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ABSTRACT 

This Quarterly report covers studies related to the use of ̂ ^PuO] 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 are 
ongoing; the results and conclusions described may change as the work progresses. 

I. GENERAL-PURPOSE HEAT SOURCE 
(GPHS)/SAFETY VERIFICATION TEST (SVT) 
SERIES 

A. SVT-8 Postmortem ExaminatioQ (T. George) 

Details of the test conditions, module disassembly, 
and preliminary results were given in previous monthly 
reports. In October, we determined the magnitude of 
Plutonium release, obtained results of microprobe anal­
yses, and concluded the postmortem. 

1. Release Data. To determine the quantity and par­
ticle size of fines released from the breached clad 
(FC-39I), we ultrasonically cleaned, burned, and 
analyzed the plutonium remains of the aeroshell and 
graphite impact shells (GISs). The ultrasonic cleaning 
solution was combined with the catch tube debris and 
treated in a similar manner. Because clad FC-39I was 
not fli^t quality (weld NDE value of 9.8), all of the 
SVT-8 test components were ashed at high temperature 
to permit rapid analysis. The results of all analyses are 
presented in Table I. 

The results indicate that a total of 0.0860 g of pluto­
nium was released. 

2. Microprobe Analysis of Vent Deposits. Because 
previous examination of the FC-436 and FC-437 
capsule vents revealed ^assy deposits within and adja­

cent to the vent center holes (Fig. 1), cross sections of 
both vents were submitted for microprobe analysis. The 
results of the analyses indicate that both vent deposits 
weie predominantly iridium, with low concentrations of 
oxygen, silicon, and tungsten. A general survey of the 
elements sodium through americium and specific 
counts for carbon, nitrogen, aluminum, phosphorus, 
calcium, and manganese did not reveal the presence of 
any other elements. 

B. SVT-10 Postmortem Examination (T. George) 

The test conditions, module disassembly, and prelim­
inary results were described in previous reports. In this 
quarter, wc completed all analyses and were able to 
conclude the postmortem. 

1. Release Data. To establish a baseline for the 
quantity of plutonium released by transport through the 
capsule vents (no clad failures occurred in SVT-10), we 
burned all of the SVT-IQ graphitics at high temperature 
and analyzed the plutonium remains. The results of the 
analyses (Table 1) indicate that 0.(X)26 g of plutonium 
were released. It should be noted, however, that the 
graphite components were burned and processed for 
analysis within contaminated glove-box trains; the 
processing environment undoubtedly increased the plu­
tonium content by some factor. 
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TaWe I. PtBtonltim Content of ̂ VT T**( OwiiwuR-nts 

Test Componenl 
Plutonium Coatent 

(8) 
Pardde Size 

SVT-» A&mbell 
Cmphltc Impact Shells 
Catch Tabe Delnris 

S\T-H*« Aemsbftl] 
GmphUe Impact Shells 

O.0O«1 
0.0046 
O-009O 
0J0»3 
0-05S* 

0J80O 
0M26 

-10 
-10 
+420 

+I0to-<I20 
-10 

0 
-10 

*No failnrc!! occiBrrcd In SVT-10. 

f5®?%S&f« 

FiR. 1. aiassj- <teP^iis »*« t>T)»erv«a ndlaccut to tJic PC-436 and FC-^3? 
v«tit <«iitcr hales. FC436 vtJit, as poHslsi&d, SOX. 

2. Sl«*« Analyse*. To deneitoJue ibe quantity of 
pespttable fuel panidcs produced by «hc impact, wc 
sekctcd capsules FC-152 (sccoiidafy OIS) »M FC-590 
(primary <}IS) J5>f pmiick SIJMS analysis. Each capsule 
was c>pejied and dcfuclcd uitdcrwatcr to prevent th« loss 
of small fuel fragmcnix. Resulls of IJK sieve analyses are 
presented itt Table IL 

3. Iridium ivilcr*siruetar«s, Metallographk ex-
amidaii&n of settions from capsules FC-152, FC-5S9, 
and PC-590 revealed that the cup micix>$tmcj«c^s •n.'eft 
generally fine grAimed. Tlw FC-5W v̂1eM shield cup did 
however contain several coarse-grained areas {F i^ 2 
and 3). The average cup grain siat̂ s fsum,^ f«̂ «w 4 to ifi 
8rain5/ft.635-mm nominal wall thickness. Tlic cup pain 

s«e$ are lisned in Tubks lil. Representative micraatnic-
ture-sarc presented in Figs. 4 ihrougli 9. 

During examination of the PC-589 vent and v-'cM 
shield cups, numerous dclaminaiions were ohscr^iod 
aloiise the innsr surfaces (Figs. 30 and 11). Allliough lli* 
causf of Shis defect is uinckar» tJbe occunwnoc along only 
the iniver surfaces suggests some reklion to the fuel- Tt is 
possibfc thai the defects are not delaaiinalions but are 
iras?^d llie siies of corrosion or intcrmcEallic reactions. 
No similar cictccts vxrc observed in any of ibe other 
capsules. 

4. Weld Metan<iii!fah>'. F^xamifiatiojl of the IX-5P> 
m4 FC-590 {priin.ar>' <:lads) cJoSurc wdds reveakid them 
U) be of acccplaWe quality. Althoagli the FC'590 closure 
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Table If. SVT-lftSifH- .Analysts 
(All rallies expressed as a fraction i>f kital pellet 
weight) 

Partifk Six* 

+ 6000 
+20ftft to fiOOft 
+*41 to lOOW 
+42fl 80 841 
+17710 420 
+125 to 177 
+74(0 125 
+44 So 74 
+30 10 44 
+20 to 30 
+1010 20 

f-9lOlO 
+8 to 9 
+7(0 8 
+6(0 7 
+5(0 6 
+4(0 5 
+3(0 4 
+2(0 3 
+1(0 2 

0 ( o l 
Weight Fr«<(i(.>ii <10 \un 

FC-152 

0.14470 
0.fiS690 
O.J 8050 
O.0482O 
0,022*0 
0,00370 
0,(10,15<t 
0,00 2«0 
0.CI019O 
0,(l025t> 
O.OOIOO 

0.00047 
0,00019 
0.00027 
O.OOOI* 
O.OOOIO 
0.00007 
O.00OO5 
O.OOOOg 
0.00OO7 
O.OOOIO 
O.0OI59 

PC-590 

0.25090 
0.?28SO 
0,14330 
O.OJ230 
0-OI9<>0 
0.00300 
fl.OO.'^OO 
0,00230 
0.00160 
0,00220 
0.00090 

0.00053 
0.00027 
0.00015 
0,00013 
0.00023 
0.00009 
0.00012 
0.00007 

o.ooo<« 
0,00016 
0.00183 

Rg, 2. An axial seciion of ilic PC-590 weld 
stilcld cup ccmlflined wvcnil isl>n«>noaJly l a tp 
grains; 50X. 
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FJg. 3. Lafge gitaitib w«s als« abscnci.! in a tronsv^nje **eiion ctf the FG'S'W 
vkidd shield cup; SOX. 

Tabte III. G^ain S i « nf Selacte*! SVT Oads 

Average* 
Test Capsuk Cup SeeiiOJt Grains;/l'hickBcss 

SVT-10 FC-152 

FC^«9 

FC.S90 

S \T- l l FC-345 

FC'372 

N'sn-s 

NSIf i ' l 

Tl IS-2 

T1I3-2 

VIOS-S 

V202-3 

LR324-5 

LR124-6 

QRS20-S 

QR820-I 

Transverse 
Axial 
Traniver^e 
Axial 

Transveriie 
Axinl 
Transverse 
.\3iial 
1ransverse 
Axial 
Tmnsvui^s,-
Axial 
Tpans>*rse 
Axial 
Transverse 
Axial 
IransTcrse 
.\-^ial 
'Iransrerse 
Axial 

15.5 
ND"-
I3.i) 
ND 

13.7 
11.0 
13.7 
11,0 
10.7 
10.8 
4.2 

10.4 
16-0 
16,0 
17.0 
16.0 
17.0 
16.0 
19.0 
19.0 

'A>i«r«|5eji8nib«r<)f Kralns/0,(S3S-i«rn iwininal wall ihiciness. 

file:///3iial


Fin, 4. 1 he f€-5S;J veni cup lia<l a llnc-̂ graJBcd 
:Rlcrasliiicl»,iDi*; Ir.izi'ivcmi .tection, 50X, 

Fljf. 5. Tlic FC-589 weld shield cup hM m 
acceptabk nticroMruciore; itansvcnc sccitorv, 
SQX. 

mp': 

Fi([. 6. Tlie F C - S ^ v*nE Cttp had St ^imitUf 
finu sraineil rm kro jlmclBrK axial ^m^loil, SOX. 
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fit- 9. The FC-152 *ckl shield cup had a finc-graiiwit TniTrc^srurtMn;; 
iKftiverse section. 5D.X. 

