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ABSTRACT 

The Large Radioisotope Heat Source Capsule (LRHSC) P r o ­

g r a m is developing the technology for a high t empera tu re (^2000°F), 

long life (^5 years) radioisotope heat source which can be used in 

the space environment. The p rog ram is specifically concerned 

with the development of a tantalum alloy fuel capsule. Mater ia ls 

compatibili ty, fabrication p roces se s and assembly procedures a re 

being defined, and the response of the capsule is being determined 

for conditions of biaxial c reep , t e rmina l velocity impact and launch 

pad abort tes t ing. 

This repor t contains the resu l t s of the LRHSC Impact Test 

P r o g r a m , This tes t p rog ram was performed to establish the be­

havior of the re f rac tory meta l capsule upon reent ry impact . Twelve 

LRHS capsules were impact tes ted at various angles at the Atomics 

International Impact Test Faci l i ty . Upon completion of testing a 

complete pos t - t e s t analysis was performed on each capsule. 
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I. INTRODUCTION 

A t o m i c s I n t e r n a t i o n a l , a Div i s ion of N o r t h A m e r i c a n Rockwe l l C o r p o r a t i o n , 

u n d e r c o n t r a c t wi th the A t o m i c E n e r g y C o m m i s s i o n , h a s deve loped the f a b r i c a ­

t ion and a s s e m b l y t e c h n i q u e s r e q u i r e d to p r o d u c e a h igh t e m p e r a t u r e , t a n t a l u m 

a l l o y fuel c a p s u l e . As p a r t of t h i s p r o g r a m a s e r i e s of c a p s u l e s have b e e n i m ­

pac t t e s t e d to d e t e r m i n e the b e h a v i o r of the m a t e r i a l s and c o m p o n e n t s dur ing 

r e e n t r y i m p a c t . 

The L a r g e R a d i o i s o t o p e Hea t S o u r c e C a p s u l e (LRHSC), dep ic t ed in F i g u r e 1 

u s e s t a n t a l u m b a s e a l loy m e m b e r s for the b a s i c r a d i o i s o t o p e fuel c o n t a i n m e n t 

v e s s e l . T a - l O W l i n e r c o m p o n e n t s p o s i t i o n the fuel in a c y l i n d r i c a l annu lus wi th 

an e x c l u d e d v o l u m e a v a i l a b l e a s a p l e n u m for the h e l i u m which is g e n e r a t e d by 

a lpha d e c a y of the fuel . The T - 1 1 1 ( T a - 8 W - 2 H f ) s t r u c t u r a l she l l p r o v i d e s the 

p r i m a r y c o n t a i n m e n t . The P t - l O R h c lad p r o v i d e s oxida t ion p r o t e c t i o n for the 

t a n t a l u m a l l oys du r ing a i r e x p o s u r e . The a l u m i n a diffusion b a r r i e r b e t w e e n the 

s t r u c t u r a l s h e l l and c lad p r e v e n t s i n t e rd i f fu s ion of the d i s s i m i l a r noble and r e ­

f r a c t o r y m e t a l s . The P t - l O R h s h e l l i s a r c p l a s m a s p r a y e d with a high e m i s -

s iv i ty coa t ing of i r o n t i t a n a t e . 

The t e r m i n a l ve loc i t y i m p a c t t e s t s r e p o r t e d h e r e i n w e r e d e s i g n e d to d e t e r ­

m i n e the c a p a b i l i t y of the r e f e r e n c e c a p s u l e m a t e r i a l s to s u r v i v e r e e n t r y i m p a c t 

to d e t e r m i n e the f a i l u r e m o d e s of the r e f e r e n c e c a p s u l e des ign and to a s c e r t a i n 

the r e l a t i v e inf luence of v a r i o u s c a p s u l e d e s i g n p a r a m e t e r s on c a p s u l e s u r v i v a l . 

Twe lve c a p s u l e s w e r e i m p a c t e d a t t he NR i m p a c t t e s t fac i l i ty d e s c r i b e d in S e c ­

t ion II. The t e s t cond i t i ons for e a c h c a p s u l e and a s u m m a r y of the t e s t r e s u l t s 

a r e p r e s e n t e d in Sec t ion III. The d e t a i l s on the p o s t - t e s t a n a l y s i s of each c a p ­

su le a p p e a r in Sec t ion IV. Sec t ion V c o n t a i n s an eva lua t ion of the t e s t r e s u l t s 

in t e r m s of an a n a l y t i c d i s t r i b u t i o n of i m p a c t e n e r g i e s . Sec t ion VI p r e s e n t s the 

c o n c l u s i o n s f r o m th i s t e s t s e r i e s . 

