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SPACE NUCLEAR SAFETY PROGRAM
November 1983

Compiled by
S. E. Bronisz

ABSTRACT

This technical monthly report covers studies related to the use of 2J8PuO2 in
radioisotope power systems carried out for the Office of Special Nuclear Projects of the
US Department of Energy by Los Alamos National Laboratory. Most of the studies
discussed here are ongoing. Results and conclusions described may change as the work
continues.

I. GENERAL-PURPOSE HEAT SOURCE

A. Safety-Verification Impact Tests (D. Pavone and C.
Frantz)

1. SVT-1. Metallographic examination of transverse
cross sections of the individual cups of fueled clads
HF-232 and HF-238 from the prime impact assembly of
the first safety-verification module, SVT-1, indicated
that the microstructures were uniform and generally
fine grained, although the cup-to-cup variation was
quite large, 20 to 28 grains per nominal 640-um thick-
ness (Table I).

Results of Auger electron spectroscopy (AES) analysis
of the grain boundaries of these clads are listed in Table
II. One sample of the HF-232 vent cup showed very low
concentrations of thorium at both the interior and ex-
terior edges and a moderately low level at the center of
the specimen. Given the short aging time for the as-
sembly (200 h), it is likely that the low thorium level
does not represent depletion but that it indicates
nonhomogeneous distribution. A shield-cup sample of
HF-238 had small concentrations of sulfur and chlorine.
This sample also had very high levels of carbon and
oxygen, whereas the carbon and oxygen levels in the rest
of the samples were low to moderate.

Principal impurity elements in the plutonia pellets
are listed in Table III. With the exception of the calcium
in pellet HF-410, all elements are well below the guide
limits.

The quantity of plutonium released by the failed
fueled clads was determined by radiochemical analysis

of the ash resulting from combustion of the recovered
graphite materials. The combustion ash of each sample
was separated into size fractions >10 um and <10 urn
before dissolution for analysis. Details of the analysis
are presented in Table IV. The total plutonium release
was 110 mg; 12.8 mg was in the <10-um fraction.

A sample of the > 10-jim fraction from the ash of
graphite impact shell (GIS) PGL-014 was examined
under an electron microscope to determine if ag-
glomeration of small particles (<10 urn) had occurred
during the combustion process. Fig. 1 shows a micro-
graph of an agglomerated mass of small particles, indi-
vidually less than 1 um. This figure suggests that ag-
glomeration does occur and that the analyzed results for
the quantity of plutonium in particles <10 um should be
considered to be a minimum value.

2. SVT-2. The second safety-verification module,
SVT-2, was subjected to a simulated minimum-gamma
reentry thermal ramp and impacted flat-on at 54.19 ±
0.18 ms-' and 917°C.

3. SVT-3. This test assembly was designated for test-
ing at nominal orbital-decay reentry conditions. The
components of the test assembly are identified in Table
V. The impact assemblies were aged simultaneously in
an ATJ (polycrystalline bulk) graphite furnace fixture at
a clad temperature of 1287°C in a vacuum of less than 1
X 10"6 torr for 90 days. After a. simulated reentry
temperature pulse to 1375°C (clad), the module was
impacted at 975°C (clad) and 54.4 ms~'. During aging,
three power interruptions occurred, two unplanned and



one planned. At 1391 h, a general power outage oc-
curred; at 2027 h, the furnace was shut down to permit
repair of the temperature recorder; and at 2069 h, a
momentary interruption in cooling water flow occurred.
In both unplanned shutdowns, the furnace protection
devices functioned as designed to isolate the test object
in the vacuum chamber. Aging was restarted with
procedures identical to those used at the start of a test.

Helium release measurements indicated that there
were several periods in which the release rate was equiv-
alent to 75% of the generation rate (one vent plugged).
These periods occurred in the initial 689 h of exposure.

The photographs in Fig. 2 illustrate the post-impact
condition of the aeroshell. There were no cracks on
either the impact face or the sides of the aeroshell, but a
partial diagonal crack was present on the back side. Both
GISs had longitudinal impact-face cracks and typical
bowed profiles (Fig. 3).