Fig. 10. Several swbstirfacc dclaimntutlojis were obwrvisd on the inierilnr 4?r 
Ibe FC-589 «ivtcuj>; lOflX. 



Fig. (1, Simitar ikIajnuialidnN wen- oh^i-rvcd on ?hc ifittmirwillie FC-Sg*) 
weld shield ciiiK ICK)X. 

weld contained a significant amount of porosity (Fig, 
12a), the: micfostwcture (ib&ugft somewhat coarse) \v^s 
saiisfaclDr>' (Fig. I2b>. The FC-5S9 wckl had a typicaJ 
microstriHAiire and contained no observable defects 
(Fig, 13), 

Examination of (he FC-t52 clnsuie weld nevciiled a 
slight vnall misaligjitmenl (Fig. \4ai and evidence of 
iocompletc wdd penetration (Rg. 14b). 

5. Vignt Metall*>gr»phy. Microscopic examination of 
the FC-5S9 and FC-590 capsule vei«s icv^aled no me­
chanical defects, Tlw v«nl I'riis were iidJbrm and prop­
erty Jiii|.nred, Because the capsules experienced only 
moderate deformation, neither ven( was damaged by 
tlie impact. Both vents were free of intcrmetallic de-
|»sils. 

Examination of 8h<: vent cover welds revealed 
^evidence of abnormal grain growth (Figs. 15 and 16)» 
Allhoii^ large grains vt'ctc obsei~v«d near hoih cx.nier 
vi-cWs, the PC«590"*"eld -wtis womaffcclcd; v,ail sections 
«i4i*«^nl to the FC-590 weld were onlv 2 grains thidk, 
(Fig, 16). 

6. F^el C«raiti<israphy. We sampled each fuel pellet 
to pn^vide a Specimen for ccramograpby. Microscopic 
examination of the polisltcd samples did not reveal any 
unusual features (Figs. 17 ihroiigh 20). The fuel micro-
S(rt!Ctures were typical of SRP production asiHl were 
similar to the microstructpr^s of pellets used in pre\'io«s 
SVTJmpacis, 

7. Analytical Result.^. Sl>eeii3lKns for spccsrographic 
anal>-sis v^tx*.; removed from ilie FC-152. FC-589, ;md 
FC-590 mdmm cups. Results of die analyses (Tabic IV) 
indicate that .nil of ihe iridium cups contained unusual 
ai«o«irtS$of iron |275-550ppm). In addilitsn, both of the 
l'C-5<K) cups had clcvau>x1 roptxT, aluminum, silicon, 
chromiuEn, aftd iiicliel conlcnls. 

Aijj^relectron spccUo.sc\>py [AtJS] analyses (Table V) 
of spcd!ren:ns rcmov^^d Irom capsiiles FC-589 and 
FC-.590' revealed significant thorium depletiojs on sll of 
the cup interiors. The thorium concentration on the 
interior of one FC-5S9 shicW cup section w;is below ihe 
detection limit of the instrameni. Oddly, noabnomtal 
grain grovith wns observed m an electron n3icrog.Pa]5h of 
this sample. Graift coaticnsiis was, however, observed 
in microTOphs of FC-Sgo shield cup section No. 2. 
S^ificant amounts of sulfur were also ofescrved in all 
of (he FC-590 wpseaions. 

Spcctrographicandradioetiemieal analyses of the fuel 
JKllcts (Tabic VI) did 001 reveal any significant a!^ 
normaliiics. Tit* calcium contents vi<ere, lio*ever, 
somc^vfial higher than usual. 

C, SVT41 Postroortein Eotaininati<m (B,. Pavtwic) 

Previous SVT impacts wiere conducted mitt$ hilid-
mM Meet targets. Forcompailson of the OPHS module 
Tcs|»nsc to impact against tangel materials with elasljc 
ntodwli dflfcTcnt than that of st«el, (fi« SVT-11 test 



m (b) 

1 ^ 13. 'fTie PC-4*90 elosiife *eJ(! C00iaui,ed a ii.Siufn.-ira .niiDunl nl |xjr<wil> and hM A saniflwhnt oonrse reiierojtnicSorc. 
(aTPOlislicd and (b) eidied; Iwih ai ^ X . 

•y^,-^ 

Fig. 13. The PC-589 weld had a ^ypKsalmKTca^nlC^ulCc:etcilcd^ lOOX. 
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(aj 

m 

Fig. 14- Tte FC-IS2 closure wckl was not of gooil quality, (a) Polished 
and (b) eidhcd; both «(SOX, 
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(b) 

Fig. 1$, Abnormal grain g '̂o^ak -Ka observed on both sides (^Ibe 
FC-&89 vcns oovcr »idkl. (a) Tinpact &«!« si<te and (b> (tailing face; 
boib ai SOX. 
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(a) 

(b) 

Wtg, Its. The FC-590 veml cover wdd wa.s abo afiwi«d by ejwsssive 
gratnigfowdi.(a) im|Wi faeesiifcand (b)lrailii« (wt; both at SOX. 
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Table IV. Spectrographic Analyses of Selected SVT Clads 

Capsule 

FC-1S2 

rc-S89 

FC-590 

FC-345 

FC-372 

Cup 

N512-5 
N516-1 

T113-2 
T115-2 

V202-3 
V203-S 

LR324-5 
LR324-ti 

QR820-5 
QR820-4 

Cu 

10 
10 

4 
5 

45 
60 

5 
5 

20 
5 

Mg 

15 
5 

ND 
7 

20 
20 

5 
3 

3 
ND 

Ca 

ND* 
ND 

3 
3 

10 
10 

ND 
ND 

ND 
ND 

Elements' 
Al 

70 
100 

25 
SO 

225 
200 

50 
60 

60 
60 

Si 

15 
15 

N D 
15 

85 
125 

N D 
ND 

20 
N D 

(ppm) 

Cr 

80 
60 

20 
25 

200 
200 

30 
20 

20 
20 

•Elements are listed only if they exceed the detectabiltty limit in at least 
"None detected. 

Fe 

500 
400 

275 
300 

450 
550 

300 
200 

200 
200 

Ni 

100 
80 

10 
25 

200 
225 

30 
20 

40 
20 

one specimen. 

= 

Pt 

30 
30 

ND 
ND 

30 
30 

ND 
30 

ND 
N D 

assembly was impacted against a concrete target. The 
test components were aged 90 days at 1287"C (clad) in 
vacuum and subjected to a reentry. The module orienta­
tion was a = p = 0°, and the impact temperature was 
975*C (clad). Impact velocity was 54.4 m/s. Graphite 
components of the test assembly are listed in Table VII, 
and encapsulation details for the SVT-11 fueled clads 
are given in Table VIII. Data describing the SVT-11 fuel 
pellets are presented in Table IX. 

Continuous monitoring of helium release during the 
aging treatment did not indicate any evidence of vent 
plugging. 

After the test, the impacted module (contained within 
a sealed catch tube) was transferred to the CMR build­
ing for disassembly. The interior of the catch tube was 
wet and lightly corroded by alkaline liquid driven from 
the concrete. Although the aeroshell closures were 
slightly dislodged, the module was essentially intact. 
Photographs of the impacted module are shown in Fig. 
21. Damage to the aeroshell was substantially less than 
that incurred at this orientation in impacts against the 
steel taigets. There were no fractures on the impact face, 
but fractures were present on the center of the 
nonclosure narrow faces parallel to the impact shell 
axes. The aeroshell back was dented and cracked in the 
center. Figure 22 shows an obliquely illuminated photo­
graph of the concrete target in which the imprint of the 
aeroshell can be seen. There were no major fractures in 
the concrete target. However, reproduction of the 
graphite surface features in the imprint suggests that 
extensive microcracking did occur. Neither GIS was 
ii^ctured on the impact face, but a slightly bowed 
profile, illustrated in Fig. 23, was observed. 

N o failures of the iridium capsules occurred. Photo­
graphs of the fueled dads are shown in Fig. 24; the gross 

deformations are tabulated in Table X. For comparison, 
the average deformations of 16 fueled clads (SVT-1 
through SVT-4), impacted in the same orientation 
against steel targets, are also listed in Table X. The 
overall deformation of each fueled clad in this test was 
less than the average of those tested against steel tai^ets. 

The most severe localized iridium deformation oc­
curred on the center of the FC-345 impact face. Figure 
25 shows two fuel fragment indentations with shallow 
re-entrant folds. N o evidence of iridium failure was 
detected by subsequent metallographic examination. 