*Atomics International Contract Number A T ( 2 9 - 2 ) - 2 3 3 8 

A I - A E C - 1 2 9 2 2 
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Figure 1. Large Radioisotope Heat Source Capsule (LRHSC) 



II. TEST FACILITY AND TESTING PROCEDURES 

The NR owned impact facility. F igure 2, was modified to accommodate 

the LRHSC Impact P r o g r a m . The modifications included fabricating two impact 

b a r r e l s having the capabili ty of hot b r eech loading and installing a furnace cap­

able of heating the capsules to 1500°F in an argon a tmosphere . 

The gas gun shown in F igure 3 is capable of laxinching various diameter tes t 

specimens weighing up to 20 lb at veloci t ies to 1200 fps, A high p r e s s u r e chamber 

can be filled with up to 4000 psi N^ gas . When the gas is exhausted through a 

2-in, d iameter or i f ice , by actuating a fast-act ing valve, the expanding gas p r o ­

pels the tes t specimen. Any d iameter specimen can be launched with this gun 

by providing the p roper d iameter and length b a r r e l . The velocity attained is a 

function of the specimen weight and d iamete r , chamber p r e s s u r e , b a r r e l length, 

fast-act ing valve opening t ime , and gas used, within the constra ints of the gas 

flow through the 2-in. d iameter or i f ice . The specimen velocity is measu red by 

a set of photocells which activate a microsecond counter to obtain the t ime of 

flight between the photocel ls . The impact ta rget is a 1500-lb block of black 

gran i te . 

The tes t p rocedure for each capsule was as follows. A dummy with a m a s s 

and a d iameter equal to those of the tes t capsule was used to cal ibra te for each 

tes t . Using the dummy the a i r gun chamber p r e s s u r e for the des i red impact 

velocity was de te rmined . The tes t capsule was then placed in an argon a tmos ­

phere furnace located next to the air gun and brought up to a t empera tu re of 

1400°F, The capsule was removed from the furnace with a pair of tongs and 

dropped into the a i r g\an b reech . The b reech cover was closed, the immediate 

a rea evacuated, and the air gun p r e s s u r i z e d and fired. The t ime from removal 

of the capsule from the furnace to firing of the gun was 50 to 60 sec . Heat 

t r ans fe r calculat ions indicate that under these conditions the capsule impact 

t empera tu re was 1200 ± 25 °F . As indicated previously, the actual tes t velocity 

was obtained from the microsecond timing device. The air gun firing sequence 

also act ivated the high speed c a m e r a s for movie coverage of the impact . Analysis 

of the high speed movies was used as a backup for velocity determinat ion. 

AI-AEC-12922 
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III. TEST SERIES SUMMARY 

The ob jec t ive of the LRHSC I m p a c t T e s t P r o g r a m w a s to i n v e s t i g a t e the 

c a p a b i l i t y of the c a p s u l e m a t e r i a l s and c a p s u l e d e s i g n for s u r v i v i n g t e r m i n a l 

v e l o c i t y i m p a c t and to ident i fy t h e m o s t p r o b a b l e f a i l u r e m o d e for the r e f e r e n c e 

c a p s u l e . Th i s was a c c o m p l i s h e d by v a r y i n g the c a p s u l e t e s t p a r a m e t e r s . They 

w e r e v a r i e d by chang ing the i m p a c t v e l o c i t y and the i m p a c t a n g l e . The c a p s u l e 

d e s i g n w a s v a r i e d by chang ing the c a p s u l e wal l t h i c k n e s s and by e i t h e r u s i n g o r 

o m i t t i n g the i m p a c t a b s o r b e r and p l a t i n u m oxida t ion b a r r i e r . One of the c a p ­

s u l e s was t e s t e d wi thout an i n n e r l i n e r bu t wi th so l id fuel r e t a i n e r r i n g s , i . e . , 

it w a s fully packed wi th fuel s i m u l a n t . 

The r e f e r e n c e 2 0 0 - w a t t LRHS c a p s u l e d e s i g n . F i g u r e 4 , was u t i l i z e d in 

f a b r i c a t i n g e l e v e n ( A - 1 t h r o u g h A - 1 1 ) i m p a c t c a p s u l e s . C a p s u l e A - 2 4 u t i l i z e d 

the l i n e r a s s e m b l y shown in F i g u r e 5. Th i s d e s i g n e l i m i n a t e d the i n n e r l i n e r 

and u s e d fuel r e t a i n e r d i s c s , t h e r e b y i n c r e a s i n g the p o w e r r a t i n g of the c a p s u l e 

to 400 w a t t s . 

F o r a l l the i m p a c t c a p s u l e s a m i x t u r e of t u n g s t e n and m o l y b d e n u m powder 

was u s e d to s i m u l a t e the p r o p e r m a s s of a m i c r o s p h e r e fuel l oad ing . 

