provide enough material 
for postirradiation examinations. The cavities into which the powders were loaded had 
a depth of 0. 015 in. , and calculations indicated that this powder depth would not pro­
duce self-shielding effects in excess of 30 per cent from the powder surface to the pow­
der center. These calculations are probably no better than ±25 per cent. Several 
changes took place in the irradiation-capsule design as the conditions of irradiation 
progressed from ambient temperature to elevated temperatures maintained by gamma 
heating and the location of the irradiations changed from the MTR to the ETR, 

Figures 1 and 2 show the design drawing and photograph, respectively, of the 
capsule components for the first series of six capsules designated as BMI-7-1 through 
BMI-7-6. The powders were contained in the inner aluminum holder which was essen­
tially a split cylinder held together by two drive collars . The cavities were 0. 015 in. 
deep, with the oval cross section being 0.6 in. long by 0. 25 in. wide. These capsules 
were not evacuated. They operated at a maximum temperature calculated to be 150 F 
in the MTR. 

The design drawing and photograph of components for capsules designated as 
BMI-7"14 through BMI-7-17 are shown in Figures 3 and 4, respectively. The inner 
core of these capsules was copper and was held in place by copper expansion couplings 
which also provided an adjustable heat leak. These capsules were designed to operate 
in the range of 500 to 750 F in the MTR by use of gamma heating, and these tempera­
tures were maintained by evacuating the annulus between the inner and outer cylinders. 
As the drawing in Figure 3 shows, the powder cavities in these capsules were changed 
to 0.50 by 0.50 in. The original 0.015-in. depth dimension was retained. 

The design drawing and photograph of components of Capsules BMI-7-20 and 
BMI-7-21, containing HfB2 (55. 6 per cent enriched in boron-10) and HfB2 (natural), 
respectively, and currently being irradiated in the ETR, are shown in Figures 5 and 6. 
In these capsules the inner core is again aluminum to accommodate the higher gamma 
heating in the ETR, and a bolt through the center of the inner core provides additional 
clamping action for better powder retention. These capsules were also designed to 
operate in the range of 500 to 750 F . 

Two of the elevated-temperature capsules were fitted with thermocouples as 
noted in Table 1 to provide a continuous monitor of the irradiation temperature. As is 
discussed later , the design temperatures were exceeded during at least part of the 
irradiations. All of the capsules were designed to accommodate a recoil plate next to 
the boron compound powder. The material used as recoil plates varied with the dif­
ferent capsules. 
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FIGURE 1. DESIGN O F CAPSULES BMI-7-1 THROUGH BMI-7-6 
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FIGURE 5. DESIGN OF CAPSULES BMI-7-Z0 AND BMI-7-21 
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P r e i r r a d i a t i o n and P o s t i r r a d i a t i o n Examinat ions 

The examination of the un i r rad ia ted powders cons is ted of: 

(1) Chemical and spec t rographic ana lyses to de te rmine pur i ty and 
composi t ion 

(2) X - r a y diffraction examinat ion 

(3) Metal lographic examinat ion. 

The pos t i r r ad ia t ion examination cons is ted of: 

(1) Recovery and ana lys is of gas r e l e a s e d during i r r ad ia t ion 

(2) Recovery and ana lys is of gas r e l e a s e d during heat t r e a t m e n t 

(3) X - r a y diffraction examinat ion 

(4) Metal lographic examination 

(5) Cobalt d o s i m e t e r - w i r e analys is 

(6) Analysis for l i thium to de te rmine burnup of boron-10 

(7) Analysis for re ta ined hel ium to provide additional check on burnup. 

The las t th ree i t ems provide sepa ra te means for the de te rmina t ion of the amount 
of boron-10 burnup. The cobal t -wire technique i s cons idered infer ior to the d i r ec t 
analys is for l i thium because of the probable 25 per cent uncer ta in ty in calculat ion of 
flux depress ion and attenuation in the powders . The ini t ia l ana lys i s for r e ta ined 
he l ium was accompl ished by measu r ing the amount of he l ium r e l e a s e d after heating the 
powders at 2200 F unti l no additional gas r e l e a s e could be detec ted . This t e m p e r a t u r e 
(2200 F) was the maximum attainable with the appara tus used . Since it was not c e r ­
ta in that a l l of the re ta ined he l ium was r e l e a s e d during this t r e a t m e n t , a p rocedure 
was developed which involved dissolut ion of the z i rcon ium diboride powder in mol ten 
i ron . Since the diboride dissolved in molten i r o n , fusion of the sy s t em could be 
accompl ished at a lower t e m p e r a t u r e than the mel t ing point of the bor ide powder . 