The iridium cup microstructures of the primary 
fueled clads were nonuniform across the thickness. 
Large grains observed on the cup interiors extended 
through 20-25% of the wall thicknesses. Typical cup 
microstructures are shown in Fig. 26, and the average 
number of grains/0.635-mm nominal wall thickness are 
tabulated in Table III. Although the grain size of cup 
QR820-4 (FC-372) was finer than that of the others, all 
of the cup microstructures were consistent with the 
grain sizes observed in previous test clads. 

Results of AES analysis of the iridium grain boundary 
chemistry are tabulated in Table V. Thorium depletion 
at the cup interiors varied from modest in the FC-372 
shield cup to severe in the other samples analyzed. Very 
minor quantities of phosphorus were also detected in 
some samples. In addition, three FC-372 samples 
exhibited high concentrations of sulfur; small amounts 
of sulfur were also detected in the fourth FC-372 sample, 
as well as in one FC-345 sample. The absence of clad 
failures suggests that these levels of sulfur can be 
tolerated. As usual, carbon and oxygen were present in 
widely varying quantities in alt samples. 
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Table V. Iridium AES Analyses 

Specimen 

FC-589 

FC-590 

FC-345 

FC-372 

V-cup 1 
V-cup2 
S-cupl 
S-cup 2 

V-cup 1 
V-cup 2 
S-cupl 
S-cup 2 

V-cup 1 
V-cup 2 
S-cupl 
S-cup 2 

V-cup 1 
V-cup 2 
S-cupl 
S-cup 2 

Int. 

0.05 
0.04 
0.04 
ND 

0.04 
0.04 
0.03 
0.04 

0.07 
ND 
0.07 
0.20 

0.07 
0.20 
0.38 
0.46 

Th«/Irj2, 
Center 

0.44 
0.62 
0.37 
0.30 

0.16 
0.55 
0.40 
0.08 

0.15 
0.72 
0.48 
0.57 

0.56 
0.48 
0.44 
0.53 

Ext. 

0.38 
0.51 
0.37 
0.28 

0.48 
0.54 
0.20 
0.47 

0.41 
0.36 
0.33 
0.57 

0.57 
0.39 
0.44 
0.46 

(Av) 

0.29 
0.39 
0.26 
0.19 

0.23 
038 
0.21 
0.20 

0.22 
0.36 
0.29 
0.45 

0.40 
0J6 
0.42 
0.49 

Piio/Ifiw 
(Av) 

ND* 
ND 
ND 
ND 

ND 
ND 
ND 
ND 

ND 
0.03 
0.02 
ND 

ND 
0.02 
ND 
0.02 

C270/IrK» 
(Av) 

0.05 
0.07 
0.05 
0.04 

0.08 
0.07 
0.05 
0.08 

0.57 
0.09 
0.28 
0.22 

0.67 
0.95 
1.09 
0.20 

Osio/Ir»9 
(Ay) 

0.57 
0.65 
0.67 
0.18 

1.24 
0.96 
0.94 
0.76 

0.98 
0.47 
0.83 
0.57 

1.10 
0.98 
1.01 
0.63 

S,so/Irn9 
(Av) 

ND 
0.06 
0.03 
ND 

0.87 
0.82 
0.76 
0.10 

0.09 
ND 
ND 
ND 

S* 
S 

s 
0.04 

CI,»o/Ir2j9 
(Av) 

ND 
0.02 
0.06 
ND 

0.14 
0.05 
0.05 
0.21 

ND 
0.05 
ND 
ND 

ND 
0.24 
0.06 
ND 

'None detected. 
"Strong indication. 



Table VI. Spectrographic and Radiochemical Analyses of SVT Fuel Pellets 

Pellet 

HF-152 
HF-18S 
HF-S89 
HF-590 
HF-341 
HF-34S 
HF-365 
HF.372 
HF.209 
HF-164 
HF-351 

•Elements 

Test 

SVT-10 
SVT-10 
SVT-10 
SVT-10 
SVT-11 
SVT-11 
SVT-11 
SVT-11 
BCI-1 
BCI-2 
BCI-3 

P 

5 
6 
6 
2 

ND 
16 
2 
2 
3 
2 
3 

Nl 

ND" 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
25 

ND 
ND 

Selected Elements* (ppm) 
Mg 

2 
1 
1 

10 
5 
2 

10 
8 

20 
ND 
ND 

Ca 

750 
400 
500 
750 
200 
50 

100 
30 

too 
50 
50 

Al 

140 
ND 
ND 
30 
30 

ND 
25 
25 
35 

ND 
ND 

are listed only if they exceed the detectability limit in 
"None detected. 

Si 

25 
8 

10 
35 
20 
40 
30 
20 
80 
10 
20 

Fe 

25 
10 

ND 
15 
30 
85 
20 
30 

180 
120 
70 

Cr 

5 
15 
7 
8 

ND 
ND 
ND 
ND 
25 
30 
15 

at least one specimen 

Ti 

35 
25 
35 
20 
IS 
50 
10 
20 
20 
40 
40 

Table VII. SVT Graphite Components 

SVT-11 

Aeroshell PAL-OIO 
Prime Impact Shell PGL 008 

Insulation Sleeve C-40-3 
Insulation Disks P-8-2-I5 

P-11-1-17 

Secondary Impact Shell PGL-012 
Insulation Sleeve C-39-3 

P-12-1-20 
Insulation Disks P-11-1-21 

SVT-12 

PAT.1028 
PGT-I07I 
C-56-4 
P-13-2-27 
P-13-2-27 

PGT-1072 
C.56-5 
P-13-2-36 
P-13-2-38 

Table VIIL Encapsulation Details for SVT Fueled Clads 

Test 

SVT-11 

SVT-12 

Capsule 

FC-341 
FC-345 
FC-365 
FC-372 

FC-226 
FC-277 
FC-628 
FC-629 

Value 

93 
7.6 
8.9 
8.2 

14.0 
12.9 

1.3 
1.3 

Iridium 
Vent Cup 

PR725-2 
LR324-S 
PR727-1 
QR820-5 

P703-4 
iVIR432-3 
S-11.1 
•l'R-128.1 

Shield Cup 

PR726-3 
LR324-6 
PR727-4 
QR821-4 

P703-S 
MER16-6 
•1R-I21.2 
IR-127.S 

Fuel 
Pellet 

HF-341 
HF-345 
HF-365 
HF-372 

HF-226 
HF-277 
HF-628 
HF-629 
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Table IX. Data for SVT Fuel Pellets 

Test 

SVT-Ii 

SVT-12 

Pellet 

HF.341 
HF-345 
HF-3ft5 

HF-226 

HF-628 
HF-629 

''Sot irsittp»i$t liMdbg. 

Diameter 
(mm) 

27,8 
27,7 
Nl ' 
27^ 

27.S 
27.S 
27.7 
275 

Length 
(min) 

27.5 
m 

17.4 

NI 
17,4 
28.fl 
27.9 

Weight 

150.6 
ISO.S 
150.-1 
150,5 

15fl.3 
150^ 
149J 
14M 

Pfticessing 
AOH0jj>feer« 

Ar 
Ar 
Ar 
Ar 

Af/fl, 

Ar 
Ar 

t 
(n) 

(bS 

Rg, 11. Djimi^je inairrwl by ihe *ero-
ilicU in SVT-ll *ia* leas shan {bat Ln 
im(9^L itaa a^iD$t ii ŝ e«l (ns îei. (D> Iro-
pad face f<»v»Brd and (b) ban^ side &»-
ward. 
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Fis. 22. An ininniii i>l She Mrodiell w.is isrcscni om itic wncreie liiigci fnee tn 
SVT-i L 

(a) 0>1 

Fig. 13. AxinI fractures on the impact t̂ce oTtbc GiSs did oot occur tn SVT-ll, tbou^ a ̂ i c a l stigtilly bowed podlle w ^ 
DRSCDfL (a) Impact ikce a»d {b> profile vkw. 
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SVT11 : PRIMARY GiS 

r-

i 
O 

to 

o 

I 
o 

SVT-11 : SECONDARY GIS 

<Jtl».m/ijmit^, 

,-^^i"'' 

m 
Fig. 24. hfa railuru of Itie mdium clad occtined m the SVT-1 i fijclodl clods, Tbc overall <fc&rraaison wa& kss iliaii iftai a? 
(be iiEipBcts ^xinst «ic«l iargee&. 
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Tabic X. 

Test 

SVT-ll 

SVT-12 

SVT T<»t Siiiruiiarlfs 

Faeled Had^v 

FC-372 
FC-345 
FC.365 
FC-341 

FC-628 
FC-629 
FC-226 
FC-277 

Clad NDK 
Valii* 

S.2 
7.6 
S.9 
9 J 

13 
I J 

N.rt 
12.? 