The t e s t cond i t i ons for each of the c a p s u l e s in the LRHSC i m p a c t t e s t p r o ­

g r a m a r e shown in T a b l e 1. The twe lve i m p a c t c a p s u l e s v a r i e d in wal l t h i c k n e s s 

f r o m 0.060 to 0,125 in, and in i m p a c t v e l o c i t y f r o m 230 to 450 f t / s e c . The i m p a c t 

t e m p e r a t u r e was h e l d c o n s t a n t ( 1 2 0 0 ° F ) for th i s s e r i e s of t e s t s . The i m p a c t 

ang le was g e n e r a l l y end on but due to the d i f f e rence b e t w e e n the c a p s u l e d i a m ­

e t e r s and the i m p a c t t e s t b a r r e l b o r e , which v a r i e d f r o m 0.032 to 0.132 in . , t h e 

i m p a c t a n g l e s did v a r y a s i n d i c a t e d in the t a b l e . As ind ica ted , c a p s u l e s A - l a , 

A - 4 a , and A - 5 a i nc luded the i m p a c t a b s o r b e r , the r e s t did not , P t - l O R h was 

i nc luded on s o m e c a p s u l e s a s i n d i c a t e d . 

The s k e t c h in F i g u r e 6 i l l u s t r a t e s the m e t h o d u s e d for d e t e r m i n i n g the a x i a l 

and d i a m e t r a l s t r a i n . M e a s u r e m e n t of the c a p s u l e , p r i o r to and p o s t - t e s t , w e r e 

d e t e r m i n e d with v e r n i e r c a l i p e r s and s t a n d a r d m i c r o m e t e r s . 

2 
The i m p a c t e n e r g y i s d e r i v e d f r o m E = 1/2 MV ; w h e r e 

,. ^ C a p s u l e Weight M = S— 

32.2 f t / s e c 

V = C a p s u l e V e l o c i t y , f t / s e c 

A I - A E C - 1 2 9 2 2 
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TABLE 1 

IMPACT TEST SERIES SUMMARY 

> 
l-H 
I 

S / N 

A- la 

A-2a 

A-3a 

A-4a 

A-5a 

A-6a 

A-7a 

A-8a 

A - 9 

A-10 

A-11 

A-24 

Impact 
Velocity 
(f t /sec) 

250 

250 

260 

230 

240 

260 

346 

355 

357 

4 5 0 

400 

353 

Angle 

30° 

10° 

End 
On 

10° 

End 
On 

4 3 ° 

End 
On 

20° 

4 3 ° 

End 
On 

End 
On 

24° 

Impact 
T e m p e r ­

a tu re 
(°F) 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

Initial 
Length 

(in. ) 

7,375 

7.376 

7.372 

7.348 

7.325 

7.323 

7.419 

6.900 

7.049 

7.348 

7.342 

7.060 

Initial 
Diameter 

( in . ) 

1.676 

1 677 

1.676 

1.676 

1.624 

1.625 

1.718 

1.600 

1.540 

1.582 

1.582 

1.584 

Wall 
( in . ) 

0.127 

0.127 

0.127 

0.127 

0.100 

0.100 

0.127 

0.090 

0.060 

0.082 

0.082 

0.082 

Final 
Length 

(in. ) 

6.836 

6.750 

6.610 

6.616 

6.624 

6.525 

6.100 

5.750 

6.000 

6.500 

6.750 

6.000 

Final 
Diameter 

(in. ) 

1.926 

1.928 

1.972 

2.030 

1.919 

1.932 

2.115 

2.000 

2.052 

2.1305 

2.075 

1,986 

Diameter 
Strain 

(%) 

14.8 

15.0 

17.4 

21.5 

18.2 

18.9 

26.5 

25.0 

24.9 

25.75 

23.76 

20.3 

Axial 
Stra in 

(%) 

21.2 

28.7 

26.4 

26.8 

29.0 

33.8 

42.2 

40.0 

53.2 

22.78 

19.59 

60.3 

Mass 
(lb) 

4 . 8 

4 . 7 

4 . 7 

4 . 8 

4 . 0 

4 .0 

5.2 

3.6 

3.23 

3.50 

3.51 

4.44 

Impact 
Energy 
(ft/lb) 

4,680 

4,720 

4,940 

3,950 

3,600 

4,200 

9,700 

7,000 

7,650 

11,000 

8,700 

8,600 

With 
Pt - lORh 

Yes 
(Cap) 

Yes 
(Cap) 

Yes 
(Cap) 

Yes 
(Cap) 

No 

No 

Yes 
(Comp) 

No 

No 

No 

No 

No 

Summary 

T-111 and P t -Rh 
Leak Tight 
(included impact absorbe r ) 

T - I U 
Leak Tight 

Leak Tight 

Leak Tight 
(included impact abso rbe r ) 

Leak Tight 
(included impact absorbe r ) 

