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ABSTRACT 

S i x samp l es of part i cu l ate debri s  were removed from the TMI-2  cor e  
r ubble bed dur i ng September and October 1 983 . The core debr i s  grab s amp l es 
(�30 cm3 e ach ) were obtai ned by l ower i ng s amp l i ng dev i ces through 
l eadscrew open i ngs at two l ocat i ons i n  the core , H8 (mi d-core ) and E9 
(mi d-raa i us ) .  F i ve of the s i x  s amp l es are bei n g  exami ned at the I daho 
Nat i onal  E ng i neer i ng L aboratory to obtai n data on the phys i ca l  and chemi cal  
nature of the debr i s  and  the postacci dent cond i t i on of the TMI - 2  core . 
Th i s  report presents resu l ts from the f i rst phase of the exami n at i on and 
focuses pr i mar i l y  on the i n i t i a l meta l l urg ica l  and radi ochem i c a l  
exami nati ons . The resu l ts are pre l imi nary and , i n  many i nstances , req u i re 
add i t i ona l  support i v e  exami nat i ons  to reasonab l y  i nterpret the data . 
P rel imi nary resu l ts i nd i cate temperatures i n  the core reached at l east 
2900 K dur i ng the acc i den t and l arge fracti on s  of the core i nventory of  

d . 1 . ( 1 44c ) . d . s ome ra  1 onuc 1 des e . g . , e were ret a1ne 1n the core . 
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S�RY 

S i x  s amp l es of particu l ate debri s were removed from the TMl-2 core 

rubb l e  bed dur ing September and October l gaJ . These core debr i s  grab 

s amp l es were acq u i reo to obta i n data on the extent and nature of the debri s  

ana the postacc iaent  cona i ti on of the TMI-2 core . F i ve samp l es are bei n g  

exam i ned at EG&G Ioaho , Inc . The other sampl e is bei ng exami ned a t  the 

Lynchburg Research Center of Babcock & W i l cox Company . 

Resu l ts from the f i rst phase of the exami nat i on are presented i n  th i s  

report . Th i s  phase focused on aata needed by GPU Nuc l ear to support 

reactor recovery . I t  cons i steo of the fo l l ow i ng act i v i t ies: unpack aging,  

we i gh ing , and v i su a l  ana photograph i c  examinati on of bu l k  sampl es; s i ev i n g  

( to aetermi ne part i c l e  s i ze d i str ibut ion ) ana wei gh ing o f  s i eve fracti ons; 

prel iminary metal l urgica l  and scanning e l ectron mi croscopy examinat i ons; 

test i ng for ferra.agnet i c  mater i a l  content; pyrophor i c i ty tests; ana gamma 

s pectra.etry ana f i s s i l e/ferti l e  mater i a l  ana l yses . Di screte part i c l e s  

f rom the l arger (�1000 �m) d iameter s ieve fract i on s i zes ana a l i quots 

f rom the sma l l er (<1000 �m) s i eve fract ion s i zes were sel ected for the 

gamma s pectrometry and f i ss i l e/ferti l e exam i nati ons . 

A br i ef summary of f i ndings from th i s  phase of the exami nat i on i s  

g i ven bel ow: 

o Approxi111ately 90S of the par t i c l es from the s ample  mater i al are 

l arger than 1000 �m (1 mm ); l ess  than 11 are sma l l er than 

300 �m. The average part i c l e  s i ze is approx imate ly 2000 �m. 

ana the bu l k  tap aens i ties  of the aebr i s  range from 3 . 5  to 

3 .8 g/cm3• 

o The s amp l es contai n  fuel pe l l et fragments and shards of c l add i ng 

or gu i de tubes . Most particles  are a congl omerate mi xture o f  

nonun i form comb inat ions o f  fue l ( U02 ) and non-fue l mater i a l s .  

Further ana l ys i s  of these mater i als is pl anned . 
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o Prel imi nary exami nat i o n  of  se l ected l arge parti c l es i nd i cates 
peak core temperatures reached dur i ng the acci dent exceeded 
2900 K. 

o No pyrophor i c  (combus t i b l e )  mater i a l s  were observed dur i ng the 
pyrophor i c i ty tests . 

o The ferromagnet i c  mater i a l content of one s amp l e  exami ned was 
l es s  than 1 %  of  the total s amp l e  wei ght , and the ferromagnet i c 
part i c l es were most ly  w i th i n  the s i ze r an ge between 74 and 
4000 J.lm .  

o The fo l l ow i ng  gamma emi tt i ng  radi onuc l i des are present i n  the 
s ampl es : 60co , l 06 Ru , l l OmAg , l 25 sb ,  1 34 cs , 1 37 cs , 
1 44ce , 1 54 E u ,  and 1 55 E u . The predomi nant r ad i on uc l i des are 
1 37c s  and 144ce . 