The flame spec t rophotomet r ic method was used to accompl i sh the l i th ium ana ly­
s is using dissolved powder s a m p l e s . This method was p r e f e r r e d over the ana lys is for 
he l ium since it was a s sumed that al l the hel ium was not r e cove red . This was par t ia l ly 
ver i f ied by the fact that the he l ium analys is gave lower values of burnup than the 
l i th ium analys is in al l c a s e s . Accuracy within ±0.5 pe r cent on analys is of s imulated 
samples of dissolved powder containing known quanti t ies of l i thium showed this method 
to be quite r e l i ab l e . All of the burnup values quoted in the following d iscuss ion a r e 
based on the l i th ium analys is with the exception of the m a t e r i a l f rom Capsule 
BMI-7-17 which was too radioact ive for l i thium ana lys i s . 
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RESULTS 

Hel ium Re lease 

The r e su l t s on he l ium r e l e a s e during i r r ad ia t ion and pos t i r r ad ia t ion heat t r e a t ­
ment for the f i r s t s ix capsules designated as Capsules BMI-7-1 through BMI-7 -6 and 
containing boron , boron ca rb ide , and z i rconium diboride a r e sumnaarized in Table 2. 

T. 

Capsule 

BMI-7-1 
BMI-7 -2 
BMI-7-3 
BMI-7-4 
BMI-7-5 
BMI-7-6 

-VBLE 2. 

Content 

B 
B 
ZrB2 
ZrB2 
B4C 
B4C 

HELIUM RELEASE FROM IRRADIATED BOR 
FIRST SERIES OF CAPSULES 

P a r t i c l e 
S i ze , 

s U. S. mesh 

-60 +80 
-60 +80 
-30 +60 
-30 +60 
-50 +60 
-50 +60 

Burnup of 
Boron-10 , 
per cent 

20 
64 
19 
41 
22 
66 

IDES IN TH 

Hel ium-Release Data(a) 
A s 

Received(T3) 

<0.01 
34 .1 
<6.0 
<0.1 
<0.1 

5 . 6 

1 Week at 
700 F ( C ) 

1.0 
1 .2 
— 

0 .02 
<0.02 

— -. 

E 

, per cent 
2 Weeks at 
700 F ( C ) 

2 . 4 
1 .3 

<0 .4 
<0.03 
<0.01 

" " • * 

(a) Per cent of total helium at given burnup, 
(b) Capsule as received from the MTR and punctured at room temperature. 
(c) Heated under vacuum of less than 5 A( of mercury pressure. 

T h e c a p s u l e s of l o w e r b u r n u p of e a c h m a t e r i a l w e r e i r r a d i a t e d fo r one M T R c y c l e 
a n d t h e h i g h e r b u r n u p s for t h r e e M T R c y c l e s . The i r r a d i a t i o n t e m p e r a t u r e of a l l s i x 
c a p s u l e s w a s r e a c t o r a m b i e n t . T h e m a t e r i a l f r o m C a p s u l e B M I - 7 - 6 w a s e x p o s e d to 
m o i s t u r e d u r i n g i r r a d i a t i o n and so w a s not s u b j e c t e d to h e a t - t r e a t m e n t s t u d i e s . 

Due to t he u r g e n c y of t h e s e i r r a d i a t i o n s , c h e m i c a l a n a l y s e s a n d X - r a y d i f f r a c ­
t i o n e x a m i n a t i o n s w e r e not c o m p l e t e d p r i o r to e n c a p s u l a t i o n . L a t e r e x a m i n a t i o n 
s h o w e d t h a t t h e b o r o n h a d p o o r c r y s t a l l i n i t y . T h e r e s u l t s o b t a i n e d , t h e r e f o r e , m a y not 
be i n d i c a t i v e of t h e h e l i u m - r e t e n t i o n c a p a b i l i t i e s of good c r y s t a l l i n e m a t e r i a l . 