The fueled clads (HF-343 and HF-350) in the prime
impact assembly failed; only moderate localized de-
formation of the indium was observed. A minor frac-
ture occurred on the center of the back side of the
HF-454 shield cup, but there were no failures of the
indium clad of HF-457. Photographs are shown in Fig.
4. Overall deformation of the fueled clads are listed in
Table VI, along with the estimated area of the fracture.

There was a significant quantity of vent effusate sui
rounding the vent hole of HF-454.

The fracture patterns of the plutonia are shown in Fig
5. Pellets HF-343 and HF-350 were similar, consistinj
of radial, columnar fragments and nearly symmetrica
overail deformation. The fracture pattern of HF-45'
shows randomly oriented fragments, more nearly equi
axed and generally larger than those of HF-343 o
HF-350. The overall deformation is only slightly asym
metric, and there appears to be no significant fue
fragment displacement at the location of the failure ii
the shield cup. Radial, columnar fragments are als<
observed in HF-457, but the fragments are larger thai
those in HF-343 and HF-350. Unsymmetric overal
deformation, with a mild reverse bend in the clad at th<
impact face, can be seen.

The quantity of plutonium released during the impac
was determined as for the SVT-1 test. Table IV sum
marized the results.

Metallographic examination of a transverse cross sec
tion through the fracture in the shield cup of HF-45^
revealed a variable microstructure (Fig. 6). Large grains
occupying 20-25% of the thickness, occurred on th<
interior of the shell throughout the section examinee
and at random locations on the exterior. The fracture
mode was intergranular. A small reduction in thicknes;
(about 4%) near the fracture indicated limited ductility.

Table I.

Test No.

SVT-1

SVT-3

Iridium Grain Size, GPHS SVT Series

Clad No.

FC-232
FC-232
FC-238
FC-238
FC-261
FC-261
FC-410

FC-343
FC-343
FC-350
FC-350

FC-454

Cup No.

LR313-l(v)"
LR316-l(s)
LR315-2(v)
LR3I8-6(s)
P709-6(v)
Q804-l(s)
S2-5(s)

PR718-5(v)
PR719-S(s)
R904-7(v)
R904-5(s)

S39-5(s)

*(v) — vent cup; (s) — shield cup.

Diameter
(urn)

25.7
30.7
32.3
23.3
29.1
29.8
31.6

32.7
38.9
35.7
36.4

42.3

Grains per
640 jim

25
21
20
28
22
22
20

20
16
18
18

15

Comments

Uniform
Uniform except for tab weld
Uniform
Uniform
Uniform
Uniform
Uniform

Lg. int. grains, 20-25% of thk.
Lg. int. grains, 20-25% of thk.
Lg. int. grains, 20-25% of thk.
Lg. int. grains, 20-25% of thk.

and tab weld
Lg. int. grains, 20-25% of thk.

+ isolated !g. ext. grains



TABLE II. Results of Auger Electron Spectroscopy Analysis of Prime Iridium Clads from SVT-1

Specimen

FC-232
Vent cup-1

VC-232
Vent cup-2

FC-232
Shield cup-1

FC-232
Shield cup-2

FC-238
Vent cup-1

FC-238
Vent cup-2

FC-238
Shield cup-1

FC-238
Shield cup-2

"nd—not detected.

Location

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Th«

Ir229

0.07
0.40
0.16
0.21

0.46
0.56
0.61
0.54

0.36
0.65
0.57
0.53

0.71
0.75
0.60
0.69

0.45
0.76
0.44
0.55

0.55
0.65
0.41
0.56

0.41
0.50
0.43
0.45

0.80
0.88
0.80
0.83

C270

IrM9

0.45
0.33
0.62
0.47

0.28
0.28
0.49
0.35

0.14
0.13
0.23
0.17

0.16
nd1

0.19
0.12

0.35
0.21
0.75
0.44

0.27
0.22
0.40
0.30

1.75
1.55
1.06
1.45

0.19
0.15
0.17
0.17

Ir22»

0.48
0.79
0.68
0.65

0.60
0.85
0.82
0.76

0.36
0.38
0.55
0.43

0.27
nd

0.34
0.20

0.69
0.43
0.93
0.69

0.77
0.44
0.55
0.59

0.99
1.40
1.12
1.17

nd
nd
nd
nd

Other

S-0.05, CI-0.12
S-0.03
S-0.05
S-0.04, Cl-0.04



TABLE III. Plutonia Analysis,

Test No. Pellet No.