Gross 
DIam 

+ <t.8 
+ «,2 
+ 7.0 
t ».l 

+ S3 
+ 8.S 
1(3,0 

+ 10.4 

Dvftirmmion (%} 

Heigh* Axial 

- 7.1 
- 7,9 
- 8.9 
- 8.2 

- 5,1 
- 9.1 
"11.5 
- 9.8 

+2.9 
+3,2 
+1.7 
+2.7 

+4,5 
-HS.l 
16.2 

+5.6 

N*. 

9 
0 
0 
0 

2 
0 
1 

Failures 

Arciis (dnm*) 

0 

J7JO 

Ftft. 25, N<̂  raitiiTcs <>f the iridsuisi were observed at the t«ca1ion of nwMl 
ievere irtdium deforroaljon iji FC-34J<>f;5VT»l U --7X. 
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1 J 

w-vsavai; : 
fi-

(c) id) 

': i-a 

./ t%] 

Fig. 2ft. Iridium mkroslniclorcs in SVT-11 were nonuciiforin across the wall ihickneas. (a) FC-34S vem oua, Ot) PC-34S ubieJd 
cap. (c) FC-372 wnt caiH and W) FC-i72 sbteld cap; all at ] OOX. 
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Iron was the principal tfnpgriiy el^tnenl delected by 
electron $peciix)£iraphic analysis o f the iridium. Tbe 
<3«aitti{k-* of iron (200-300 ppm) î ^er* comparable to 
those observed in otiser samples in this tc«t scries. The 
s^pecttt̂ giraphic results arc tabulated iis Tabl« IV. 

The welds of both primal^ fueled dads î -erc free of 
porosity, The welds penetrated the wall thickness com­
pletely and possessed desirable mfctossrwcturcs. 

Results or$p«ctro£jrDphic analysis o f samples o f ihc 
Dlwioeiia pellets arc tabulated in Tabic V I . The <;alc(uiii 
w n l c n u o f pellets HF.372, HF-J41, und 1IF-J65 were 
initially fepiMled to be 750, >75(}, and 709 ppm, respec­
tively. Repeat samples were «i i i after carefully cieaiiing 
the spcs(fOgras>lH<r simple preparation asid arc chamber 
fACililies. Results for calcium from the: repeat smnples 
Viicrc 30, 2O0, and 100 p|>m, rcspctlively. h therefore 
appeal^ thai the original results were in erirtr because of 
inadvcrtanl samfricconlaminaiiiO'ii, I f i f h calcium con­
tents (Hs7ClOppni) wtifealso reported for plutonia pcllei.s 
frt>mSVT-9; these results were likely Wased by sin- same 
problem. 

The HF-372 and HF-345 pellet mkrostructuri.* were 
lypical o f SRP fabricaied fii«l. No lesrond-phasc im-
fHirities wer« ol>served in cither sample. 

MetalloarapJiic esamination o f cross sections o f the 
FC-345 and FC-372 vcnJ as.<icmWies itidicai<>d no vapor 
transported deposit in IIR' vent orifices and only small 
amoMJdits o f plutonia deposited at the f nti^rtces 10 the 
vent filter elements.. The ilecotHaminaJi'on cover w.rfds 
aad Jh« vmi .is«rtibly w^lds were fnse of orssck* aitd 
porosity. However, in both fueled dads, abnonnal grain 
growth in the p.ircn< metal on OIK side of (he cfO$S 
section was obacrvrd (Fig. 27}. 

I>, SVT-12J Test and Postjnortem (T, G«aii^) 

On l>x-embcr 13, 19^4, a fully loaded CifHS module 
was impacted at 75,5 m/s ^ITHI 9 ? S T . The module 
nri<;rilflliori was a — p -- y — 0" {Fig. 28), .ind the target 
matcriiil was concrete. Fkforc imfxact, tlii* test assembly 
v̂ rss subjecied lo a siiiHila?cd reentry c>x:Ec at ]37$*C, l« 
addition, she fueled clads Ii.id been aged for 5<) days at 
1237T. TJi£ SVT.12 gi*jiphite components arc lissod in 
Titbit; VII and encapsulated details for ihe SVT-12 
jtieled clads are given in Table VU I. Data describing the 
fiiel pcUeiS int p?«scnled in Tabic IX. After the itu, a 
sealed catch tube containing the i3sip<*cied module was 

(a> m 
Fig. 27. AbnoamalffaiB ^mnh occurred in th« VCT« asseniW welds of the primary fiKdcd dads of SVT-l 1. (a) FC345 s 
a>) FC-372; boift at 50X, 
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I M P A C 
CONTACT SUR 

Fig. 28. The SVT-12 impact assembly. 

transferred to Wing 2 of the CMR building. Postmortem 
examination of the test components began on December 
20,1984. 

The catch tube was placed in an opcn>fronted hood 
and the pump-out plug was removed. A swab was 
inserted into the pump<out hole and a count taken. 
Although only low levels of activity were detected, water 
vapor released by the concrete had condensed on the 
capsule walls and had reduced the detectable alpha 
contamination. 

The end of the catch tube was removed with some 
difficulty (the length of the concrete target required 
pulling the entire lid/concrete assembly out of the hood; 
only a thin film of water on the concrete prevented 
contamination of the laboratory). Afler the lid/target 
assembly had been transferred to another hood, the 
inner nickel can (a radiation shield) was removed from 
the catch tube. 

Examination of the catch tute interior revealed that 
the aeroshell had been completely destroyed (Fig. 29). 
The aeroshell fractured along the axial contact lines of 
the GISs and was broken into several small pieces. 
Aeroshell breakup was the most severe observed to date 
and reflected the high impact velocity. 

Damage to the GISs was similar to that observed in 
lower velocity impacts. The cap of the primary CIS had 
been removed, and the impact face of the GIS contained 
a network of axial cracks running the GIS length (Fig. 

30). Although the cap had been removed, the capsule at 
the closure end of the GIS (FC-628) was not released. 
The secondary GIS also contained a wide axial crack on 
the impact face and several small cracks on the other 
faces (Fig. 31). 

The fuel capsules were extracted from the GISs, 
photographed, and measured. Side and end views of 
each capsule may be seen in Figs. 32 and 33. Capsule 
strains are listed in Table X. 

Macroscopic examination revealed that the fueled 
clads at the closure ends of the GISs (FC-628 and 
FC-226) had breached. The impact face of capsule 
FC-628 contained a long axial crack (14 mm X 0.1 mm) 
that traversed the vent and weld shield cups and a short 
crack (3.3 mm X 0.1 mm) on the vent cup radius (Fig. 
32). Capsule FC-226 breached on the trailing face (Fig. 
33), with a wide axial crack (15.3 mm X 1.0 mm) that 
traversed both iridium cups. 

Although capsules FC-277 and FC-629 were signifi­
cantly deformed, no areas of localized iridium deforma­
tion were observed in either clad. 

E. Bare Clad Impact (BCI) Tests (D. Pavone) 

1. BCM: Test and Postmortem. In BCI-1, a fueled 
clad impacted a concrete target at 76.24 m/s and 
I090°C. The concrete target had been core drilled from 
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I ijj 19. Th5 SVT-I:: ni'i-oshie-ll was ["jJI-. !;rakiTi up. 

Pad B at the K«ft«Oj Spaw Cenic;r. The icM dad 
<PC-209> was aged 2(K) h in vacuum at I2S7'C and was 
encapsulated ina w<e!de(l, lantalam Lrnj»ct cun orieniciJ 
with the CyiindcT axis parallel to the target face. 

The tantalum impact can defonttcd synispelric-alty, 
atld ntcifailiiii& end dished in wand to press onto the hack 
at the fueled dad. There was a shaltow- cylindrical 
depression on the fac«* of the conc^lc largct, 

Phoi.o^aph$of the impisscied fueled clad are shown in 
Fig. J4. An axial breach, ^44 mm long and 9 mm wide, 
oceutTcd on itie baek side, T1t« brradi eMi;ntl<;d iht full 
length oflhectad. Transverse cracks. ~ 12 mm X 1 mm 
and a mm X 0.2 ninij wcic presens on the- irtij5,ict fy<X 
wear the Cy1indt?r*10-eiid transition radius. Additionally, 
a failure occurred along the Kntcilinc of ilic weld bead, 
~ IS mm X I mm. An area on the tfiiiissig face of the 
clad, rougltly •6 mm X lO mm, exhibited extensive 
microcrackjngand snrfocc spallation. Dark gray surii^ce 
deposits were also prcscni, $iiggesiiisg iKĵ sible con­
tamination by materials used for the impact can hard-
waPE. 