C h e m i c a l and s p e c t r o s c o p i c a n a l y s e s . X - r a y d i f f r a c t i o n s t u d i e s , a n d m e t a l ­
l o g r a p h i c e x a m i n a t i o n s of t h e z i r c o n i u m d i b o r i d e p o w d e r s h o w e d t h a t t h e m a t e r i a l h a d 
a z i r c o n i u m - t o - b o r o n r a t i o of a p p r o x i m a t e l y u n i t y and t h a t t h e p o w d e r c o n s i s t e d of a 
z i r c o n i u m p h a s e a n d a z i r c o n i u m d i b o r i d e p h a s e . T h e d i s t r i b u t i o n of the p h a s e s w a s 
s u c h t h a t i t i s not e x p e c t e d t h a t the z i r c o n i u m p h a s e h a d a n y a p p r e c i a b l e e f fec t on the 
r e t e n t i o n of h e l i u m and t h a t t he r e s u l t s w e r e p r o b a b l y r e p r e s e n t a t i v e of t h e h e l i u m -
r e t e n t i o n c a p a b i l i t i e s of t h e z i r c o n i u m d i b o r i d e . 

The s e c o n d s e r i e s of i r r a d i a t i o n s i n c l u d e d one c a p s u l e of z i r c o n i u m d i b o r i d e 
i r r a d i a t e d a t r e a c t o r am.bient t e m p e r a t u r e t o s e r v e a s a c h e c k on the p r e v i o u s d a t a , 
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one capsule of z i rcon ium diboride i r r ad i a t ed to de te rmine the effect of h igh - t empera tu re 
i r r ad ia t ion on gas r e l e a s e , one capsule of z i rcon ium diboride 50 per cent enr iched in 
the boron-10 i so tope , and one capsule of boron ca rb ide . The la t te r t h ree capsules were 
i r r ad i a t ed at elevated t e m p e r a t u r e . The data on hel ium re l eased during these i r r a d i a ­
tions a r e s u m m a r i z e d in Table 3, 

TABLE 3. HELIUM RELEASE DURING IRRADIATION OF BORIDES 
IN THE SECOND SERIES OF CAPSULES 

Capsule Contents^s-) 

I r r ad ia t ion 
T e m p e r a t u r e , 

F 

Boron-10 
Burnup, 
pe r cent 

Helium Release 
During I r r ad i a t i on , 

per cent of 
he l ium produced 

BMI-7-14 ZrB2 (N) 150 67.8 0.6 
BMI-7-15 ZrB2 (E) 500 33.0 57.0 
BMI-7-16 ZrB2 (N) 500 84.7 5.2 
BMI-7-17 B4C (N) 500 94 67(^) 

(a) Particle size: minus 80 plus 100 mesh. (N) denotes natural boron, (E) denotes boron enriched in the boron-10 isotope. 
(b) This value was calculated from irradiation data obtained from the MTR. All other values were based on lithium analysis of 

irradiated powder. 

T h e 500 F t e m p e r a t u r e s g iven for t he l a s t t h r e e c a p s u l e s in T a b l e 3 a r e the 
n o m i n a l d e s i g n t e m p e r a t u r e s . A s m e n t i o n e d e a r l i e r t h e t e m p e r a t u r e s w e r e to be m a i n ­
t a i n e d by r e a c t o r g a m m a h e a t . C a p s u l e B M I - 7 - 1 5 w a s f i t t ed w i t h t h e r m o c o u p l e s and i s 
k n o w n to h a v e m a i n t a i n e d a t e m p e r a t u r e in t h e r a n g e of 475 to 525 F d u r i n g the f i r s t 
M T R c y c l e . H o w e v e r , t h e t h e r m o c o u p l e s w e r e i n a d v e r t e n t l y cu t a t t h i s t i m e a n d the 
c o m p l e t e t e m p e r a t u r e h i s t o r y i s no t a v a i l a b l e . 