Leak Tight 

Leak Tight 

Leak Tight 

Leak Tight 

Ci rcumferen t ia l Crack 
on Impact End 

Ci rcumferen t ia l Crack 
on Impact End 

Fully Packed with Fuel 
Leak Tight 



DEFORMED AREA 

DIAMETRAL STRAIN 

AXIAL STRAIN 

02 " l 

• -1-^2 

WHERE: D^ = ORIGINAL DIAMETER OF STRUCTURE 

D2 = DIAMETER OF DEFORMED AREA 

L, = ORIGINAL LENGTH OF AREA THAT WAS DEFORMED 

L2 = LENGTH OF THE DEFORMED AREA 

Figure 6. Model for Determining Axial and Diametra l Strain 



IV. POST-TEST EXAMINATION 

A. VISUAL EXAMINATION AND HELIUM LEAK TEST 

Each impact capsule was visually examined immediately following the im­

pact t es t and again after the capsule was cool enough for close examination. In 

the f i rs t ten tes t s the visual exannination indicated the capsule ' s s t ruc tura l shell 

to be unbreeched. A-10 and A - 1 1 , the final two high velocity capsules were 

breeched , apparent ly by a shear failure mode . 

Following the visual examination, each impact capsule was helium leak 

tes ted . The leak tes t consisted of external ly pressur iz ing the capsules to 

100 psig helium and maintaining the p r e s s u r e for 30 minutes . This was fol­

lowed by submerging the capsules in alcohol to remove res idual helium. The 

capsules were helium leak tes ted in a vacuum chamber connected to a leak de­

t ec to r . All the capsules except A-10 and A-11 were leak tight. 

B. DISASSEMBLY AND INTERNAL EXAMINATION 

The f i rs t six capsules were impacted at relat ively low velocities (230 to 

260 f t / sec) . A typical p r e - t e s t configuration for these "A" capsules (ALO,, 

coated but no Pt- lORh clad) is shown in F igure 7. The impacted capsules a re 

shown in F igures 8 through 13. Four of these were 0.127 and two were 0.100-in, 

wall capsu les . Two of the 0,127 capsules (A- la and A-4a) and one of the 0.100 

capsules (A-5a) contained foamed Ta-lOW impact abso rbe r s at the impact end. 

The capsules were sectioned after test ing to determine the effect of the impact 

absorbe r on the amount of deformation incur red and also to determine the integ­

ri ty of the inner and outer l iner a s sembly . The amount of deformation incurred 

by the T-111 s t ruc tu res appeared unaffected by the presence of the impact ab­

so rbe r . It appea r s , however, that the l ine r s incur more deformation when the 

absorber is used. The impact absorbe r was omitted on all of the other impact 

capsu les . 

In fabricating the f i rs t six capsu les , with the exception of A-3a, the fuel 

r e ta ine r ring to the outer l iner and was not welded with sufficient penetration 

to withstand impact . However, all of the cap to l iner welds and the re ta iner 

ring to inner l iner welds were intact after impact . The pa r ame te r s for the 
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outer l iner to fuel r e ta ine r weld were adjusted to provide deeper penetrat ion on 

the remaining impact capsu les . 

Of the Plat inum-10% Rhodium oxidation b a r r i e r caps instal led on the f irs t 

four capsules , only A - l a survived impact in a leak tight condition. However, 

A - l a was the only b a r r i e r cap which was fully annealed, the o thers being im­

pacted as drawn. 

The second six capsules were impact at velocit ies ranging from 350 to 

450 f t / s ec . Impact capsule A-7a, F igure 14, was the first of the higher velocity 

impact capsu les . The velocity was 345 f t / sec and the angle was end on. This 

was also the only capsule to include a complete Pt - lORh oxidation b a r r i e r . The 

Pt- lORh clad failed in tension at the end opposite impact (Figures 15 and 16) 

due to inadequate tensi le s t rength. The higher tensi le s t rength of Pt-20Rh may 

avoid this type of fa i lure . The T-111 s t ruc tu ra l shell on A-7a was leak tight. 

The sectioned shell is shown in F igure 17. 

Impact capsule A-8a, F igure 18, was the f i rs t 0.090-in. wall capsule and 

was impacted at 355 f t / sec at an angle of 20°. The capsule was leak tested 

following impact and was leak tight. 

Impact capsule A-9 was a 0,060-in. wall capsule . It was impacted at 357 

f t /sec and at an angle of 43° . F igures 19 and 20 show this capsule after impact . 

It is evident from the photos that the capsule incur red a severe secondary impact 

The leak tes t , however, showed that the capsule was leak tight. Half-sections of 

this capsule a r e shown in Figure 21 . 

Impact capsule A-24, F igure 22, was fully packed with fuel simulant when 

impacted. The fuel r e ta ine r r ings were converted to discs and the inner l iner 

was omitted. The capsule was impacted at 353 f t / sec and at an angle of 24°. 

The leak tes t of the capsule showed it to be leak tight after the impact tes t . Half-

sections of the capsule a r e shown in F igure 23. 