MsiaUotgraphic CTC»S sections tiirough the vicM fail­
ure, ihc impact can failure, and the area v^hh surfiH;e 
spallaiion •w r̂e esamiMd, Figure 35 shows the weld 
feKsad mdcrostructtirc. The offset of the capsule wall on 
cither side of the fracture is iiKlieaiive of jiojioniform 
strain imiKised by differential displacement of large 
pluionia frufments. The weld pcnclralion wasctwnplctc^ 
tterc was no porosity, and «h<: g*ain structure a|)peared 
to be free of transversely oriented columnar grains. 

PhotomacrogKiphs of ihe impa*;? face failure on the 
vent end are shown in Fig. 36. The photomaerotgraphs 
show that Jhc end of Jhe cai>sutc ««rled nearly ISO" 
towards the interior. The fracture mode at the failure 
was intergranutar. with no evidence of dwciiJe iridium 
deformation. However, the generalized rodiKlioii in 
lhicJ:i»es.̂  of the capsule wdl of about i^% both in |ti« 
flat impact face and the curled region <!i»nfrnstrai«s the 
bcncftcJal effect of compressive stresses nHarmal to the 
v^W lh3cknL"«s. The reduction of diickness iftdiwles i\m 
the friciional forces a! the plulonia/iridium and 
ifidtgm/UiiltoskJin mierface were low enough to petmit 
the iridium to elongate. A nanrow intergrttnular crack 
progressing frotn ilic ;̂x̂ eTiô  throu^ about 50% of the 
thickness suj-^ests that the potential exists fbrse^'criiiga 
relatively lar^c piece of tfidium to create a mudi largier 
£"pactuf<\ 

Figure 37 shows »h« miorosdfUCture of a transverse 
cross SkXtiou includinij the surface^pallcd area. Tlie 
miiTOstrucluFc consisted of relatively Um ^alns 
elongated io the ptone of the capsule wall. Extensive 
grain boundar)- Iracturing resulted in loss of maierial 
from tlK surface, as ŵ icll as loss of a few individual 
gpairvs from (iw face of the meiallogrBphic sample. Lon­
gitudinal cracks existed at about two-thirds of the th ick-
ncss from the exterior surface. There were no tensile 
stresses normal lo the wall thickness during the impact 
event to account for these fractures, and they perhaps 
indicate the depth of«OiHaminant penetration. 
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BCI-1 76.24 m/s 

FSji.34, Theiriditim tiad an lesi BC t-1 sllî aû <̂ d i severe l̂ Twch on the bnck, two iransvewf bi«acbesodi theimpael face, and 
a •*tM %liiTe oti Uie side; -̂  0.7X. 

Fig. 35. Tlic ofSsel of tte capsule wnll on mjicr side <>l tlie -ftielii Iscad fraeitjfc of 
FC-209 indK t̂les l̂qnunllclt^rt straaii imposed oa tttc indiypj capsule wall. The 
niicjostructurc was acccplJiblc. 50X 



(a) 

(b) (cj 

Fig. 36. Traosvcfsc impact face failure* in PC-3S05) resuiUcd torn citrvaturc of ilie capsuk; cad towards Uhc saitfun of the capsule. 
(a>7Xi(b)and(c)S<JX. 
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tmt. Extensive (jrain boundar)' iTractUfriag oicuatil; (a) 7X and (h> SOX, 
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Bcctron micrx>probc examination of surface dc{>osits 
ofl an area exhibiiini? microcriicfein^ sJiowed that the 
deposits contained tantalum, iron, carbon, and oxygen. 
The base metal elementSj iridium and igftgstcn, wea^ 
also detected; however, in some locations, the coalin!? 
Itiickness was sufTicieni to nearly obscure ihcunderiying 
iridiujn/lungstcn alfeiy, 

AES analysis of the exterior of a fractarcd sample 
obi^i^d ftojB an areis with wtiux* dis<;olftf.nio»i te-
vealcd very strong peaks for chlorine, oxygen, and cop­
per, as w^il as teswr ooncentriitions of ifon, ca!'lH>rSs, 
silver, and sulfur. A si m Jlar spccinu m was obtained fr«m 
the center of the sample^ the interirtf portion had onlv 
modes-t ieveJs of earbon and oxygen ami a iratx- nf 
phosphorus. The AES spectra of ;i second sample i«-
dicated that the grain boundary impurities consisted of 
modest amounts of aiifeon. Oxygen, and a sWsill amMiju 
of E^sphoFus. These results indicate that the con-
lamlnatiton of tJte iridium was noi smifoim and tha! ihc 
scHircsc of Ihc impurities was outside the cisd. 

The most likely simra: of the coniaiainanls was thv 
tonlalum hardware, particularly the foils used to fabri­
cate (lie "saddle" tha? served to niaiht.'jtn ihe onemaiion 
of the fueled clad. Chlorine, oxygen, and iron jfiay have 
beeis present as mill scale on the tantalum foils. Copper 
eould have been inlrod«ed from efeeirodes wsed ti.t spot 
weld the fixtures. Although tantalum was present as a 
constituent of the surike film, it appfntmly dk\ not 
diffuse into the grain boundaries. 

The weight of plutonia recovered from (lie impact can 
was i6.l450 g> and the amooni in the <tO-pm particle 
HZic range was 0.251 S g. 

Emission spectrxjpaphic ajudysjs of ih<: phuftmii 
pellet (Table V!) showed that ail impurities except iron 
(ISO ppit»> wgne present at less, thasi the SRP guideline 
limit 

BCI-2 

HR. 38. Pfiotc^raphs of the inip*ci«l fueled ctad FC-E<i4. 
profile, Daek, aisd veat «id; all at -^ft^X. 
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in view of the analytical evidence that indicsates the 
iridium capsule was contaminated bf estraneoui ele­
ments introduced with the test hardware, the results of 
this lest shouW not be eonsidered typical of ?be fueled 
clad response. 

2. BCI-2." Test and I'o'jtmortcm. The test clad 
iFf-iU) w-as agc:d 200 Ii at )2S7'C Because of ap­
parent iedmm conUiiiiinadon in BCl-l, the tanialum 
impact can hardwaxc w^s vacuum outgasscd for 1 h at 
ISSO'C before lx;mf, loaded with the fufeled clad and 
'Atilded. The impact test para meters were 53.7 ni,''s, 
iCi* r̂C; a Kentsedy SfK̂ o.; C<'nm. Pad B, concrete core 
target w^s used. 

No failures of the iridium clad wiere obscr^'od. A 
shallow depression wjts pti-wrin oi> the fjit* of the con­
crete target, and the imixicl face oi' the fueled clad vms 
ry«K.l5e«<xl, replicsiTiiSfe ilic ciirtC^eK tstiei surface. An 
axial ndge at the location ol a fuel fragmeni push" 
ihrotigh was preieni on the impact facs. but the most 
severe localized iridium dcforinaiion occurred St the 
ends of the impac? face. Photographs of the itBpaclcd 
capsule are shown in Fig, W. icM joithsa^c s«mfflari«d 
in Table XI. 

Tlie plutonia fracture p-ittera is shown in Fig. 39. The 
pcJlct fractured into several relatively large irs^^ents; 
the fracture plane that caused the axial ridge on the 
ixnpsici face wa^ r<Midiiy apparent. Although ?J« impact 
target was a rigid matcrijd. extensive crushing of the 
plutonia ai the impact face did not occur, instead, the 
change in shape appears to have been accommodaied 
pi'iin.iiily hy the relative displacement of fuel fnagn^ents. 

Small transverse cracks were obK:rved on the interior 
of the iridium dad at the ends of the impact lace. The 
lat^fs! of these oocwrred near the vent cisd. Figure -40 
shows a ptiotomacrograph and a pholomicrograph of 

63.7 m/s 

Ihere yi«je ito Jkitutes. Left to right — impact face, side 



TaWcXI, BCITestSummaries 

Test 

BCI-I 

B a - 2 

BCl-3 

Fueted 
Ctail 

FC*2(I9 

FC-164 

FC-3SI 

Clad NDE 
Value 

2.0 

1.4 

1.1 

Velodty 
im/s) 

76.34 

5.̂ .70 

64.77 

Gm%s Defnrmati 
Diiini 

+31,7 

•i 9.6 

-+•12,3 

Weifibt 

-23 .2 

* !0 .2 

-103 

i>ti(%) 

lyeTIJJlh 

4-27.V 

i 11.2 

+ 15,2 

failiiri,'*. 

•1 

D 

2 

Pu Release (g) 

Total 

14,2076 

0 

o.ooos 

<lOnot 

0.2215 

0 

O.ODOl 

Fig. 39'. The plulonia jK-llt't of FT. 164 fnicsurvd iiiio tclauvcly latigc &ag-
ntenu. fixseosivc erusltanj oti ihe isnpsict fiwc wns rwi obsenwl; *-l.5X. 

the metallognaphie cross section throi^h tins rejiion of 
the capsule. The CRiCk was widest at the inlenor surface 
arid extended thToiigh -85% of tiie wall ih»d'ne». A 
secondary crack, extending through --2Cf% oi the thick­
ness, was prcscnf near ibe priTSCipal ctaek. Tlie fracture 
mode vtas intefgfanular with no indieation of ducsihty 
at the fraciure site. 