P o s t i r r a d i a t i o n e x a m i n a t i o n of t he i n t e r i o r of the c a p s u l e s r e v e a l e d r e a c t i o n s 
b e t w e e n s e v e r a l of t h e d i s s i m i l a r m e t a l s of t h e i n n e r c a p s u l e , c o b a l t - a l u m i i n u m 
d o s i m e t e r w i r e s , a n d r e c o i l p l a t e s . F r o m the o b s e r v e d c o n d i t i o n s in the c a p s u l e i n ­
t e r i o r s a n d t h e k n o w n p h a s e d i a g r a m s of t h e v a r i o u s m e t a l l i c s y s t e m s , i t w a s c o n ­
c l u d e d t h a t t he fo l lowing m a x i m i u m t e m p e r a t u r e s w e r e p r o b a b l y a t t a i n e d d u r i n g a t l e a s t 
p a r t of t he i r r a d i a t i o n t i m e : 

(1) BMI-7 -15 : close to but not exceeding about 1000 F 

(2) BMI-7-16 : in the range 1000 to 1200 F 

(3) BMI-7-17 : in the range 1440 to 1760 F , 

Several impor tan t points may be noted f rom the data in Table 3, Natura l ZrB2 
exhibits good he l ium re tent ion even under e l e v a t e d - t e m p e r a t u r e i r r ad ia t ion . However , 
the enr iched ZrB2 exhibits poor hel ium retent ion conapared with na tura l m a t e r i a l . It 
should be noted that for both the enr iched and na tu ra l Z rB2 i r r a d i a t e d at e levated 
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t e m p e r a t u r e , the burnups based on tota l a tomic per cent boron a r e about equal (16 .5 
and 15,9 pe r cent , r e spec t ive ly ) . F u r t h e r m o r e , all evidence f rom pos t i r r ad ia t ion ex­
aminat ion of the capsule indicates that the na tu ra l m a t e r i a l at tained a higher max imum 
t e m p e r a t u r e during i r r ad ia t ion than did the enr iched m a t e r i a l . This effect of e n r i c h ­
ment is in ag reemen t with the r e s u l t s of exper iments on d i spers ions of enr iched and 
na tura l diboride compounds .*" ' 

Some of the difference in he l ium re tent ion of enr iched and na tu ra l m a t e r i a l 
might be a t t r ibuted to the higher surface burnup at tained for the enr iched m a t e r i a l for 
the same average burnup. However , var ia t ions in burnup as a function of depth ca lcu­
lated for the 15-mil layer of powders indicate that this effect cannot by i tself account 
for the la rge observed difference in he l ium re ten t ion . 

On the bas i s of the data in Table 3 , no f i rm conclusion can be drawn with r e g a r d 
to the re la t ive m e r i t s of B4C and ZrB2 since the B4C apparent ly at tained a much 
higher t e m p e r a t u r e than any of the ZrB2 spec imens . Pos t i r r ad i a t i on heat t r e a t m e n t s 
of ZrB2 indicate a " th resho ld" t e m p e r a t u r e of approximately 1000 F beyond which the 
he l ium r e l e a s e ra te r o s e rapidly. 

The resu l t s of pos t i r r ad ia t ion heat t r e a t m e n t of ZrB2 (natural) f rom Capsules 
BMI-7-14 and BMI-7-16 a r e shown in Table 4, The heat t r e a t m e n t for Capsule 
BMI-7-14 was conducted under vacuum, and the gas samples were taken by per iodical ly 
removing gas - sampl ing bulbs f rom a manifold ex te rna l to the furnace. This appara tus 
did not p e r m i t the instantaneous de terminat ion of g a s - r e l e a s e r a t e . Observa t ions du r ­
ing the course of the heat t r e a t m e n t of Capsule BMI-7-16 indicated that the gas was 
r e l e a s e d , p r i m a r i l y , in b u r s t s cor responding to m i c r o c r a c k format ion , pa r t i cu la r ly 
during per iods of inc reas ing t e m p e r a t u r e (see F igu re 7). The gas ana lyses f rom 
Capsule BMI-7-14 showed no indication of any gas other than he l ium. The appara tus 
used for Capsule BMI-7-16 was modified to p e r m i t essen t ia l ly continuous observa t ion 
of the gas p r e s s u r e , but the gas was sampled only at the end of the heat t r e a t m e n t 
since it was a s sumed f rom the previous capsule that no gas other than he l ium was 
evolved. Cont ra ry to previous r e s u l t s , ana lys is of the gas showed that the major i ty 
of the gas was not he l ium. Hydrogen was the major const i tuent . Helium was p r e s e n t 
to the extent of 10 volume per cent , and the values given in Table 4 a s sume that the 
he l ium was a constant fract ion of the tota l gas r e l e a s e d . The " threshold" t e m p e r a t u r e 
is again evident in the heat t r e a t m e n t of Capsule BMI-7 -16 , although the actual t e m ­
p e r a t u r e is lower than in Capsule BMI-7-14 . There was no t h e r m a l cycling during the 
cour se of these heat t r e a t m e n t s . 

