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ABSTRACT

The Large Radioisotope Heat Source Capsule (LRHSC) Pro-
gram is developing the technology for a high temperature (22000°F),
long life (25 years) radioisotope heat source which can be used in
the space environment. The program is specifically concerned
with the development of a tantalum alloy fuel capsule. Materials
compatibility, fabrication processes and assembly procedures are
being defined, and the response of the capsule is being determined
for conditions of biaxial creep, terminal velocity impact and launch

pad abort testing.

This report contains the results of the LRHSC Impact Test
Program, This test program was performed to establish the be-
havior of the refractory metal capsule upon reentry impact. Twelve
LRHS capsules were impact tested at various angles at the Atomics
International Impact Test Facility. Upon completion of testing a

complete post-test analysis was performed on each capsule.
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I. INTRODUCTION

Atomics International, a Division of North American Rockwell Corporation,
under contract with the Atomic Energy Commission,* has developed the fabrica-
tion and assembly techniques required to produce a high temperature, tantalum
alloy fuel capsule. As part of this program a series of capsules have been im-
pact tested to determine the behavior of the materials and components during

reentry impact.

The Large Radioisotope Heat Source Capsule (LRHSC), depicted in Figure 1,
uses tantalum base alloy members for the basic radioisotope fuel containment
vessel, Ta-10W liner components position the fuel in a cylindrical annulus with
an excluded volume available as a plenum for the helium which is generated by
alpha decay of the fuel, The T-111 (Ta-8W-2Hf) structural shell provides the
primary containment. The Pt-10Rh clad provides oxidation protection for the
tantalum alloys during air exposure. The alumina diffusion barrier between the
structural shell and clad prevents interdiffusion of the dissimilar noble and re-
fractory metals. The Pt-10Rh shell is arc plasma sprayed with a high emis-

sivity coating of iron titanate.

The terminal velocity impact tests reported herein were designed to deter-
mine the capability of the reference capsule materials to survive reentry impact,
to determine the failure modes of the reference capsule design and to ascertain
the relative influence of various capsule design parameters on capsule survival,
Twelve capsules were impacted at the NR impact test facility described in Sec-
tion II. The test conditions for each capsule and a summary of the test results
are presented in Section III, The details on the post-test analysis of each cap-
sule appear in Section IV. Section V contains an evaluation of the test results
in terms of an analytic distribution of impact energies. Section VI presents the

conclusions from this test series.

**Atomics International Contract Number AT(29-2)-2338
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Figure 1. Large Radioisotope Heat Source Capsule (LRHSC)




Il. TEST FACILITY AND TESTING PROCEDURES

The NR owned impact facility,(l) Figure 2, was modified to accommodate
the LRHSC Impact Program. The modifications included fabricating two impact
barrels having the capability of hot breech loading and installing a furnace cap-

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

The gas gun shown in Figure 3 is capable of launching various diameter test
specimens weighing up to 20 1b at velocities to 1200 fps. A highpressure chamber
can be filled with up to 4000 psi N, gas. When the gas is exhausted through a
2-in, diameter orifice, by actuating a fast-acting valve, the expanding gas pro-
pels the test specimen. Any diameter specimen can be launched with this gun
by providing the proper diameter and length barrel. The velocity attained is a
function of the specimen weight and diameter, chamber pressure, barrel length,
fast-acting valve opening time, and gas used, within the constraints of the gas
flow through the 2-in. diameter orifice. The specimen velocity is measured by
a set of photocells which activate a microsecond counter to obtain the time of
flight between the photocells. The impact target is a 1500-1b block of black

granite.

The test procedure for each capsule was as follows. A dummy with a mass
and a diameter equal to those of the test capsule was used to calibrate for each
test. Using the dummy the air gun chamber pressure for the desired impact
velocity was determined. The test capsule was then placed in an argon atmos-
phere furnace located next to the air gun and brought up to a temperature of
1400°F. The capsule was removed from the furnace with a pair of tongs and
dropped into the air gun breech. The breech cover was closed, the immediate
area evacuated, and the air gun pressurized and fired. The time from removal
of the capsule from the furnace to firing of the gun was 50 to 60 sec. Heat
transfer calculations indicate that under these conditions the capsule impact
temperature was 1200 £ 25°F, As indicated previously, the actual test velocity
was obtained from the microsecond timing device. The air gun firing sequence
also activated the high speed cameras for movie coverage of the impact. Analysis