The impact veloci t ies for capsules A-10 and A-11 were increased to de ter ­

mine a failure velocity and mode for the LRHSC design capsule . The impact 

velocity of A-10 was 450 f t / sec and the angle was end on. The failure took place 

in the dome of the impact end. F igure 24, and encompasses approximately 280° 

of the impact sur face . The b r e e c h is due to a shear of one of the convolutions 
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f o r m e d a t the i m p a c t end. C a p s u l e A - 1 1 , F i g u r e 25, was i m p a c t e d at 400 f t / s e c 

and w a s a l s o end on. The b r e e c h w a s s m a l l e r but s i m i l a r to that in A- 10; i. e. , 

the s h e a r f a i l u r e e n c o m p a s s e s a p p r o x i m a t e l y 110° of the i m p a c t end. On both 

t h e s e c a p s u l e s the t u n g s t e n - m o l y fuel s i m u l a n t was c o m p l e t e l y con ta ined . 

C. M E T A L L O G R A P H I C EXAMINATION 

The f i r s t i m p a c t c a p s u l e to be e x a m i n e d m e t a l l o g r a p h i c a l l y was A - 3 a . The 

in ten t of t h i s f i r s t e x a m i n a t i o n w a s to d e t e r m i n e the condi t ion of the T -111 m i c r o -

s t r u c t u r e in the i m p a c t end. F i g u r e 26 shows a full c r o s s - s e c t i o n a l view of the 

i m p a c t end. The dup lex s t r u c t u r e s e e n h e r e is not a r e s u l t of the i m p a c t t e s t 

but of the f a b r i c a t i o n p r o c e s s . A dup lex s t r u c t u r e is t yp i ca l l y found in the 
(2) c l o s e d ends of d e e p d r a w n T - 1 1 1 s t r u c t u r a l s h e l l s . T h e r e was no ev idence 

of c r a c k s o r m i c r o c r a c k s in the T - 1 1 1 s t r u c t u r e , no r was t h e r e ev idence of 

r e d u c t i o n in wa l l t h i c k n e s s at the new t r a n s i t i o n point of the i m p a c t s u r f a c e and 

the s ide wa l l . The t h i c k n e s s of the wal l of the T - 1 1 1 s t r u c t u r a l she l l be low th i s 

point had a m a x i m u m i n c r e a s e of a p p r o x i i n a t e l y 26%. The l i n e r welds in A - 3 a 

a l l s u r v i v e d i n t a c t . T y p i c a l w e l d s a r e shown in F i g u r e 27. Some c r a c k in i t i a t ion 

in the l i n e r p a r e n t m a t e r i a l can b e s e e n in F i g u r e 27. Th i s a l s o was t y p i c a l . 

A - 7 a w a s e x a m i n e d m e t a l l o g r a p h i c a l l y to d e t e r m i n e the amoun t of r educ t ion 

in wa l l t h i c k n e s s a t the t r a n s i t i o n of the i m p a c t end and the c a p s u l e s ide wal l . 

F i g u r e 28 shows the c r o s s s e c t i o n e d c a p s u l e . F i g u r e 29 is a p h o t o m i c r o g r a p h 

of the o t h e r half of the u p p e r r i gh t hand c o r n e r showing the r e d u c t i o n in wall 

t h i c k n e s s in the c o r n e r . The a m o u n t of r e d u c t i o n is a p p r o x i m a t e l y 40%. Th i s 

i s the type and loca t ion of wa l l th inn ing which led to the s h e a r f a i l u r e s in the 

h i g h e r ve loc i ty A - 10 and A - 11 c a p s u l e s . 

It can r e a d i l y be s e e n in F i g u r e 28 tha t the T a - l O W l i n e r was d e f o r m e d con ­

s i d e r a b l y wi thout the we lds fa i l ing . The o u t e r l i n e r , h o w e v e r , is v e r y c lo se to 

be ing s h e a r e d in one p l a c e . T h e r e w a s one s h e a r f a i lu re in e i t h e r the i n n e r o r 

the o u t e r l i n e r of e a c h c a p s u l e i m p a c t e d in the 350 f t / s e c r a n g e . 

F i g u r e 30 shows the i m p a c t end of A - 8 a and the s h e a r of the i n n e r l i n e r . 

F i g u r e 31 i s a p h o t o m o n t a g e of m i c r o g r a p h s for the o t h e r half of the u p p e r r igh t 

hand c o r n e r of F i g u r e 28 . The T - 1 1 1 m a t e r i a l h a s exh ib i t ed a high d e g r e e of 

bo th duc t i l i t y and s t r e n g t h to h a v e p e r m i t t e d the amoun t of d e f o r m a t i o n exhib i ted 

A I - A E C - 1 2 9 2 2 
19 



in F igure 31 without failure or even c rack propagation. The inner l iner fai lure 

shown in this figure can also be seen in the photomacrograph of the previous 

figure and is a t r an sg ranu l a r tensi le fa i lure . 