SVT-1 HF-232
HF-238
HF-261
HF-410

SVT-2 HF-350
HF-343
HF-454
HF-457

'Colorimetric analysis.
bnd—not detected.

P"

5
5
5
2

3
5
2
3

GPHS SVT Series

Mg

1
1

nd
3

nd
10
nd
nd

Selected Elements (ppm)

Ca

130
200
200
400

200
100
200
150

Al

20
25
20
25

35
35
60
35

Si

15
70
25
45

20
30
50
10

Fe

60
70
85

110

35
20
70
20

Cr

15
15
40
35

10
10
60
15

Ni

ndb

5
nd
5

nd
nd
nd
nd

Ti

5
5
7
7

20
15
20
3

TABLE IV.

Test No.

SVT-1

SVT-3

'Estimated.

Fuel Release from SVT Modules

Component

Impact shell, intact dads
Impact shell, failed clads
Aeroshell and insulation
Catch-tube debris
Total

Impact shell, intact clads
Impact shell, failed clads

and aeroshell
Catch-tube debris
Total

Pu Content (g)
<10um

0.0010
0.0074
0.0039
0.0005
0.0128

0.0006
0.0018*

0.0027
0.0051

>10um

0.0034
0.0710
0.0196
0.0032
0.1072

0.0004
0.0090

0.0032
0.0126

Total

0.0044
0.0784
0.0235
0.0037
0.1100

0.0010
0.0108

0.0059
0.0177



TABLE V. SVT-3 Test Assembly Components

Component Serial No.

Aeroshell

Prime impact assembly
Impact shell
Fueled dads
Fuel pellets
Insulation sleeve
Insulation disks

Secondary impact assembly
Impact shell
Fueled dads
Fuel pellets
Insulation sleeve
Insulation disks

PAL-014

PGL-020
FC-343, FC-350
HF-343, HF-343
C40-7
P8-2-59, P8-2-60

PGL-027
FC-454, FC-457
HF-454, HF-457
C30-4
Pll-1-24, PI 1-1-31

TABLE VI. Impact Test Summary, GPHS SVT Series

Reentry
Test No. Mode

SVT-1 Min-v*

Face-on

SVT-3 Orbital
decay0

Face-on

Fueled
Clads

FC-232(P)b

FC-238(P)
FC-261(S)
FC-410(S)

FC-343(P)
FC-350(P)
FC-4S7(S)
FC-454(S)

Gross Deformation

Diam (%)

+13.5
+9.6

+11.7
+9.8

+12.3
+10.0
+10.8
+9.5

"Aged 200 h at 1287T (clad). Impact 919°C and 54 ms"1.
b(P)—prime; (S)—secondary.
cAged 90 days at 1287°C (clad). Impact 97S°C and 54 ms"1.

Height (%)

-11.1
-7.3

-11.1
-9.6

-9.0
-8.5
-7.2
-6.4

Axial (%)

+5.8
+3.8
+5.6
+1.4

+5.7
+2.6
+5.6
+2.9

Number

0
0
2
1

0
0
0
1

Failures

Total
Area (mm2)

25.4

0.4



Typical microstructures of transverse sections of the
indium cups of the prime fueled clads HF-343 and
HF-350 are shown in Fig. 7. All four samples had
nonuniform microstructures, with large grains on the
interior.- Typically, 20-25% of the thickness consisted of
one or two grains. The average grain sizes are listed in
Table I. The shield cup of HF-343 had a larger grain size
than the other indium cups in SVT-3, but all are con-
siderably finer grained than the seven to eight grains
across the wall predicted from previous observations.

A region of the shield-cup cross section of HF-350
exhibiting a columnar microstructure with some grains
showing a substructure similar to that seen in weld
metal is shown in Fig. 8. This structure is similar to that
observed at the fracture site of the shield cup of HF-261
in the SVT-1 test. The appearance of the weld metal
substructure and the columnar grains normal to the
thickness direction of the clad wall identify this region
as that of the laser weld used to attach the weld shield
tab. This microstructure is not characteristic of a large
fraction of the cup, but is a structure susceptible to
cracking if subjected io bending with the tensile stress
on the interior.