o Based on a l im i ted number of part i c l es exami ned, the average 
measured enri chments at  the H8 and E9  core l ocat i on s  are 2 . 4 and 
2 . 8% ,  respect i ve ly ,  i nd icat i n g that no s i gn i f i cant amounts of 
per i phera l  core mater i a l s  are present at the center of the core 
( i . e . ,  H8 ) at the l ocat i ons  s amp l ed .  

o Measured gamma s pectrometry and f i ss i l e/fert i l e  data were 
compared w i th res u l ts of the ORIGEN-2 code . P re l im i n ary 
eva l uat i on s  i nd i cate that some f i s s i on products ( i . e . ,  144ce , 
1 54E d 1 55E ) · d · ·1 · u ,  an u rema1ne pr 1 mar1 y w1th the fue l , whereas 
l arge percen tages (>50%) of other f i s s i on products (pr i nc i pal l y 
l 25S b ,  1 34c s , ana 1 37c s ) were depl eted from the debr i s  
(fue l  bear i ng )  mater i a l . 
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A 1 i quot 

Fragmented P i ece 

Large Part i c l e  

Part i c l e  

Part i c l e  S ize  Fracti ons 

Sampl e 

Sma l l  Part i c l e  

NOMENCLATUR E 

A representat i v e  fract ion  of a homogeneous 
part i c l e  s i z e  fraction . 

A smal l ch i p  or chunk removed from a part i c l e 
for analys i s . 

Part i c l e  of debri s greater than or equal  to 
1 000 pm i n  s i ze . 

A p i ece of debri s .  

Subgroupi ngs of the samp l es by s i ze, 
resu l ti ng from the s i ev i ng operat i on . There 
are n i ne s i ze  ranges, vary i n g  from l ess  than 
30 pm to greater than 4000 pm . 

A l l  debri s contai ned i n  a sampl i ng too l , 
as-rece i ved from GPU Nuc l ear . S i x samp les  
were removed from the  TMI -2 core reg i on .  
EG&G Idaho i s  exami n i ng five  of the s i x  
samp l es . 

Part i c l e  of debri s smal l er th an 1 000 p m  i n  
s i ze .  
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PREL IM INAR Y REPORT: TMI -2 CORE DEBR I S  GRAB �AMPLES--ANAL Y S I S 

Of F IRST GROUP  Of SAMPLES 

1 .  INTRODUCT ION 

On 28 March l g]g , the Un i t  2 pressuri zed water reactor at Three Mi l e  

I s l and (TM I-2 )  underwent a l oss-of-cool ant acc i dent that resu l ted i n  sever e 
damage to the core . As a consequence of  the TM I -2 acc i dent , numerous 

aspects of light water reactor safety have been questi oned, and the u.s. 
Nuclear Regu l atory Comm i ss i on ( NRC ) h as embarked on a thorough rev i ew of 

reactor safety issues , part icu l ar l y  the causes and effects of  severe core 

d amage acc idents . The nuc l ear commu n i ty ack nowl edges the importance of 

examin ing TMI -2 in order to understand the nature of the core damage . 

Immed i ate ly  after the acc i oent ,  four organ i zations wi th i nterests in both 

plant recovery ana acc i oent data acqu i s i t i on formal ly  agreed to cooperate 

i n  these areas . These organ izat ions, General Pub l i c  Ut i l it ies Nuc l ear 

Corporation ( GPU Nuc l ear--owner/operator of TMI ) ,  E l ectr i c  Power Research 

I n stitute ( EPR I ) ,  �RC, and the U . � .  Department of Energy ( DOE ) ,  

co l l ec t i ve l y  k nown as  GE�D,  are presently i nvolved i n  postacc iden t 

evaluat i ons of TMI -2 . DOE i s  prov i d i ng a port ion of the funds for reactor 

recovery ( i n  those areas where acc iaent recovery know ledge wi l l  be of 

gener i c  benef i t  to the l i ght water reactor industry of the United States ) .  

I n  add i t i on, DOE i s  prov i d i ng funds for acqu is i ti on and analys i s  of  severe 

accident data ( such as w i l l  be obta i neo from exami n ing the damaged core) . 

Acqu i s it ion and exami nat i on of core debris grab samples from TMI-2 are 

p art of  an exami nation program of core i nternal s recommended by the TMI 

Reactor Assessment/F i ss i on Product Behav ior Techn i ca l  Eva luation Group . 