Capsule A-9 , the 0.060-in, wall capsule was shown in Figure 21, A magni­

fication of the upper corner of the impact end is shown in F igure 32, 

This capsule was the f irs t to be impacted on an angle near 45°, The T-111 

thinned approximately 35% at the sharpes t bend. The Ta-lOW l iner welds and 

ma te r i a l were very ductile even though the inner l iner to fuel re ta iner ring weld 

is near fa i lure . This capsule again is a demonstra t ion of the very large amounts 

of deformation the T-111 will sustain without fa i lure . 

The impact capsule with the fully packed cyl indrical section, A-24, is shown 

meta l lographical ly in F igure 33, Note the multiple bellows foundation at the im­

pact end. The amount of reduction in wall th ickness at the edge of the impact 

surface is approximately 40%, Removal of the inner l iner was not de t r imenta l 

to the capsu le ' s survivabil i ty with the tungsten-moly fuel simulant. 

The Ta-lOW l iner welds a r e shown typically pr ior to impact in F igure 34 

and pos t - impact in F igure 35, All of the welds were formed by an e lect ron 

beam p r o c e s s and have exhibited a high r e s i s t ance to failure when impacted. 
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Figure 7, Impact Capsule with ALO_ 
Coating Applied 
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Figure 8. Impact Capsule A- la 

tsj O 
tV I 

Figure 9. Impact Capsule A-2a 
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Figure 10. Impact Capsule A-3a 

Sn 

Figure 11. Impact Capsule A-4a 



Figure 12. Impact Capsule A-5a 

^ 

Figure 13. Impact Capsule A-6a 



Figure 14. Impact Capsule A-7a Inser ted in the Pt-Rh 
B a r r i e r Shell and Cap 

Figure 15, Impact Capsule A-7a After Impact 
Testing at IZOO^F at 346 f t / sec 
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Figure 16. Impact Capsule A-7a with 
the P t -Rh Removed 

LRHSC 
IMPACT CAPSULE A-7a 

TEMPERATURE 1200 °F 
VELOCITY: 346 ft/sec 

4-9-69 7734-4059 

Figure 17. Impact Capsule A-7a 
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Figure 18, Impact Capsule A-8a 
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Figure 19. Impact Capsule A-9 After Test 
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Figure 2 0, Impact Capsule A-9 After Test 



Figure 2 1. Half Section of Impact Capsule A-9 

IMPACT CAPSULE 
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Figure 22. Impact Capsule A-24 After Test 
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Figure 2 3, Half Section of Impact Capsule A-24 

Figure 24, Impact Capsule A-10 
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Figure 25, Impact Capsule A-11 
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Figure 26, Micro s t ruc ture of Impact End at A-3a 
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INNER LINER 

OUTER LINER 

OUTER 
LINER 
CAP 

MNNER LINER ^FUEL RETAINER FUEL RETAINER OUTER LINER 

Figure 27. Ta-lOW Inner and Outer 
Liner Welds of Impact 

Capsule A-3a 
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Figure 28, Impact End of A-7a 
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IMPACT END MAG. 16X 

SIDE WALL 
STRUCTURE 

INNER LINER 

Figure 29. Photomacrograph of A-7a 
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Figure 30. Photomacrograph of A-8a 
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MAG. 16X 

Figure 31. Photomontage of Impact 
End of A-8a 
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MAG 25X 

Figure 32. Photomontage of Impact 
End of A-9 
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Figure 3 3, Photomontage of Impact 
End of A-24 
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a. Inner Liner to End Cap Weld and 
Inner Liner to Fuel Retainer Ring Weld 

b. Outer Liner to End Cap Weld 

F igure 34. Ta-lOW Liner -End 
Cap-Reta iner Ring Welds 
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Figure 35, Typical Post-Impact 
Liner Welds 
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V. IMPACT ENERGY DISTRIBUTION 

Compar ison of the maximum energy absorbing capability of the s t ruc tura l 

ma te r i a l in a fuel capsule with the total kinetic energy to be dissipated at impact 

could provide the means for defining the maximum impact velocity a capsule 

design can withstand. The requ i rements for this type of analysis a r e the ability 

to predict what portion of the total kinetic energy must be absorbed by capsule 

ma te r i a l deformation (as opposed to ta rget deformation, rebound, etc . ), the 

amount of capsule ma te r i a l which can be involved in deformation without a 

fai lure, and the high s t ra in ra te energy absorbing capability of the ma te r i a l . 

An analysis of the dis tr ibut ion of impact energy and an evaluation, based on 

the performance of impact capsules A-3a, A-5a, and A-7a, of the high s t ra in 

rate energy absorbing capabili ty of the T-111 ma te r i a l has been made. These 

data could be used, in conjunction with total capsule weight, to predict theore t i ­

cal max imum impact velocit ies for capsule survival . A more real is t ic maximum 

velocity for survival r equ i res the cor re la t ion of the amount of capsule ma te r i a l 

involved in deformation pr ior to fa i lure . This cor re la t ion would be dependent 

not only on capsule geomet ry but on impact velocity, angle, and deformation 

made . This cor re la t ion has not been attempted under the cur ren t p rogram. 