A transverse cross section ihrou#i a ridge on ihc 
impact face is shown in Fig. 4L Mdd reverse bendina 
occurred near the site of the fuel fragment indentation. 
Reduction of thickness at the point oi indeniatjon was 
aboul i3*0%. No evidence of ctTacking was dciccled in the 
reverse bend region, Because the tmpaei oceuacd 
against a rigid 1arg,ct (concreile), only limited deforma­
tion of Ibe indium was possible and a breach of the 
capsule was averted. Had the impact occurred with a 
compressible material siitih ast FW?F gtiaphiic bet-Â een 
capsule and target, a breach might w>e]| have occurred. 

The chemical analysis of the pluiotiium pellet is 
tabulated in Table VI, Impmrity elements arc present at 
levels within the SRP guideline Itmil;̂ .̂ 

i. BCI-3: T<;<it and Postraortem. Fueled clad 
K-55) vrn'c aged i,JO h hi v̂ sciiuw and was encapsulated 
in an outgassed tantalum impact ran oriented for im­
pact *ith the axis twrallel to the target face. The impact 
velocil> l̂ ^̂ s 64.77 m,''s and the clad tempefJUure wias 
lOWr The langct was a concrete core rcmo^'cd from a 
Kemifdy i;p<!ice C îUtt liHincSt pad-

Photographs of the impacted fueled dad are shown in 
Fig. 42 Ttio impact face had a curved profile cor­
responding to a shallow depression produow) ii» the 
target face; the surface replicated Ihc roughness of the 
concrete Vi!>ual examination revealed that t^w narrow 
transverse tracks were present on the shield cup end. 
The breaches arc indicated by arrows in Ftg. 42. Severe 
localized dcformalioii otvoried on the v§j)i eod of the 
impact fecc. Test results arc summarized in Tabic XI. 

iriie plutonia fractun? paueni is jljown in Fig, 43. 
TJi-ere appeared to be a tendency lowwd the formaiioo 
of Ismail, elongated, radially c»riê fod fragments around 
the periphery of the mm sicHoo. The remaindef of the 
pellet consisted of relatively laiBC imcgulariy shaped 
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(n> 

(b) 
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Fig. 40. .-̂  CvTsck was initiated on the interior suribce of the iridium at the vent 
end of die iiupaci fijc& <a) &.3X and (t>> SOX. 



!,3> 

m 
Fie. 4i . Fuel firtEpieM pasii-ibroi;tEh caused an axial ridge on the impact face 
in BCt-2. Tine indJum sna& supported by the i" '" 
(a)«.5Xflnd(b)50X. 

; ri^id tacigci and did tua bfeach; 
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BCH3 64.77 m/s 

Fig, 42. TVaissvcrse cracks at llic vnAt nf ihi- impnct &«; •Eiccurred sis PC-J5t, Left to right—impact feoe, side 
profik, back, v>et̂ t end; all at 0.7X. 

Fig, 43, The plyscnii.i snttijit; ;i,r.tLi:i ui i . '351 exhibited a lendcncy to fbrm 
small, radially oriented fragments oti thfr pcnphery, alih^wgh ilie prindpat 
ftisciiiM mode was lafjc, aiKgularij- slsat.^ fra^mcals; - 1 5X. 

fr^agmcnis. Similar to the pellet in BCI-2, the impact face 
o f ihe peHei was not severely crushed 

Metallographic examination of a longitudinal cross 
section cpi from the vent end of the impact face showed 
three penetrating cracJts. Consistent with previous ob­
servations, the fractures were widest at the interior 
surfece of the capsule wraii. One of the fratriures barely 
Xjcnctratcd the capsule wall. The fractures were all intcr-
grajtolar with no evidence of localized dtictility (Fig. 
44). No evidence o f fiiilure was observed on the capsule 
radius. 

Tlie plutonia released irno the taniaUim impact a n 
•was recovered by ultrasonic cleaning in water, particle-
sissed into !wo fraciions, and each fracHon analyzed for 
pluionium content. The total plutonium content o f the 
>lO-pm fraction ŵ as 0.O007 g, and that of the <IO-nm 
finciion was 0,0001 $, 

impurity elements in the plutonia pellet i*NEfc all 
present in amounis below the SRP guideline {Table Vl>. 

F. BBllet/Fi^ii^nent Test Series 

1̂  Bollet/Fragmcnl Test No. 3: Postmortem Ex-
aitiiiiaiioo (T. Ge<iif(se). The test conditions, module 
disassembly, and prelimnuiry results w^re descritsed m 
previous reports. In this quarter, w<c continued with our 
iov^stiBatJoit of ]f'.Ai interactions, and receiv^ed the re-
suits of raicropnobc analyses Conducted on an inlec-
mctallic dei>osit attached to the Al 2219 bulks. 

MiCToprubf analysis of ilie deposit cross scaion (Rg, 
45) indicated the apparent presence o f several Ir/Al/q 
phases; 

-96%Al/4%Ir 
-47%Al/5J%lr 
- 46% Al/l2%Ir/-%2%Cu,,'&%Fe/2% Mn 
-30to38%Ali/7Citoe2%Ir 
- 27 io31%AVBto69%I r 

fall valiKS arc wt %) 

3$ 



(e) m 
f'i$. 44. TTuw transverse impnct ^ w cracks were jweseoi on the vent end of ilie impact Ikcc of FC-JSt; to) ^^>^'- (b). (c). ao^ 
(d)5<0C. 
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1%, 4S. Optical TOCtallo^ptiy revealed sc vetal ptoses an a cross seciiDu of the iisiemieuillie blob, iiox. 

Results of analyses at specific areas on the deposit 
cross section are presented in Tlable XII. The 27 to 3.1% 
Al/78 to 69% If C0«lp0$i1ional ruam was panicularly 
itilenesiiog because cicclron imaging of an area with this 
composition reveakd three distinct phase regions. 

2. finllet/Fragmcnt Test No. 5: (R. Tate). In Octo­
ber, we eomtJcted the fifth hulJct/fragnjeot test, lite 
desared lesl conditions were a module temperature of 
I09I*C aind a ..Stkailibcr. 1*^ 22I9-TS7 aluminum 
alloy bullet at 549 m/s (18O0 fl/s>, Tlse bullet struck the 
GPHS halt-module about 13 mm to the left of the 
module ocntcrlinc and apponoximately midway Ixtvfk̂ ecn 
the weM and l!te top of the dad. The aluminum bullet 
v^s deflected by the target, did not contc to rx̂ st within 
the a«embly> and pnesumably cawsed U»e ^ t hole 
observed in the top of the furnace used to heat the target. 
The module temperature was mca.sured as 112<J'C at the 
time of bullet impaci, The veloeily of the buJlei in this 
test was cktcrmincd from a flash .x ray at 555 m/s (1820 
ft/s). The bullet impsct pixjduced a flattened dad plane 
set at aboul 60 dt^ccs from the bullet flight path f Fig. 
46}. Fidd inspection of the tat^et d i^ did not indicate a 
bteadi of the iridium dad containment. However, 

closer inspection of the clad in the laboratory' r̂^ s'aloil a 
iwffowj 3.6-rrim-iongCifacli; idooB the wdd cenlcrhne m 
the weld overlap region. This crack is shown in Fig. 47. 
A second crack, a sensicifcular 03>siiing 0,2 nnd wide 
and 4.5 mm lOngt was observed in the c<jp radius of the 
clad adjacent to the bullet impact area. This feature is 
pictured in the upper lefl-liand <irê  lo FJK. 48 and 4il 
higher magnification in Fig. 49. 

G. Con̂ serter Segment Tests (CSTs) {T. Cull and R. 
Tftte) 

In this quarter, wy; continiied to make progi'ess in She 
CST series. Four tests were c^onductc :̂ an enpnecrinj;, 
test to evaluate the response of test hardware and suit­
ability of the test cwfifigMration n05-psi static over-
prrasurc), CST-1 (7J6-p5i static overpressure}, CST-2 
(102il-psi static overpressure), and CST-3 (I684.psi 
static overpressuee). 