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

AI-AEC-12922
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Ill. TEST SERIES SUMMARY

The objective of the LRHSC Impact Test Program was to investigate the
capability of the capsule materials and capsule design for surviving terminal
velocity impact and to identify the most probable failure mode for the reference
capsule. This was accomplished by varying the capsule test parameters. They
were varied by changing the impact velocity and the impact angle. The capsule
design was varied by changing the capsule wall thickness and by either using or
omitting the impact absorber and platinum oxidation barrier. One of the cap-
sules was tested without an inner liner but with solid fuel retainer rings, i.e.,

it was fully packed with fuel simulant.

The reference 200-watt LRHS capsule design, Figure 4, was utilized in
fabricating eleven (A-1 through A-11) impact capsules. Capsule A-24 utilized
the liner assembly shown in Figure 5, This design eliminated the inner liner
and used fuel retainer discs, thereby increasing the power rating of the capsule

to 400 watts.

For all the impact capsules a mixture of tungsten and molybdenum powder

was used to simulate the proper mass of a microsphere fuel loading.

The test conditions for each of the capsules in the LRHSC impact test pro-
gram are shown in Table 1. The twelve impact capsules varied in wall thickness
from 0.060 to 0.125 in., and in impact velocity from 230 to 450 ft/sec. The impact
temperature was held constant (1200°F) for this series of tests. The impact
angle was generally end on but due to the difference between the capsule diam-
eters and the impact test barrel bore, which varied from 0.032 to 0.132 in., the
impact angles did vary as indicated in the table. As indicated, capsules A-1la,
A-4a, and A-5a included the impact absorber, the rest did not. Pt-10Rh was

included on some capsules as indicated.

The sketch in Figure 6 illustrates the method used for determining the axial
and diametral strain. Measurement of the capsule, prior to and post-test, were

determined with vernier calipers and standard micrometers,

The impact energy is derived from E = 1/2 MVZ; where
Capsule Weight

32,2 ft/sec2
Capsule Velocity, ft/sec

M =

A%

AI-AEC-12922
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TABLE

1

IMPACT TEST SERIES SUMMARY

Impact s v s 3 . . .
Impact Initial Initial Final Final Diameter | Axial Impact .
S/N | Velocity | Angle TZI;F:?_ Length [ Diameter ?2]1’?1; Length | Diameter| Strain |Strain I\(/[la;s Energy Ptv-vllf)};(h Summary
(ft/sec) (°F) (in.) (in. ) : (in. ) (in.) (%) (%) (ft/1b)
A-la 250 30° 1200 1375 1.676 0.127| 6.836 1.926 14.8 21.2 4.8 4,680 | Yes T-111 and Pt-Rh
(Cap) Leak Tight
(included impact absorber)
A-2a 250 10° 1200 7.376 1.677 0.127] 6.750 1.928 15.0 28.7 4.7 4,720 | Yes T-111
(Cap) Leak Tight
A-3a 260 End 1200 7.372 1.676 0.127( 6.610 1.972 17.4 26.4 4.7 4,940 | Yes Leak Tight
On (Cap)
A-4a 230 0o 1200 7.348 1.676 0.127| 6.616 2.030 2.5 26.8 4.8 3,950 | Yes Leak Tight
(Cap) (included impact absorber)
A-5a 240 End 1200 7..325 1.624 0.100( 6.624 1.919 18.2 29.0 4.0 3,600 | No Leak Tight
On (included impact absorber)
A-ba 260 43° 1200 7323 1,625 0.100| 6.525 1.932 18.9 33.8 4.0 4,200 No Leak Tight
A-Ta 346 End 1200 7.419 1.718 0.127] 6.100 2.115 26.5 42.2 5.2 9,700 | Yes Leak Tight
On (Comp)
A-8a 355 20° 1200 6.900 1.600 0.090| 5.750 2.000 25.0 40.0 3.6 7,000 | No Leak Tight
A-9 357 43° 1200 7.049 1.540 0.060| 6.000 2.052 24.9 53.2 3.23 7,650 | No Leak Tight
A-10 450 End 1200 7.348 1.582 0.082| 6.500 2.1308 25,78 22,78 | 3.50 | 11,000| No Circumferential Crack
On on Impact End
A-11 400 End 1200 7.342 1.582 0.082] 6.750 2,075 23.76 19.59 | 3.51 8,700 | No Circumferential Crack
On on Impact End
A-24 353 24-° 1200 7.060 1.584 0.082] 6.000 1.986 20.3 60.3 4.44 8,600 | No Fully Packed with Fuel
Leak Tight
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1V. POST-TEST EXAMINATION