Heat t r e a tmen t s were not made on the enr iched ZrB2 from Capsule BMI~7-15 
due to lack of sufficient powder or f rom the B4C (natura l boron) f rom Capsule 
BMI-7-17 because of the highly radioact ive state of the powder . 

The X - r a y data obtained on m a t e r i a l s f rom Capsules BMI-7 -14 , B M I - 7 - 1 5 , and 
BMI-7-16 a r e summar i zed in Table 5. 
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TABLE 4. POSTIRRADIATION GAS RELEASE ON ZrB2 CONTAINING 
NATURAL BORON IN CAPSULES BMI-7-14 AND BMI-7-16 

Capsule 

BMI-7-14 

BMI-7-16 

T e m p e r a t u r e , 
F 

Room 
500 
750 

1000 
1200 
1400 
1600 

Room 
500 
750 

1000 
1200 
1400 

Length of T r e a t m e n t , 
h r 

72 
140 
196 
143 
96 .5 
98 ,25 

95 
96 
71 
71 

8(b) 

Hel ium Recovered(^) , 
per cent 

0 . 6 
0.04 
0 . 9 
1 ,2 

10.0 
6 . 0 

21, 1 

5 . 2 
2 . 3 
1.6 

31 .4 
14.3 
18.6 

(a) Figures given are per cent of total helium produced in the sample based on lithium analysis. 
(b) Test halted at this point due to equipment failure. 

TABLE 5. RESULTS OF X-RAY DIFFRACTION EXAMINATIONS 
OF ZIRCONIUM DIBORIDE IRRADIATED IN 
CAPSULES BMI-7-14 , B M I - 7 - 1 5 , AND BMI-7-16 

Unit -Cel l 
Dimension, A 

ao 
Co 

Co/ao 

Line Broadening, 

001 
100 
101 

BMI 
(ZrBz, 

P r e i r r a ­
diation 

3. 155 
3.508 
1. I l l 

. . ( a ) 
- . ( a ) 
- ( a ) 

- 7 -14 
Natural) 
P o s t i r r a ­

diation 

3.220 
3.493 
1.084 

0.30(^) 
0.50(c) 
0.44(c) 

BMI-7-15 
( Z r B 2 , Enr iched) 

P r e i r r a - P o s t i r r a ­
diation diation 

3 . 155 
3.508 
1. I l l 

„ . (a) 
-„(a) 
- ( a ) 

3, 152 
3.496 
1. 110 

0.57(c) 
0, 68(c) 
0.60(c) 

BMI 
(ZrBz, 

P r e i r r a ­
diation 

3. 155 
3.508 
1. I l l 

- - (a ) 
-_(a) 
- - (a ) 

-7 -16 
Natural) 

P o s t i r r a ­
diation 

3. 218 
3.491 
1,086 

- - (b) 
0.36(c) 
0.62(c) 

(a) Line broadening taken as zero for starting material. 
(b) Not measurable. 