The weld cross sections of both prime fueled clads
indicated full penetration welds with no porosity and
desirable microstructures. Metallographic cross sections
are shown in Fig. 9.

Because of the appearance of vent effusate on
HF-454, the vent assembly of this secondary fueled clad
was sectioned and examined. There were nonmetallic
deposits in the filter element (principally at the entrance
to the vent assembly), porous vapor-transported
iridium-tungsten alloy on the wall of the vent orifice
(Fig. 10), and intermetallic reaction products on the
exterior of the clad surrounding the vent orifice, as
shown in Fig. 11. Electron microprobe analysis in-
dicated the phases at the vent entrance contained iron,
silicon, calcium, plutonium, titanium, tungsten, man-
ganese, and oxygen. Deposits at the interior of the vent
orifice consisted of phases containing silicon,
aluminum, and oxygen; calcium, silicon, and oxygen;
silicon, calcium, titanium, iron, aluminum, magnesium,
and oxygen; and plutonium, silicon, calcium, titanium,
aluminum, chromium, iron, and oxygen. Four phases,
identified in the intermetallic reaction product on the
exterior of the clad, consisted of (a) indium, tungsten,
and iron; (b) iridium, plutonium, and titanium; (c)
iridium and plutonium; and (d) iridium and iron. Al-
though the vent-assembly and decontamination-cover
welds were sound, extremely large grains were present in
the welds.

Results of AES analysis of the grain-boundary
chemistry of the iridium of the prime fueled clads and
the shield cup of HF-454 ĝ e presented in Table VII. The

results indicate some depletion of the thorium concen-
tration of the interior edge in all samples. The overall
thorium level appears to be somewhv. low relative to
that generally observed in DOP-26 iridium alloy.
Carbon and oxygen occur in widely varying amounts.
The most significant observation is the presence of
sulfur in large amounts in both samples from the shield
cup of HF-454. The samples were taken to include metal
adjacent to the fracture. Although there is considerable
difference in the sulfur concentrations in the two sam-
ples, their location near the fracture indicates that the
su ur contamination probably was the principal cause
of the failure.

Table III contains the analyses of selected impurity
elements in the plutonia pellets. The phosphorus was
determined colorimetrically and the rest by emission
spectrography. The samples analyzed indicate that the
levels of all elements except calcium were below the
impurity guideline limits. Phosphorus in all four pellets
is very low, among the lowest observed since phos-
phorus analyses were included in post-mortem examina-
tions.

The quantity of plutonium released from the fueled
clads was determined by procedures previously de-
scribed in the post-mortem of test SVT-1. Table IV gives
the details. The <10-um sample of the ash from GIS
PGL-020, the aeroshell, and large pieces of insulation
were lost because of failure of the sealed quartz tube
during the dissolution operation. An estimated value for
this analysis is given in the table. The toial plutonium
released was 17.7 mg, with 5.1 mg in the <10-um range.

4. SVT-4. The aging exposure of this test assembly
was completed on November 23, 1983. The exposure
time was 2164 h. Three unscheduled furnace shutdowns
occurred during the exposure. At 606 h, a general power
outage occurred and, at 733 h, the furnace shut down
because of failure of the electric motor on the mechani-
cal pump of the leak detector. After this second shut-
down, the test pieces were removed from the furnace,
transferred to the inert-atmosphere glove box and in-
spected. No abnormalities wire observed, and the ex-
posure was continued after the equipment was repaired
and satisfactory operation of the vacuum system was
demonstrated. The test pieces were stored in the inert-
atmosphere glove box (Oi < 150 ppm) for 4 days, and
the aging was resumed according to standard start-up
procedures. At 1279 h, a momentary interruption of
cc ling water flow to the laboratory caused a third
sl...idown. All protection devices operated as designed,
and the aging was resumed the following day.

After the aging was completed, SVT-4 was subjected
to a simulated orbital-decay reentry thermal ramp and
impacted flat-on at 54 ms"1 and °75°C.