A. VISUAL EXAMINATION AND HELIUM LEAK TEST

Each impact capsule was visually examined immediately following the im-
pact test and again after the capsule was cool enough for close examination., In
the first ten tests the visual examination indicated the capsule's structural shell
to be unbreeched. A-10 and A-11, the final two high velocity capsules were

breeched, apparently by a shear failure mode.

Following the visual examination, each impact capsule was helium leak
tested. The leak test consisted of externally pressurizing the capsules to
100 psig helium and maintaining the pressure for 30 minutes. This was fol-
lowed by submerging the capsules in alcohol to remove residual helium. The
capsules were helium leak tested in a vacuum chamber connected to a leak de-

tector., All the capsules except A-10 and A-11 were leak tight,

B. DISASSEMBLY AND INTERNAL EXAMINATION

The first six capsules were impacted at relatively low velocities (230 to
260 ft/sec). A typical pre-test configuration for these '"A'' capsules (AIZO3
coated but no Pt-10Rh clad) is shown in Figure 7. The impacted capsules are
shown in Figures 8 through 13. Four of these were 0.127 and two were 0.100-in.
wall capsules. Two of the 0,127 capsules (A-1la and A-4a) and one of the 0.100
capsules (A-5a) contained foamed Ta-10W impact absorbers at the impact end.
The capsules were sectioned after testing to determine the effect of the impact
absorber on the amount of deformation incurred and also to determine the integ-
rity of the inner and outer liner assembly. The amount of deformation incurred
by the T-111 structures appeared unaffected by the presence of the impact ab-
sorber. It appears, however, that the liners incur more deformation when the
absorber is used. The impact absorber was omitted on all of the other impact |

capsules,

In fabricating the first six capsules, with the exception of A-3a, the fuel
retainer ring to the outer liner and was not welded with sufficient penetration
to withstand impact. However, all of the cap to liner welds and the retainer

ring to inner liner welds were intact after impact. The parameters for the

AI-AEC-12922
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outer liner to fuel retainer weld were adjusted to provide deeper penetration on

the remaining impact capsules.

Of the Platinum-10% Rhodium oxidation barrier caps installed on the first N
four capsules, only A-la survived impact in a leak tight condition. However,
A-la was the only barrier cap which was fully annealed, the others being im-

pacted as drawn.,

The second six capsules were impact at velocities ranging from 350 to
450 ft/sec. Impact capsule A-7a, Figure 14, was the first of the higher velocity
impact capsules. The velocity was 345 ft/sec and the angle was end on. This
was also the only capsule to include a complete Pt-10Rh oxidation barrier. The
Pt-10Rh clad failed in tension at the end opposite impact (Figures 15 and 16)
due to inadequate tensile strength. The higher tensile strength of Pt-20Rh may
avoid this type of failure. The T-111 structural shell on A-7a was leak tight.

The sectioned shell is shown in Figure 17.

Impact capsule A-8a, Figure 18, was the first 0.090-in. wall capsule and
was impacted at 355 ft/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
ft/sec and at an angle of 43°. Figures 19 and 20 show this capsule after impact. -
It is evident from the photos that the capsule incurred a severe secondary impact.
The leak test, however, showed that the capsule was leak tight. Half-sections of

this capsule are shown in Figure 21.