(c) Difference between preirradiation and postirradiation values. 
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FIGURE 7. GAS RELEASE DURING POSTIRRADIATION HEAT TREATMENT OF NATURAL 
ZrB2 IRRADIATED IN CAPSULE BMI-7-16 
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Of the un i t -ce l l d imensional changes only the changes in the a^ d imension for 
na tu ra l z i rconium diboride a re considered to be definitely l a r g e r than exper imenta l 
e r r o r . The changes in this dimension have been tentat ively a t t r ibuted to a re laxat ion of 
the compres s ive effect of the boron on the z i r con ium-z i r con ium in te ra tomic dis tance 
(this dis tance co r responds to the ag dimension) . In z i rcon ium diboride the i n t e r ­
a tomic dis tance between z i rcon ium a toms i s slightly l e s s than would be predic ted for 
z i rcon ium atonas having a coordinat ion number of 12, while the boron-boron i n t e r ­
atomic dis tance in the boron layer is "no rma l " . It is thought that the reduced 
z i r con ium-z i r con ium dis tance is due to a compres s ive effect by the boron l a y e r . This 
compress ive effect would be expected to r e l ax during the weakening of the boron 
la t t ice due to burnup of the bo ron-10 . The re laxat ion of this compress ive effect might 
then allow the z i rcon ium atoms to a s s u m e the i r " n o r m a l " in te ra tomic d i s t ances , a 
value ve ry c lose to the pos t i r r ad ia t ion a,Q d imension for na tu ra l z i rcon ium dibor ide . 
The agreement in the X - r a y data for the two capsules containing the na tu ra l z i rcon ium 
diboride is excellent except for the l ine-broadening effects on Capsule BMI-7-16 . This 
difference in line broadening between the m a t e r i a l in Capsules BMI-7-14 and BMI-7-16 
may be due to the higher i r r ad ia t ion t e m p e r a t u r e of Capsule BMI-7-16 . The difference 
in X- ray data for the na tu ra l and enr iched miaterials suggests a possible co r re l a t ion 
between dimensional changes and the amount of he l ium re ta ined during i r r ad ia t ion . 

No at tempt has been made to obtain a quantitative cor re la t ion between line 
broadening and radia t ion damage . 

Metal lographic Examinat ion 

Although both the na tu ra l and enr iched z i rconium diboride showed some m i c r o -
c rack formation during the i r r ad i a t i on , nei ther of the two m a t e r i a l s showed any 
apprec iable f ragmentat ion as evidenced by F i gu re s 8 through 11, 

The enr iched z i rconium diboride in Capsule BMI-7-15 (F igure 9) was cons ide r ­
ably more p o r o u s , p r i o r to i r r ad i a t i on , than the z i rconium diboride containing na tura l 
boron . The void volume has been es t imated to be about 15 per cent . This poros i ty 
may explain, at l eas t in p a r t , the poor behavior of the enr iched m a t e r i a l f rom a 
he l ium-re ten t ion standpoint. 

The boron carb ide i r r a d i a t e d in Capsule BMI-7-17 was badly p e r m e a t e d with 
m i c r o c r a c k s after i r r ad ia t ion as can be seen in F igure 11, However , again the re was 
no evidence of apprec iable pa r t i c l e fragnnentation, with mos t m i c r o c r a c k s being l e s s 
than one-half of the smiallest dimension of the p a r t i c l e s . The g r e a t e r degree of 
cracking no doubt contr ibutes to the i nc rea sed hel ium r e l e a s e observed for this m a t e ­
r i a l and may have been accentuated by the higher i r r ad ia t ion temiperature e s t ima ted 
for this ca;^sule. 

Pho tomicrographs of the recoi l pla tes in Capsules BMI-7-14 and BMI-7-15 a re 
shown in F igures 12 and 13, The edges shown r e p r e s e n t a c r o s s sect ion of the face 
exposed to the boron-containing m a t e r i a l . Capsule BMI-7-14 contained z i rcon ium as a 
reco i l m a t e r i a l and Capsules BMI-7-15 and BMI-7-16 both contained niobium reco i l 
p l a t e s . The r eco i l plate f rom BMI-7-17 was not r ecove red . The z i rconium reco i l 
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".wM'^: 

-ai.-„ 

250X RM10055 

a. P r e i r r a d i a t i o n 

250X HC1336 

b . Pos t i r r ad i a t i on 

FIGURE 8. Z rB2 (NATURAL) FROM CAPSULE BMI-7-14 

This m a t e r i a l was i r r a d i a t e d at 150 F . 