The energy absorbed by deformation of a pound of ma te r i a l is strongly de­

pendent on the impact velocity. A factor, K, has been defined which is the rat io 

of this energy absorbed per pound dynamically to the energy under the normal 

s t r e s s - s t r a i n curve . Therefore , 

^ _ Dynamic 
E 

Static 

If K can be defined as a unique function of velocity for a given ma te r i a l and 

configuration, then predict ion of the dynamic energy absorbing capability will 

be poss ible . The following paragraphs present the method for calculating the 

K factor, including the dis tr ibut ion of impact energ ies , and present the K factor 

for the th ree example impac t s . 
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The procedure for evaluation of the K factor is as follows, 

1) Energy-Absorpt ion Capacity of Mater ia l 

A m e a s u r e of the energy absorpt ion capaci ty of a ma te r i a l is afforded 

by its s t r e s s - s t r a i n curve . The stat ic s t ra in energy to f racture may 

be approximated as follows 

where 

a = the yield s t rength 
y 

a = the ul t imate s t rength u " 

€ - elongation in percentage 
3 

p = density ( lb/ in. ) 

2) Velocity of compress ive wave or velocity of sound 

C^ = V E / p (f t /sec) . . . ( 2 ) 

where E is the modulus of e las t ic i ty . 

3) Time Duration of Impact 

2L T = -̂ r— (sec) . . . (3) 
c 

where L is the length of capsule . 

4) Acoustic Impedance of Mater ia l 

^ p x 1 4 4 x 1 2 ^ pl2 ^ , . , , ^ 
P^ ~- 32.2 X 1 4 4 ^ = 3 2 7 2 ^ (psi /fps) 

5) Interface P r e s s u r e 

For impact of a capsule with impedance p C on the t a rge t media 

with impedance p ,C.~, the interface p r e s s u r e expressed is 
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P t ^ t ^ 
P = 7rr~ (P^^) - . . ( 5 ) 

^t t 1 + p c '^c c 

6) Energy Dissipated in the Compress ive Wave in the Target 

7 2 
E^ ^ = -^A^TC^ . . .(6) 

target 3 E t 

where factor 2 /3 is for the compress ive s t r e s s distr ibution in the 

ta rge t , A is the contact a rea during impact , <y is the compress ive 

s t r e s s in the target which can be equal to the interface p r e s s u r e , and 

E is modulus of elast ici ty of the ta rget media . 

7) Energy dissipated in the compress ive wave in the cylindrical capsule 

? 2 
E , - ^A^TC . . .(7) capsule 3 E c ^ c 

F o r a hemispher ica l shell E , is reduced to 
^ capsule PJ 

2 
E - = - | x 4 A | r - T C . . . ( 7 ) ' capsule 3 3 E c c 

8) Total Kinetic Energy 

W 
K . E . = | - ^ ( V ^ - V^) • • • (8 ) 

where 

V = the impact velocity 

VI = the reboiind velocity 
is. 

For a cyl indrical filled with powder ma te r i a l , the rebound velocity 

is very smal l . 
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9) E n e r g y D i s s i p a t e d in the C r a t e r Vo lume 

Q = a 
Vol X E^ 

1000 X 12 
a 540 Vol ( f t - lb) (9) 

. 3 
w h e r e 

Vol = the vo lume of the c r a t e r in in . 

E = the m o d u l u s of e l a s t i c i t y of the t a r g e t 

a. = r e d u c t i o n for low i m p a c t v e l o c i t y 

10) The e n e r g y a b s o r b e d by the d e f o r m e d p o r t i o n of the c a p s u l e 

E , . •, = ( 8 ) ' - (6) - ( 7 ) ' - (9) 
d e f o r m e d ^ ' ^ ^ ' ^ ' 

(10) 

11) K F a c t o r 

K = 
• 'deformed 

W t j . J X E 
d e f o r m e d s 

. . ( 1 1 ) 

w h e r e W t , . , i s the weight of d e f o r m e d p o r t i o n of the c a p s u l e , 
d e f o r m e d o r r 

When the c a p s u l e i m p a c t s onto the t a r g e t in an obl ique pos i t i on , t he t o t a l 
1 2 

k i n e t i c e n e r g y , y M V i s t r a n s f o r m e d into t r a n s l a t i o n a l k ine t i c e n e r g y and ro t a ­
t i o n a l k i n e t i c e n e r g y . The t r a n s i t i o n a l k i n e t i c e n e r g y a t t he i m p a c t end i s 

r e d u c e d to 

1 -

1 2 

s m <p 

—— + Y3 sm <p 
_V3 

^ M V ^ . (12) 

w h e r e (p is obl ique ang le with the a x i s p e r p e n d i c u l a r to the i m p a c t s u r f a c e . 