Impact capsule A-24, Figure 22, was fully packed with fuel simulant when
impacted. The fuel retainer rings were converted to discs and the inner liner
was omitted. The capsule was impacted at 353 ft/sec and at an angle of 24°,

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

sections of the capsule are shown in Figure 23,

The impact velocities for capsules A-10 and A-11 were increased to deter-
mine a failure velocity and mode for the LRHSC design capsule. The impact
velocity of A-10 was 450 ft/sec and the angle was end on. The failure took place
in the dome of the impact end, Figure 24, and encompasses approximately 280°

of the impact surface. The breech is due to a shear of one of the convolutions

AI-AEC-12922
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formed at the impact end. Capsule A-11, Figure 25, was impacted at 400 ft/sec
and was also end on. The breech was smaller but similar to that in A-10; i.e.,
the shear failure encompasses approximately 110° of the impact end. On both

these capsules the tungsten-moly fuel simulant was corpletely contained.

C. METALLOGRAPHIC EXAMINATION

The first impact capsule to be examined metallographically was A-3a. The
intent of this first examination was to determine the condition of the T-111 micro-
structure in the impact end. Figure 26 shows a full cross-sectional view of the
impact end. The duplex structure seen here is not a result of the impact test
but of the fabrication process. A duplex structure is typically found in the

(2)

closed ends of deep drawn T-111 structural shells. There was no evidence

of cracks or microcracks in the T-111 structure, nor was there evidence of
reduction in wall thickness at the new transition point of the impact surface and
the side wall., The thickness of the wall of the T-111 structural shell below this
point had a maximum increase of approximately 26%. The liner welds in A-3a
all survived intact. Typical welds are shown in Figure 27. Some crack initiation

in the liner parent material can be seen in Figure 27, This also was typical.

A-T7a was examined metallographically to determine the amount of reduction
in wall thickness at the transition of the impact end and the capsule side wall.
Figure 28 shows the cross sectioned capsule. Figure 29 is a photomicrograph
of the other half of the upper right hand corner showing the reduction in wall
thickness in the corner. The amount of reduction is approximately 40%. This
is the type and location of wall thinning which led to the shear failures in the

higher velocity A-10 and A-11 capsules.

It can readily be seen in Figure 28 that the Ta-10W liner was deformed con-
siderably without the welds failing. The outer liner, however, is very close to
being sheared in one place. There was one shear failure in either the inner or

the outer liner of each capsule impacted in the 350 ft/sec range.

Figure 30 shows the impact end of A-8a and the shear of the inner liner.
Figure 31 is a photomontage of micrographs for the other half of the upper right
hand corner of Figure 28. The T-111 material has exhibited a high degree of

both ductility and strength to have permitted the amount of deformation exhibited
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in Figure 31 without failure or even crack propagation. The inner liner failure ‘

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

figure and is a transgranular tensile failure,

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 Figure 32,

This capsule was the first to be impacted on an angle near 45°, The T-111
thinned approximately 35% at the sharpest bend. The Ta-10W liner welds and
material were very ductile even though the inner liner to fuel retainer ring weld
is near failure. This capsule again is a demonstration of the very large amounts

of deformation the T-111 will sustain without failure.

The impact capsule with the fully packed cylindrical section, A-24, is shown
metallographically in Figure 33. Note the multiple bellows foundation at the im-
pact end. The amount of reduction in wall thickness at the edge of the impact
surface is approximately 40%. Removal of the inner liner was not detrimental

to the capsule's survivability with the tungsten-moly fuel simulant.

The Ta-10W liner welds are shown typically prior to impact in Figure 34
and post-impact in Figure 35. All of the welds were formed by an electron -

beam process and have exhibited a high resistance to failure when impacted.
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Figure 7. Impact Capsule with A1203
Coating Applied
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Figure 8.
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Figure 9.

Impact Capsule A-1la

Impact Capsule A-2a
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Figure 10,

Figure 11,

Impact Capsule A-3a

Impact Capsule A-4a
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Figure 12,

Figure 13,

Impact Capsule A-5a

Impact Capsule A-6a
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Figure 14, Impact Capsule A-7a Inserted in the Pt-Rh
Barrier Shell and Cap

Figure 15. Impact Capsule A-7a After Impact
Testing at 1200°F at 346 ft/sec
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Figure 16. Impact Capsule A-7a with
the Pt-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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7734-4067
Figure 18. Impact Capsule A-8a
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Figure 19. Impact Capsule A-9 After Test
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IMPACT CAPSULE
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Figure 20,

Impact Capsule A-9 After Test




Figure 21. Half Section of Impact Capsule A-9

IMPACT CAPSULE
A-24
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Figure 22. Impact Capsule A-24 After Test
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Figure 23.