TABLE VII. Results of Auger Electron Spectroscopy Analysis of
Iridium Clads from SVT-3

Specimen Location

Th6s

Ir

O5

229

S150

HF-343
Vent cup-1

HF-343
Vent cup-2

HF-343
Shield cup-1

HF-343
Shield cup-2

HF-350
Vent cup-1

HF-350
Vent cup-2

HF-350
Shield cup-1

HF-350
Shield cup-2

HF-454
Shield cup-1

HF-454
Shield cup-2

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

Int. edge
Center
Ext. edge
Average

0.38
0.68
0.41
0.49

0.17
0.48
0.39
0.35

0.21
0.35
0.41
0.32

0.35
0.76
0.55
0.55

0.19
0.63
0.47
0.43

0.46
0.74
0.84
0.68

0.20
0.44
0.41
0.35

0.14
0.75
0.65
0.51

0.32
0.48
0.59
0.46

0.16
0.28
0.36
0.24

0.19
nd

0.50
0.23

0.47
0.39
0.58
0.48

0.41
0.29
0.29
0.33

nd
nd
nd
nd

0.95
0.65
1.02
0.87

nd
nd
nd
nd

1.85
1.33
1.44
1.54

nd
nd

0.17
0.06

0.99
0.83
1.12
0.98

0.77
0.56
0.84
0.72

0.55
nd

0.77
0.46

0.57
0.73
0.80
0.70

0.85
0.80
0.91
0.85

0.34
0.33
0.37
0.35

0.59
0.73
0.79
0.70

nd
nd
nd
nd

0.94
1.15
0.80
0.96

nd
nd

0.26
0.09

0.59
0.96
0.87
0.81

0.78
1.12
0.95
0.95

ndm

nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd

0.02
0.01

nd
nd
nd
nd

nd
?

nd
nd

0.03
nd
nd

0.01

nd
nd
nd
nd

0.11
0.14
0.19
0.15

vsb

vs
vs
vs

'nd—not detected.
bvs—very strong.



5. SVT-5. As of December 1, 1983, the accumulated
exposure time of the fifth safety-verification module
was 1955 h. No evidence of vent plugging has been
detected by the continuous helium-release measure-
ments.

B. Explosion Test (R. Tate)

The iridium fragments recovered after the DIRECT
COURSE explosion are shown in Fig. 12. None of them
were found by visual searching; all were detected be-
cause of the gamma activity that was induced by neu-
tron irradiation before the test.

C. Fragment Test (R. Tate)

The second and third engineering development runs
for the GPHS fuel-tank fragment test were conducted at
Sandia National Laboratories' 1.5-km rocket sled track.
The objective of these runs was to develop a catch-box
system to recover the target objects, the iridium clads, in
the actual GPHS module test. The targets again were
Styrofoam blocks with four steel slugs simulating the
GPHS fuel capsules. The aluminum plate fragment was
released closer to the target than in the first develop-
ment run.

The catch box in the second run was a long box
fabricated from 6-mm steel plate, lined with 18-mm
plywood, and filled with vermiculite. The catch-box
dimensions were 4.6 m long with a 25- by 25-cm cross
section. In this second run, the end of the catch box was
43 cm from the target to allow room for the furnace shell
that will be used in the actual test to heat the module
stack. The catch box was suspended from an A-frame by
a pair of 3-mm steel cables. After the second run, the
four steel slugs were found on the ground between the
target and the mouth of the catch box.

For the third development run, the experimental
setup was similar but the box was supported by four
cables. The suspension was articulated so that the catch
box could be withdrawn to clear the furnace shell during
the pre-impact heating phase. At —15 s, the catch box
was released by a winch so that the box opening was 25
mm from the target. After this third run, the two trailing
steel slugs were found in the catch box.

D. Leaking Fueled Clads (J. Archuleta)

Several early-production fueled clads for the GPHS
were found to have leaky vent assemblies during decon-
tamination at the Mound Facility. Two such fueled

clads, HF-104 and HF-219, were sent to Los Alamos for
examination.

The vent end was removed from each capsule, and
the fuel was returned to the Savannah River Plant for
reprocessing; the remaining iridium was stored for fu-
ture disposition. The vents were examined and photo-
graphed with an optical microscope and with the scan-
ning electron microscope (SEM). They were then sec-
tioned diametrally and the exposed surfaces were
prepared metallographically, examined, and photo-
graphed.

The external surfaces of the vent assemblies are
shown in Fig. 13. A crack at the inner edge of the
decontamination-cover weld of HF-104 is visible at 10
o'clock (Fig. 13a). A similar crack is barely visible in the
same region of HF-219 (Fig. 13b). The reverse sides of
the vents appeared normal (Figs. 13c and 13d).