The CSTs were designed to simulate an explosive 
event in which the radioisotope ihenwoeleclric gen­
erator (RTG) housing, insulalion. and thcrmodectrie 
elements arc driven into the GPHS module st.ieSc, lis 
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Table XII. Phases in an IntcrmetRllic Deposit Formed in S \T Bullet Test 
No. 3 

Area' 
ISwmbcr of 

niasies Observed 
Aprir^"<"ria(e f'base 

Compositions (y,t, %} 

4 

5 

46% Al: 12% IR: 32% Cti: 8% Fe: 2% Mn 
96% Air 4% Ir 
47% Ah S3% Ir 

45% Al; 15% In 32% Cii: m V\-
3a%.\h6l%lKl%Cu 
9 6 % A I : 4 % C H 
4S% Al: 52% Cu 

46% Al: 15% IK 31% Cur S% Fe 
38%AI:62%lr 
97% A\: 3% Cu 

.:«S%.\l:62%lr 
31%AI:6S%Ir:l%Cu 

28.2% Al: 71.8% Ir 
27.8% Al; 72,2% Ir 
30.2% Al: 69.8% Ir 

electron intaging 
jTYcitled each 
compiMsition as a 
dhiini^ pltase 

*A mkriigrnpli of tlu: dcpiixil cra« xucEion, f hovi-ieg ifai! Vnv iiruiu Oif iitlCrext, may W 
si«n in FtK. 4S. 

jFlj. 4S, Fifth bulles lusi <m CiPiES half-iisLvJulc after 
impact by .SO-calibcrnSumiounn •ill'"'.* bolfet î S'JS rrK's 
(is:Dft,.'s). 

39 



Fig. 47. Cttck in die weld seam of tbs» sisnuiani4beled OPUS clad 
after bullet imjMix:! 31 555 m/s; IIX. 

. 3CM - I 

LOS ALAMOS 
Fig, 48. Targeted OPH& fuel dad after hulkt im-
jiact at 55 m/s. Nole seimieiEailar crac* in upper left 
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Fig. 49. En.la5;g«l of crack in the cup radius area of ilic 
targcced GPHS fiiii. li after bulfci ifupaci; JIX, 

each Q T , the test object was a ilight.cfuality GFHS 
module contsinins four simutant-fuded (^VCh) clads. 
Tbe module was placed between two bulk graphite 
modules and suspended in the shock tube by a graphite 
cradte. The 22'in. i.D. shock tube was puiigcd with a 10-
efti ftow of nitrogen, and the module slack was heated to 
lOSI'C (the operating temperature of an on-p;id RIG); 
a 5-iih flow of nitro^xn was maintained in the furnace 
durii^module hcat-up. When the jnodule slack ixiachcd 
1091 "C, the firing se<iucnce wjis iniiiaied. ,At T-25 i, a 
low-energy explosive pin was delonatcxi, causing ihc 
fiimace to drop away ftonj ihe module array. The 
furnace support then activated a limit switch th.̂ t $etii 
powCT to an electric winch to close a sliding door over 
TIM witlldrawn furnace. Mounted on the sliding door 
was an RTG bousing simubint supported by an 
aluminum angle frar-nc, The housing simulant consisted 
of a C-shaped,Cl.2S-in.-thick aluminum plalc. support­
ing a 3 X 6.S-in. RTG segment (Fig. $Q), %muwfiKl<,\n\] 
by Gcneriil Electric {OE) (nomiiuil vi.f jght = 356^1 The 
GE C0tiv4:rter segment was positioned 1.5-in. upslieam 
from the test module after the sliding doOr was etoscd 
and the wiiifdi %was deactivated. The test setup is il­
lustrated in Fig. 51. .4fkr verifying furnace dpop and 
door cloisutie (by viev̂ -ing l]»e shock tube on a video 
monitor^ '}*e Comp C-4 explosive w."as detonated. The 
test ob|ccts vi"crc thrown into a vertnicolite-filled calch 
tube approxinnaiely 14 ft from the muzzle end of the 
$liOCk tube. These items wcrc recovered the (bllowing 

day by silling the venmiCMbte through 0.l2S-in. screens. 
Flash s-fay units were set up to capture the simulant-
fueJed clads in flight between the shoc^ lube and the 
catch tube. The purpose of the x rays was to observ* 
paiiicic dispersion, should the clads breadi, and esti­
mate Ihc fuci ciad vetocill̂ -i. from their position on (he 
x-ray films. 

Results of the individual CSTs and the engineering 
test are summan/eil below. 

L CST Fiijjjnccring Test. Aprclimin.tryengineerint 
lest was conducted at Sandia National Laborato-
rks/Coyotc III Test Site on October 12 to determine the 
movement of a flat, circular, D.25-En.-lhieJc aluminum 
pJaie, The 2l.S-in.-diam plalc. a simulantItTG housing, 
was supported by an aUtminujii n̂gJe frame designed to 
allow the plate io move forward freely a distance of 3.5 
ii>. In an actual lest, the plalc would impact a module 
arrsy before intoaiung with the support Iramc. Two 
high-S]Ked, 20,0(X) framcs/s cameras viewed the left and 
riĵ il Sides of the plate to dcteimine ibe plate's move­
ment (Fig. 52), Daia and results from this test are 
suwrnarizcd in Table XIII. 

2. CST-L The first CST was conducted at Coyote 
Test Site on November 1̂  1984. The module array was 
heated to I I2iyc 10 allow ftir cooling after the fuiwaoe 
was drojjped, but the thermocouple measured no drop 
in icmpcraturc during the 25 s before tJte high explosive 
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(a) 

CWVElirEH M6MCIIT 7E5T SErUI' 

WDULC STMK 

HW HIDE 

CE UTS SEGKENT 

A l AKCLE SIFPOKI 

Tig. 51. CST test configuration, (a) Sec­
tion view and (b) end view. 

SLiaiNG MOR 

(b) 
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SOUTHEAST 
CAMERA TUBE 

AXIS NORTHEAST 
CAMERA 

Fig. 52. Camera positions for engineering shock tube test. 

was detonated. A shock wave with static overpressure of 
736 psi and static impulse of 3.2 psi - s was generated 
with 60 lb of Comp C-4 explosive. None of the clads 
breached, but all were deformed. Posttest diametral 
measurements of the fuel clads are listed in Table XIV. 
Posttest identification of specific fuel clads was not 
possible, so the clads were labeled Nos. 1,2, 3, and 4 in 
the order they were recovered. Figures 53 and 54 show 
the deformed dads. Data and results from this test are 
summarized in Table XIII. 

3. CST-2. The second CST was conducted on No­
vember 28, 1984, at Coyote Test Site. An identical test 
setup was subjected to a static overpressure of 1028 psi 
and a static impulse of 3.75 psi • s. The clads were again 
deformed, but none breached. Posttest diametral 
measurements of the fuel clads are listed in Table XIV. 
Posttest identification of the fuel clads was made 
possible by comparing pretest and posttest photographs 
of the clad vents. Figures 55 and 56 show the deformed 
fuel clads. Data and results from this test are sum^ 
marized in Table XIII. 

4. CST-3. A third shock tube test with a test setup 
identical to CST-1 and CST-2 was conducted on 
December 10, 1984, at Coyote Test Site. The GPHS-
RTG segment was subjected to a static overpressure of 
1684 psi • s and a static impulse of 4.2 psi - s. The dads 
were again deformed, but not breached. Posttest 
diametral measurements are listed in Table XIV. Laser 
etchings on each fuel clad made posttest identification 
of the fuel clads possible. The resulting damage to the 

fuel clads is shown in Figs. 57 and 58. The shock tube 
end was bulged and, therefore, was not reusable. Data 
and results are summarized in Table XIII. 

n . SAFETY TECHNOLOGY PROGRAM 

A. Ir/Th and Ir/P Compounds (J. Archuleta) 

Methods of growing Ir/Th and Ir/P single crystals 
within a copper melt were discussed in previous reports. 
In Novemijer, we used the scanning electron micro­
scope (SEM) to photograph Ir/Th and Ir/P single 
crystals grown with this technique (Figs. 59 and 60). The 
micrographs clearly illustrate the respective structures 
ofthe two crystals. 

B. Characterization of the Al/Ir Binary System (K. 
Axler and L. Foltyn) 

1, Phase Identificaton. Study of the Al/Ir system 
continued during this quarter. A sample of 3:1 at.% Ir:AI 
was prepared in the arc melter and analyzed by x-ray 
diifraction (XRD). The x-ray analysis indicated that the 
3:1 mixture melted to form IrAl and unreacted iridium. 
The presence of unreacted iridium implies that no com­
pounds exist on the iridium-rich side ofthe Ir/Al binary 
phase diagram. However, the rapid cooling provided by 
the arc melter does not allow sufficient time for equi­
librium to be achieved as a melt cools. Consequently, we 
divided the original XRD sample into two specimens; 
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TABLE XIII. CST Summaries 

Test 

Overpressure (psi)* Temp 

Static Reflected Static Impulse (C°) Test Unit 
Catch Tube 

Penetration (ft) Results 

CST-ENG 705 ± 7 0 5189 3.2 ±0.4 

CST-I 

CST-2 

CST-3 

25 RTG Housing Simulant 

736 ±70 5434 3.2 ±0.4 1120 GPHS Module 

1028 ±100 NP* 3.75 ±0.5 1054 GPHS Module 

1684 ±300 NP 4.2 ±0.8 1084 GPHS Module 

10 Simulant shattered 
into 50+ pieces 

8 Graphite stripped 
from clads; slight 
clad deformation 

11 Graphite stripped 
from dads; slight 
clad deformation 

21 Graphite stripped 
from clads; 
moderate clad 
deformation 

'Figures provided by Sandia National Laboratories. 
'iNo information provided by Sandia National Laboratories. 