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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T-111

[ END ON IMPACT

IMPACT END

CROSS
SECTION

A-3a

MAG. 50X

LCROSS SECTION

Figure 26. Microstructure of Impact End at A-3a
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Figure 27. Ta-10W 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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Figure 29. Photomacrograph of A-7a
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‘Figure 30. Photomacrograph of A-8a
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MAG. 16X

Photomontage of Impact
End of A-8a
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Figure 32, Photomontage of Impact
End of A-9
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S ' Figure 33. 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

514
2eL21 =AY -IV

b. Outer Liner to End Cap Weld

Figure 34. Ta-10W Liner-End
Cap-Retainer Ring Welds
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Figure 35. Typical Post-Impact
Liner Welds
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V. IMPACT ENERGY DISTRIBUTION

Comparison of the maximum energy absorbing capability of the structural
material 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 requirements for this type of analysis are the ability
to predict what portion of the total kinetic energy must be absorbed by capsule
material deformation (as opposed to target deformation, rebound, etc.), the
amount of capsule material which can be involved in deformation without a

failure, and the high strain rate energy absorbing capability of the material.

An analysis of the distribution of impact energy and an evaluation, based on
the performance of impact capsules A-3a, A-5a, and A-7a, of the high strain
rate energy absorbing capability of the T-111 material has been made. These
data could be used, in conjunction with total capsule weight, to predict theoreti-
cal maximum impact velocities for capsule survival. A more realistic maximum
velocity for survival requires the correlation of the amount of capsule material
involved in deformation prior to failure. This correlation would be dependent
not only on capsule geometry but on impact velocity, angle, and deformation

made. This correlation has not been attempted under the current program.

The energy absorbed by deformation of a pound of material is strongly de-
pendent on the impact velocity. A factor, K, has been defined which is the ratio
of this energy absorbed per pound dynamically to the energy under the normal

stress-strain curve. Therefore,

_ EDznamic
K = E
Static

If K can be defined as a unique function of velocity for a given material and
configuration, then prediction of the dynamic energy absorbing capability will
be possible. The following paragraphs present the method for calculating the
K factor, including the distribution of impact energies, and present the K factor

for the three example impacts.
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The procedure for evaluation of the K factor is as follows.

1) Energy-Absorption Capacity of Material

A measure of the energy absorption capacity of a material is afforded
by its stress-strain curve. The static strain energy to fracture may

be approximated as follows

€
. | B
ES = 2(0y+0u)12p(ft—lb/lb) s ald)
where
(J'Y = the yield strength
o, ° the ultimate strength
€, ° elongation in percentage

p = density (Ib/in.>)

2) Velocity of compressive wave or velocity of sound

C_. = VE/p (ft/sec) ... (2)

where E is the modulus of elasticity.

3) Time Duration of Impact

2L
C
C

T = (sec) o 0w 3)

where L is the length of capsule.

4) Acoustic Impedance of Material

_px 144 x 12

58 = C_plZ

32.2 x 144 -~ 32.2

C (psi/fps)

5) Interface Pressure

For impact of a capsule with impedance pCCC on the target media

with impedance ptCt_, the interface pressure expressed is
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6)

) ptCtV
JASH

1+
pccc

(psi) ...(5)

Energy Dissipated in the Compressive Wave in the Target

= 2,0
Eiarget =~ 3AE TC ... (6)

where factor 2/3 is for the compressive stress distribution in the
target, A is the contact area during impact, ¢ is the compressive
stress in the target which can be equal to the interface pressure, and

E,c is modulus of elasticity of the target media.

Energy dissipated in the compressive wave in the cylindrical capsule

2

= 2,90
capsule 3AECTCC A7)
For a hemispherical shell E is reduced to
capsule
2
_2_2,0° ,
capsule 3% 3AECTCC (1)
Total Kinetic Energy
w
=l e y2_ 2
where
V = the impact velocity
VR = the rebound velocity

For a cylindrical filled with powder material, the rebound velocity

is very small,
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9) Energy Dissipated in the Crater Volume

Vol x Et
Q = am = 540 Vol (ft-1b) ...(9) §
where
Vol = the volume of the crater in in.3
Et = the modulus of elasticity of the target
o = reduction for low impact velocity