At higher magnification and with the greater depth of
field inherent in the SEM, the cracks were clearly visible
on the inner circumference of the decontamination-
cover weld (Fig. 14). About 20% of the circumference
was cracked on HF-104, and about 15% was cracked on
HF-219.

After the SEM examination, the vents were sectioned
diametrally through the cracks and prepared metallo-
graphically. These sections confirmed that the cracks
breached the decor MI. lination covers of both vents (Fig.
15) and were the cause of the leaks. Barely visible in
HF-104 is a nonbreaching weld crack opposed to the
breach. At higher magnification (Fig. 16), we see that
each of the cracks occurred in the same relative region,
slightly away from the fillet of the weld.

As expected, etching revealed that the cracks were
intergranular (Fig. 17). They occurred in the columnar
grains that resulted from the directional solidification of
the weld-fused metal.

Neither decontamination cover showed external
damage, and both were displaced outward suggesting
that internal pressure caused the failures.

Although the exact internal pressure cannot be calcu-
lated without a detailed knowledge of the temperature
history of the fueled clads from the time of the final
closure of the assembly weld, it seems unlikely that a
pressure differential of much more than 1 atm could
have been reached. An internal differential pressure of I
atm would produce a radial stress at the crack location
of 138 MPa (20 000 psi), well below the yield stress of
normal poiycrystalline iridium. The columnar weld
grains cause a local departure from polycrystallinity that
results in a straight grain-boundary path through the
decontamination cover. Any source of additional stress,
such as the residual stress in the decontamination cover,
together with the inherent stress raiser at the surface-
tension groove where the grain boundary intersects the
surface could lead to the start of the crack.



II. ENVIRONMENTAL SUPPORT (C. Land)

Four 37-g 238PuO2 pellets, a 46.5-g pellet, and a large
fragment of a pellet that had been exposed to aqueous
environments for extended periods were sectioned,
prepared ceramographically, and examined. The only
evidence of interaction between the pellets and their
environments was an enhanced reaction of the exposed
surfaces to the etchant used to delineate the grain
boundaries.

A. Sea water

Pellet ET 2-6 was immersed in simulated seawater for
943 days at 35°C. We saw no evidence of erosion or
corrosion of the pellet in the as-polished condition (Fig.
18), but the highly porous areas at the end and circum-
ference of the pellet (Fig. 19) were attacked preferen-
tially by the etchant (Fig. 20) to a depth of ~300 um.
This effect was not observed along a freshly broken edge
(Fig. 21) where the density was greater.

Pellet ET 1-5 was immersed in simulated seawater for
943 days at 10°C. There was no evidence of reaction
between the seawater and the pellet in the as-polished
condition (Fig. 22), but etched, the surface exposed to
the seawater was ragged (Fig. 23). The depth of damage
was <50 (xm. The porosity along the edge was less than
that in the 35°C seawater test pellet (Fig. 24).

A 32.4-g piece from 238PuO2 pellet HPZ-186-2 was
held in simulated seawater for 682 days at 10°C. There
was no apparent damage to the exposed surfaces (Figs.
25 and 26).

A 46.5-g 238PuO2 pellet, HPZ-174-2, was immersed in
simulated seawater for 1855 days at 10°C. There was no
major damage to the exposed surface, but a little mate-
rial was removed from near the surface during etching
(Figs. 27 and 28).

B. FreshWater

Pellet ET 2-4 was immersed in fresh water for 943
days at 35°C. There was a high density band along the
end of the pellet and a low density band along the side,
as shown in Fig. 29. There was no evidence of a reaction
having occurred along the side of the pellet when it was
in the as-polished condition (Fig. 30), but etched, the
surface showed void enhancement along the edge (Fig.
31).

Pellet ET 2-2 was immersed in fresh water for 943
days at 10°C. There was no evidence of a reaction
having taken place along the exposed side of the pellet in

the as-polished condition (Fig. 32), but the etched ex-
posed edge was ragged (Fig. 33).