TABLE 3S1V. CST Cap««l« Simiifis 

Test Clad Nd. iNDsitt*!! 

A>1. 
Major Diain 

(in.) 
Minor Dlam 

(ir».) 
iMaJor/Minor 

Rati* 

CST-1 

CST.2 

CST-3 

1 
2 
3 
4 

2 
4 
] 
3 

H 2 
L.14 
H 6 
I..19 

ND» 
ND 
ND 
ND 

GISC-OE 
GIS C-BE 
GISA-BE 
GISA'OE 

GIS A-BE 
CIS A-OE 
GIS C-BE 
GISCOK 

30.S64 
30.42ft 
30.661 
3ft.lll 

31K569 
30.753 
36.264 
2^.918 

30.209 
30J78 
30.742 
30.*48 

28.iS04 
2^.366 
28^82 
29>i56 

28,903 
29.032 
29.417 
29M9 

27.974 
28J2S 
27J3S 
28.575 

1.069 
1.036 
1.469 
1.022 

1.0S9 
L0S9 
1.029 
1J018 

1.080 
1.084 
1.113 
1.052 

"Not dcIcnniiMd. 

(b) 

Fig. 53, CST-1 fiictert clnds I awl 2. veni eiid arid side views, (a) Fueled c4Bd UBHJ (b) fucted diid 2, 
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Pig. 54. CST-1 ftickd dads J and 4̂  veni raid and st<k i- ic*-j. (a> Fueled clad i &M |to> fueled dad -l. 
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(a> 

v5» 

i i 14 

M' 

(b) 

I ' 
si 

Wig, S5» CST*2 fv«1ed dads I (A GIS. Wind md) nnd 2 (iC GtS, <SJKII end), vent CIKI sml side views, (a) FUclcd clad 1 
«EUi<b)fbelcdclwl2. 
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f,5l> 

m 

Fis- S«- CST-3 Ricted dads 3 (A Gl% opes cr»(f) and 4 <C GIS, blir«i cn% vumi cad and dde views. (a> Finelcd clad 3 
and(b)fke}cdclad4. 
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(b> 

FlB, 57. Cyr-3 fvu^vi dads L.l2 (A GIS. bliod ©IMI) and L-14 (A GlS, open eiKft, vent end imd ride vitw .̂ 
(a) Fueled clad L-12 and (b) fwclcd cted L-i 4-
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(a) 

Cb) 

Fia, 58. CST.3 fticlcd cimts L-16 (C GIS, 
(afp^eteddnd W6and<b> ftie86ildadL-l9 

end) njnd 1-19 (C GlS, -Rpcn cndl, vent ttsA and sulc vkws. 
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om speciineix wfis asmKiled ;n ̂ iWC for 9 •mt^s aisd ihe 
other was annealed at SOO'C for 2 weeks. After the heat 
treaim^ms, both specimenj. v̂ isr̂  r-esubmitied for XRD 
aoatysiŝ ; wcarccuirajil)' waiting for rcSuJte, 

We also prepar\>d an arc-mclJcd sample <if 1:2.6 at% 
lr:Al. XRD analysis of Ihe produ^S geî enttfed a lunitjue 
tine jxatlcrn Shnt dtEFerKl fmni ihe lines a.«ociatcd wtlh 
cither IrAl or Ir.Alj, An IrAl; T compoond m described m 
llie iMeratwre, 

The new multichambcr lune,̂ ten cell was uliliiued 10 
sirnt*Ufl«eowsly m^umm-hcn k-^m tr.A] po\vsdcr satn-
pleJofvarpsigcOJtipCrtitiondnAl ratios of kl^ 1:2, h5, 
and l;4)K>925TinS)viici.nim. All fnyrjaiEipksShowed 
signs of reaction with varving amounts of unreactcsd 
rnaserial, After rri.'ii;-tt>5coî ic cvunisEi.'nion. the sa«i|iles 
were submitted for XRD analysis. 

The XRD r^whi in<Jicaie«l ilm the 1: J IrAl nvLtturc 
had formed IrAI The 1:2 In At mixture formed n two* 
phase prodwa eomposc^ of IrAt and Ir.Aly The 1:3 IrAl 
mixture also formed a two-phase prodwc?j bwi in Ihts 
case only one phase (IrAlj) v."as identifiable. The fourth 
sample^ InAl mk> 1:4, form t̂l 5> single phaic having a 
isniquc K-raydliTraction pattern. 

2. Heals of Formalion. ThuorelKSsI vahaei for ihc 
heals of formattOJi of various Ir/AI iiitermetaliic com­
pounds were calculated wsing s i«chni<iuc ilcscfibed in 
the literature by Midcma. The results are prs's«»ted m 
Table XV. 

We also attempted to experimen unity d-etermiiie the 
heal of formation for IrAlj. Wc placed 11 mg of 
aluminum and iriduim powtters m a ,1*S atomic rjitio iis 
the differential thermal analyzer (DTA) and heultd the 
powders ai iCP/tnin to ISCXFC A sharp exoiherm, re­
leasing 187 cal/g. maximiTOd at 655"C. Also obncfved 
w<;r«a small (13 cai/fi) en<to<h«rm at 9i,S'C and a small 
<I0 cal/g) 91S*C esotherm at 1334*C. When we hcaSed 
the satnp^ea second lime, th? following were recorded: a 
7-cal/g didothenn at 652'^ u $-c l̂/g ejjOothcrm ai 
9IS'Cj and a l4-caVg exoJhcrm at 129 PC. Cooling 
ihr&i;^ the same nesjon at 57'ttifi sfiowcjd only »" 
cjcolhcrai at 642'C<7 cal/g). 

TABLE XV. Caieulated Hca(s 
of F«)rwalloo for Tr/AI Com­
pounds 

Compfliind AH''**'/g-a£otni 

IrAl -Ifi.* 
IrAlw - H I 
IrAl., -103 
IrAliM "" 8.7 
IrAlj - 7Ji 



The exotherm at 655'C on the first heating appears to 
be due itiitially to reaction between the two elements, 
followed perhaps by reaction between some Al/Ir com­
pound and one of the elements. The temperature noted 
is approximately the same at which a 1:1 Al:Ir mixture 
reacted and also corresponds to the melting point 
(~661''C) of the aluminum powder from which the 
mixes were made. The small endotherm at 6S2*C on the 
second heating and the cxothcrm at 642'C on cooling 
may therefore be due to melting/solidification of excess 
aluminum, which could have resulted from inaccuracies 
in weighing. Consequently, wc believe that the heat of 
formation of Aljlr is approximately 67.4 Kcal/mol. 

The small endotherm at 918°C on heating su^ests 
formation of a high-temperature phase. The fact that a 
corresponding exotherm was not seen on cooling is 
consistent with the relatively fast cooling rate (57ntin). 

C. Investigation of Th/Ir/P Ternary Compounds (K. 
Axler) 

At the present time, a Th/Ir/F crystallization experi­
ment, which will incorporate a longer soak time at an 
elevated temperature, is underway. 

Another preparation was made for a crystal growth 
experiment with thorium, iridium, and phosphorus. In 
this preparation, a tin flux will be used. 

D. InvestigaHon of Th/Ir/Si Ternary Compounds (K. 
Axler) 

Silicon is present in the GPHSs as an impurity in the 
fuel. The role of this element in regard to the system has 
been discussed and several experiments were con­
sidered. In the first test, 1:1:1 aL% Th/Ir/Sl was 
prepared by arc melting. The material formed a clean 
button when melted and had a homogeneous appear­
ance. The sample was submitted for metallography, and 
a section will be sent for XRD analysis. 

E. Computer Modeling of GPHS Thermodynamic 
Behavior (K. Axler and R. Sheldon) 

We arc beginning an ciTort to thermodynamically 
analyze the behavior of the GPHS using the 
SOLGASMIX program. The software was installed on 
an IBM-XT computer, and testing of the program was 
initiated. All necessary thermodynamic properties will 
be contained in a data base stored along with the pro­
gram on a hard disk. This approach vnll facilitate future 
system analyses. 
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