10) The energy absorbed by the deformed portion of the capsule

Edeformed = (8) - (6) - (T)'- (9) ...(10)

11) K Factor

_ Edeformed
K = Wt — .. (11)
deformed s

where Wt is the weight of deformed portion of the capsule. g

deformed

When the capsule impacts onto the target in an oblique position, the total
kinetic energy, %MV2 is transformed into translational kinetic energy and rota-
tional kinetic energy. The transitional kinetic energy at the impact end is
reduced to

2

sin
1 - d L2 . .(12)

L +V3sin2(p 2
3

where ¢ is oblique angle with the axis perpendicular to the impact surface.

Using the properties for T-111 in Figure 36 and Table 2, the distribution
of impact energies and K factors for capsules A-3a, A-5a, and A-7a were

calculated. These data are shown in Table 3.
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DENSITY: 0.604 Ib/in.3
RECRYSTALLIZED ONE HOUR AT 3000°F
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Figure 36. Properties of T-111
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TABLE 2

PROPERTIES OF MATERIALS

Temper- (o] (o € E [o] E erISOCitzi' Impedance | Interface
Material | ature y > v (o7u) ( 106/ si)| (1b/in 3) (ft-l]i/lb) © gun pC Pressure
(°F) | (K/in.“)|(K/in ’ P ' (tps) | (PSi/fRS) | (psi)
T-111 1200 37 54 12 24 0.604 750 10,000 2,260 410V
T-111 2000 36 59 18 22 0.604 1170 9,600 2,160 405V
Granite | Room 40 0.6 6.5 0.102 100 13,000 500
Target
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TABLE 3
IMPACT ENERGY DISTRIBUTION
. Weight [Cross-
Impact Temper- . Thick- . Area Per |Section 21TR2 t Defol.'med Total
Capsule v . Angle Diameter | ness, R/t |Weight 2’ m Cylin- Deformed
elocity ature . : R Impact| Area . :
S/N © o (in.) t Ratio (1b) Lo ’ (1b) drical Weight
(fps) (°F) . (in.<) Area 7Dt
(in.) . - o Shell (1b)
(ps1) | (in.<)
A-3a 260 0 1200 1.676 0.127 6.5 4.7 2.2 2.13 0.60 0.288 0.5 0.474
&
1 A-5a 240 0 1200 1,624 0.100 7.6 4.0 2.06 1.93 0.55 0.221 0.7 0.493
>
\US CP;J A-Ta 346 0 1200 1.728 0.127 6.6 5.2 2.32 2.15 0.63 0.291 1.00 0.691
1
[
[§¥]
O
~
Static Impact Dissipated | Dissipated 1P
Total ] . - in Net
Capsule K. E Energy Duration, in in Rebound T
LE. arget K. E. E xWt K
S/N E T Target, Capsule, Energy s def.
(ft-1b) s and (ft-1b)
(ft-1b/1b) (sec) E¢ Ec Capsule
(ft-1b) (ft-1b) (£t-1b)
A-3a 4940 750 1.26 x 10_4 554 150 0 708 4132 356 11.6
A-5a 3600 750 1.26 x 10'4 442 118 0 560 3040 370 8.2
A-Ta 9700 750 1.26 x lO_4 1055 285 0 1340 8360 520 16
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V1. CONCLUSIONS

The LRHSC impact test program has demonstrated that the reference mate-
rials, T-111 and Ta-10W, have sufficient ductility to survive terminal velocity
impact and that the reference design capsule, with microspheres, will survive

impacts of from 350 to 400 ft/sec.

Capsules which were impacted at angles between 45° and 20° from end on
appeared to have incurred less severe deformation than capsules impacted at
angles of less than 20°. This is a result of some energy being transferred to
rotational motion and secondary impact. It is concluded that an end on impact
is the most severe of those angles tested for this design, with the powder or

microsphere fuel form.,

The reference capsule's mode of failure, when impacted end on, is due to
the formation of convolutions limiting the distribution of deformation to the
cylindrical section, thus inhibiting the capsule's ability to dissipate absorbed
energy. The result is a shear failure in the area between the impact surface
and the first convolution. It is felt that this will indeed be the primary impact

failure mode for capsules using a powder or microsphere fuel form.
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