III. SAFETY TECHNOLOGY (D. Peterson)

Several phenomena observed in 238PuC>2 heat sources
have not been explained, such as anomalous indium
grain growth, disappearance of thorium from the
indium grain boundaries, vapor transport of plutonium
and fuel impurities, pitting on indium grain boundaries,
and phosphorus retention in the fuel. Analyzing the
interactions of the heat source components is difficult
because of the unknown phases that could form given
the appropriate conditions. Compounds that could be
important to this analysis include PuPO4, PuP2O7,
Ca(PO3)2, Ca2P2O7, Ca2Pu(P2O7)2, ThIr3Cx, ThIr3Px,
PuIr2Cx, and PuIr2Px. (Only the first four phases are
known to exist.)

This month PuPO4 was prepared by heating a mix-
ture of PuO2 and excess P2O5 at 1000°C for 4 h in
flowing air. The sample transformed from green-brown
to bright blue. The composition was identified by x-ray
diffraction as predominately PuPO4 with a small
amount (5%) of PuP2O7. When the PuPO4 was heated
in a platinum crucible to 1300°C for 1 h, the platinum
reacted with it and became very brittle.

PuPO4, P2O5, and CaO were heated in an alumina
cell to 1000°C for 1 h in flowing air in an attempt to form
Ca2Pu(P2O7)2. The components reacted, melted, and
formed a bright purple compound, which has been
submitted for x-ray diffraction analysis. The fact that
the reaction product had a melting point below 1000°C
gives us some hope that this or another compound will
lead us to an explanation of the impurity transport and
vent-plugging phenomena.

IV. FIVE-WATT HEAT SOURCE (D. Pavone)

The heat source of the 5-W radioisotopic thermoelec-
tric generator (RTG) consists of two 62.5-W(t) GPHS
fueled clads in a GIS. This impact assembly, contained
in a bulk graphite housing, was impacted at 13.4 ms"1

and an iridium clad temperature of 501°C. The orienta-
tion of the impact was end-on on the nonclosure end of
the impact shell.

No significant damage to the GIS occurred and only
minor deformation of the fueled clads was visible, prin-
cipally on the impact end of the lead fueled clad,
HF-421. Fig. 34 shows a photograph of the impacted test
assembly and Fig. 35 shows the fueled clads.
Dimensions of the fueled clads are tabulated in Table
VIII.



A photomacrograph of an axial cross section of the an as-polished photomicrograph of the impact end of
end of the shield cup of the lead fueled clad, HF-421, is the cladding and reveals several small cracks on the
shown in Fig. 36a. This section illustrates minimal interior surface. In general, the cracks are limited to a
deformation sustained by the indium. Fig. 36b shows depth of one grain, as shown in Fig. 36c.

TABLE VIII.
Heat Source

Clad No.

FC-421
Pre-Impact
Post-Impact

FC-420
Pre-Impact
Post-Impact

Dimensions of

Vent Cup

1.175
1.177

1.175
1.176

the Fueled Clads

Av Diam
(in.)

Shield Cup

1.174
1.177

1.177
1.180

of the 5-W RTG

Axial Length
(in.)

1.186
1.193

1.187
1.193
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Fig. I. Agglomerated particles in the >10-)im fraction of
the combustion ash ofGIS PGL-014ofSVT-l (10 000X).

Fig. 2. Impacted test assembly SVT-3: (a) no fractures on the impact face or sides of the aeroshell; (b)
a partial diagonal crack on the back side (0.6X).
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(a) (b)

(c) (d)

Fig. 3. Graphite impact shells from test SVT-3 showed longitudinal cracks on the impact face and bowed profiles after the
test: (a) PGL-020 impact face; (b) PGL-020 side; (c) PGL-027 impact face; (d) PGL-027 side (0.95X).
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(a)

(b)

Fig. 4. Deformation of the impacted clads of test SVT-3: (a) fueled clads FC-343, -350, and -457 showing (1 to
r) impact face, side profile, and end profile (IX); (b) fueled clad FC-454 showing (top, 1 to r) impact face, side
profile, end profile, and back side (IX) and (bottom) enlarged view of the back side with small crack in the
shield cup (1.5X).
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(a) (b)

(c) (d)

Fig. 5. Fracture patterns of the plutonia pellets of test SVT-3: (a) HF-343; (b) HF-350; (c) HF-454; (d) HF-457 (1.5X).