500X RM11750 500X RM11743 

a. P r e i r r a d i a t i o n b . P o s t i r r a d i a t i o n 

FIGURE 9. ZrB2 (50 P E R CENT ENRICHED IN BORON-10) FROM CAPSULE BMI-7-15 

This m a t e r i a l was i r r ad i a t ed at 500 F . 
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250X RM10055 250X RM11748 

a. P r e i r r a d i a t i o n b . P o s t i r r a d i a t i o n 

FIGURE 10. ZrB2 (NATURAL) FROM CAPSULE BMI-7-16 

The i r rad ia t ion t e m p e r a t u r e was var iab le 
but was g rea t e r than 500 F . 

250X RM12017 500X HC227 3 

a. P r e i r r a d i a t i o n b . Pos t i r r ad i a t i on 

FIGURE 11. B4C (NATURAL BORON) FROM CAPSULE BMI-7-17 

The i r rad ia t ion t e m p e r a t u r e was va r i ab le but high. 
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^m/i ^^-^--^^^-x^M^^^^^^^ 

250X HC1340 

FIGURE 12. ZIRCONIUM RECOIL PLATE FROM CAPSULE BMI-7-14 

The occu r rence of what is probably z i rconium hydride at 
the surface (top) of the pla te adjacent to the ZrB2 sug­
ges ts that hydrogen was r e l e a s e d during i r r ad i a t i on . 

, , * - - * - "k< V - - » 

- J ' ' 

500X HC2275 

FIGURE 13. NIOBIUM RECOIL P L A T E FROM CAPSULE BMI-7-15 

The reac t ion evident on the surface of the plate 
o c c u r r e d only on the face next to the Z r B 2 powder . 



25 

m a t e r i a l f rom Capsule BMI-7-14 shows cons iderable va r i a t ion in m i c r o s t r u c t u r e and 
the edges give the appearance of m a s s i v e z i rcon ium hydr ides with m i c r o c r a c k s p e r ­
pendicular to the edge. It is poss ib le that the powder in this capsule contained hydrogen 
which was r e l ea sed during i r r ad ia t ion and diffused into the z i r con ium p la te . The 
niobium plate f rom Capsule BMI-7-15 shows a pronounced difference at the edges . It 
can be seen that the re is considerable pitt ing or co r ro s ion at the gra in bounda r i e s . 
The re also seems to be a tendency for the gra ins to change f rom elongated to equiaxed 
at the outer edge . The face of the plate away from the powder showed no a t tack . The 
niobium reco i l plate f rom Capsule BMI-7-16 had s e v e r a l defects apparent ly introduced 
during fabr ica t ion , and the information obtained f rom the photomicrographs had l i t t le 
value other than giving an appearance of some prec ip i t a tes or pi ts over both sur faces 
of the p la te . 

CONCLUSIONS 

The use of boron compounds is m o r e p romis ing than e lementa l boron as a means 
of attaining max imum hel ium retent ion of the contro l m a t e r i a l . Natura l z i rcon ium 
diboride appears to be be t ter able to withstand high burnup of the boron-10 than e i ther 
e lementa l boron , boron ca rb ide , or enr iched z i rcon ium dibor ide . Natura l z i rcon ium 
diboride also withstood t e m p e r a t u r e s up to approximate ly 1000 F without exhibiting 
excess ive hel ium r e l e a s e . The differences obse rved between na tu ra l z i rcon ium di ­
bor ide and boron carbide may be due at l eas t par t i a l ly to the max imum t e m p e r a t u r e s 
reached during the i r r ad ia t ion . 

None of the m a t e r i a l s studied exhibited excess ive pa r t i c l e f ragmentat ion or 
d imensional changes during the cour se of the e x p e r i m e n t s . 

Variabi l i ty of physical s t ruc tu re and puri ty of the m a t e r i a l s make a l l the above 
conclusions subject to some question. The examinat ions of the un i r rad ia ted powders 
were not normal ly conducted until after the i r r ad i a t ed powders had been r e tu rned f rom 
the MTR. Some of the powders were in mul t iphase meta l lographic s t a t e s , some w e r e 
m o r e porous than o t h e r s , and mos t contained s e v e r a l pe r cent impur i t i es of var ious 
k inds . 
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