Us ing the p r o p e r t i e s for T - 1 1 1 in F i g u r e 36 and T a b l e 2, the d i s t r i b u t i o n 

of i m p a c t e n e r g i e s and K f a c t o r s for c a p s u l e s A - 3 a , A - 5 a , and A - 7 a w e r e 

c a l c u l a t e d . T h e s e da t a a r e shown in T a b l e 3. 
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T A B L E 2 

P R O P E R T I E S OF M A T E R I A L S 
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T a r g e t 

T e m p e r ­
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( ° F ) 
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R o o m 

( K / i n . ^ ) 
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36 

^u 

( K / i n . ^ ) 

54 
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40 

^u 
(%) 
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0.6 

E 

( 1 0 ^ / p s i ) 

24 

22 
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P 
( I b / i n . ^ ) 

0.604 

0.604 

0.102 

E s 
( f t - l b / l b ) 

750 

1170 
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Ve loc i t y 
of Sound 

C 
(fps) 

10,000 

9,600 

13,000 

I m p e d a n c e 
p C 

( p s i / f p s ) 

2 ,260 

2 ,160 
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I n t e r f a c e 
P r e s s u r e 

(ps i ) 

4 1 0 V 

405 V 

c 



TABLE 3 

IMPACT ENERGY DISTRIBUTION 

C a p s u l e 
S/N 

A - 3 a 

A - 5 a 

A - 7 a 

I m p a c t 
Veloc i ty 

(fps) 

2 6 0 

2 4 0 

346 

Angle 

0 

0 

0 

T e m p e r ­
a t u r e 
( °F ) 

1200 

1200 

1200 

D i a m e t e r 
( i n . ) 

1.676 

1.624 

1.728 

T h i c k ­
n e s s , 

t 
( i n . ) 

0.127 

0.100 

0.127 

R / t 
Rat io 

6 .5 

7 .6 

6 .6 

Weight 
(lb) 

4 . 7 

4 . 0 

5.2 

A r e a , 
TTR^ 

(in.2) 

2 .2 

2.06 

2.32 

Weight 
P e r 

Impac t 
A r e a 
(psi) 

2.13 

1.93 

2.15 

C r o s s-
Sect ion 
A r e a , 
TTDt 

(in.2) 

0.60 

0.55 

0.63 

2 ^ R ^ t 

(lb) 

0.288 

0.221 

0.291 

Deformed 
Cyl in ­
d r i c a l 
Shell 

0.5 

0 .7 

1.00 

Tota l 
Defo rmed 

Weight 
(lb) 

0.474 

0.493 

0.691 

Capsu le 
S/N 

A - 3 a 

A - 5 a 

A - 7 a 

To ta l 
K . E . 
(f t- lb) 

4940 

3600 

9700 

Sta t ic 
E n e r g y 

E s 
( f t - l b / l b ) 

7 5 0 

7 5 0 

7 5 0 

Impac t 
Dura t ion , 

T 
( sec ) 

1.26 X 10"'^ 

1.26 X 1 0 ' * 

1.26 X lO""* 

E n e r g y 
D i s s i p a t e d 

in 
T a r g e t , 

Et 
(ft- lb) 

5 5 4 

4 4 2 

1055 

E n e r g y 
D i s s i p a t e d 

in 
C a p s u l e , 

Ec 
(f t- lb) 

150 

118 

2 8 5 

Rebound 
E n e r g y 

0 

0 

0 

E n e r g y 
D i s s i p a t e d 

in 
T a r g e t 

and 
Capsu l e 

(f t- lb) 

7 0 8 

5 6 0 

1340 

Net 
K. E . 
(f t- lb) 

4132 

3040 

8360 

E x W t , ^ 
s def. 

356 

370 

520 

K 

11.6 

8.2 

16 
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VI. CONCLUSIONS 

The LRHSC impact test p rogram has demonst ra ted that the reference naate-

r i a l s , T-111 and Ta-lOW, have sufficient ductility to survive te rmina l velocity 

impact and that the re ference design capsule , with m i c r o s p h e r e s , will survive 

impacts of from 350 to 400 f t / s ec . 

Capsules which were impacted at angles between 45° and 20° from end on 

appeared to have incur red less severe deformation than capsules impacted at 

angles of l e ss than 20°. This is a result of some energy being t r ans fe r r ed to 

rotat ional motion and secondary impact . It is concluded that an end on impact 

is the mos t severe of those angles tested for this design, with the powder or 

m i c r o s p h e r e fuel form. 

The re ference capsule ' s mode of fa i lure , when impacted end on, is due to 

the formation of convolutions limiting the distr ibution of deformation to the 

cyl indr ical section, thus inhibiting the capsu le ' s abil i ty to diss ipate absorbed 

energy. The resu l t is a shear failure in the a r ea between the impact surface 

and the f i rs t convolution. It is felt that this will indeed be the p r i m a r y impact 

failure mode for capsules using a powder or m i c r o s p h e r e fuel form. 
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