(a)

(c)

(b)

(d)

(e)
Fig. 6. Indium microstructure of the shield cup of FC-454 (50X).



(a) (b)

(c) (d)

Fig. 7. Typical microstructures of the iridium of HF-343 and HF-350: (a) HF-343 vent cup; (b) HF-343 shield
cup; (c) HF-350 vent cup; (d) HF-350 shield cup (100X).
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Fig. 8. Abnormal microstructure observed in transverse
cross section of the shield cup of HF-350 (100X).

Fig. 9. Microstructure of the weld bead of fueled clads of the prime impact assembly of test SVT-3: (a)
HF~343;(b) HF-350 (50X).



Fig. 10. As-polished cross section of the
vent of HF-454 (50X).

(a) (b)

Fig. 11. Intermetallic reaction products on the exterior of the clad of HF-454 (25OX).

18



•*r

Fig. 12. The iridium fragments recovered after the DIRECT COURSE ex-
plosion were all small.

\
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(a) (b)

(c) (d)

Fig. 13. There were cracks in the decontamination-cover welds of the two leaky capsules, but the interior
structures were normal: (a) HF-104 with weld crack at 10 o'clock; (b) HF-219 with weld crack at 10 o'clock; (c)
HF-J 04 interior vent structure; (d) HF-219 interior yent structure,(6:5X).
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(a)

(b)

Fig. 14. The cracks in the leaky clads were near the inner circumferences of the decontamination-cover welds:
(a) HF-104 (28X); (b) HF-219 (30X).
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(a)

(b)

Fig. 15. The cracks penetrated both decontamination covers: (a) HF-104; (b) HF-219 (8X).
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(a) (b)

(c)

Fig. 16. All the cracks were close to the fillet of the decontamination-cover weld: (a) HF-104 breach; (b)
HF-104 opposing crack; (c) HF-219 breach (50X).
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(a) (b)

Fig. 17. The cracks occurred in the columnar-grained weld metal: (a) HF-104; (b) HF-219 (50X).

Fig. 18. Pellet ET 2-6 after 943 days in simulated seawater
at 35°C, as polished (100X).
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Fig. 19. Pellet ET 2-6 after 943 days in simulated seawater Fig. 20. Pellet ET 2-6 after 943 days in simulated scawater
at 35°C, as polished (IX). at 35T, etched (100X).

wmlm
Fig. 22. Pellet ET 1-5 after 943 days in simulated seawater
at 10°C, as polished (50X).

Fig. 21. Pellet ET 2-6 after 943 dcys in simulated seawater
at 35°C, etched (50X).
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Fig. 23. Pellet ET 1-5 after 943 days in simulated seawater
at 10°C, etched (50X).

Fig. 24. Pellet ET 1-5 after 943 days in simulated i
at 10°C, as polished (7X).

Fig. 25. Pellet HPZ-186-2 after 682 days in simulated
seawaterat 10"C, as polished (I00X).

Fig. 26. A fragment from pellet HPZ-] 86-2 after 68
in simulated seawater at IU°C, etched < IOOX).
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Fig. 27. Pellet HPZ-174-2 after 1855 days in simulated
seawater at 10V, as polished (100X).

Fig. 28. Pellet HPZ-174-2 after 1855 days in simulated
seawater at 1O°C, etched (10OX).

Fig. 29. Pellet ET 2-4 after 943 days in fresh water at 35T,
as polished (7X).
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Fig. 30. Pellet ET 2-4 after 943 days in fresh water at 35°C, Fig. 31. Pellet ET 2-4 after 943 days in fresh water at 35°C,
as polished (100X). etched (100X).

Fig. 32. Pellet ET 2-2 after 943 days in fresh water at 10°C,
as polished (100X).

Fig. 33. Pellet ET 2-2 after 943 days in fresh water at 10°C,
etched (100X).

28



Fig. 34. Impacted 5-W RTG heat source assembly (~ IX).
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HF-420
(a) (b)

HF-421HF-42 1

(c) (d)

Fig. 35. Fueled clads of the 5-W RTG heat source after impact (~1.5X).
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(a)

(c)

(b)

Fig. 36. Metallographic cross section of the impacted end
of FC-421: (a) photomacrograph (3X); (b) as-polished
photomicrograph (100X); (c) etched photomicrograph
(100X).
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