Th e data and resu l ts of  the exami nat ions presented i n  th i s  report support 

data requ i rements of GPU Nuc l ear for reactor recovery . The exami nat i ons  

a re being performed to acqui re data on  the extent and nature of the damage 

ana postacc i aent cono i tion of the core to ass i st GPU Nuc l ear in asses s i n g  

tool i ng and procedures requ i reo t o  aefue l the TM I-2 reactor . The pr i nc i pa l  

reactor recovery ques tions  be i ng addressed by the core debr i s  examination s  

i nc lude the tollow i ny: 
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o what i s  the phys i ca l  form of the parti cu l ate core debri s 
{ part i c l e  s i ze ,  shape , morphol ogy , or i gi n ,  etc . )? 

o What are the chemical  forms of the debr i s  ( fuel , c l addi ng , 
control mater i al , structural mater i al , react i on products , etc . )? 

o what are the i dent it ies  and quant i ti e s  of f i s s i on products 
r etai ned i n  the debr i s? 

o What are the rel ease rates of rad i o i sotopes from exi sti n g  and 
fresh ly  created surfaces? 

o Are pyrophor i c  mater i al s  present i n  the debr i s , and , i f  so ,  to 
what extent? 

o Does the core debr i s  present any unant i c i pated defue l i ng concerns 
(f i l tration  properti es , settl i n g  rate , etc . )? 

o Wh at i s  the a i rborne potenti al for rad i oact i ve parti cles 
{ f i nes )? (Th i s questi on wi l l  be addressed i n  subsequent 
exami nat ions and is not part of th i s  report . ]  

o Can the water that i s  phys i cal l y  or chemi cal l y  entrai ned i n  th e 
debr i s  be removed read i ly  to fac i l i tate sh i pp i n g  and storage of 
the core debr i s? What dryi ng  cond i t i ons are requ i red? [Th i s  
q uest i on wi l l  b e  addressed i n  subsequent exami nations and i s not 
part of th i s  report . ]  

Data obtai ned to answer these q uesti ons wi l l  a i d  defueli ng  i n  n umerous 
ways . The phys i cal form of the debr i s  ( part i c l e  s i ze and structure) i s  
s i gn i f i cant , because smal l s i ze  part i c l es may b e  suspended dur i ng defue l i ng 
and cause c louoi ness i n  the water . Parti c l e  s i ze  d i str i bution  and 
f i l terab i l i ty a l so wi l l  determi ne the type and effecti veness of f i l ters , 
cyc l ones , and so forth , used for c l ean i n g  the water . Informati on on  the 
p hys i cal state of debr i s  part i c l es (e . g . , presence of prev i ous ly  mol ten 
mater i al s )  may prov i de a c l ue as to the nature of the core mater i al 
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underneath the l oose debr i s  layer . The phys i ca l  and mechani ca l  propert i e s  

of the core •ater i a l s  w i l l  i nf l uence the des i gn of too l s  and methods used 

for oefuel i ng .  The retai ned f i s s ion product content of the debri s  a l so i s  

i mportant , because it  represents a potenti a l  radiol ogical source that must 

be control led .  The rate at wh i ch radio i sotopes can be l eached from the 

debri s w i l l  affect the amount of rad ioact i ve mater i a l s  d i ssolved i n  the 

water dur ing defuel ing .  The presence of pyrophor i c  mater i a l s i n  the debri s  

may suggest that l arger concentrati ons of those mater i a l s  exi st bel ow the 

l oose debr i s, wh i ch cou l d  present hazards duri ng preparations  for 

s h i pp i ng .  �ater entrained i n  debr is materi al represents a potenti al for 

the radiolyti c bui ldup  of hydrogen and oxygen gas i n  cl osed storage 

c onta i ners . 

S i x  samples of part icul ate debr i s  ( i dent i f i ed as Samp l es 1 through 6 }  

were obtai ned from the TM I-2 rubbl e  bed duri ng September and October 1983 

b y  l ower i ng s ampl ing  dev i ces through l eadscrew openi ngs at two l ocat i ons in 

the TM I-2 core. HB (mi d-core ) and E9 (mid-radius ) .  Two di fferent sampl ing 

a ev i ces were u sea to extract the samples from the rubble bed . One was a 

c lamshel l type tool used to obtain  the surface samp l es .  The other was a 

r otat i ng tube dev ice used to obtain  the subsurface sampl es . F i gure 1 shows 

the samp l i ng schemat i c  for the TM I-2 core debr i s .  F i gure 2 i s  a summary 

s cheaat i c  showi ng the core l oc at ion and photograph of each bul k  samp l e .  

F i gure 3 shows the samp l i ng tool s used t o  obta i n  the samples . The samp l es 

a re from three depths: surface of the debr i s  bed , and 3 and 22 i n .  into 

the bed . After reaoval , the s i x  samples were sh ipped to EG&G Idaho , I nc .  

Subsequently, S amp l e  2 was shi pped to Babcock ana W i l cox Company (b&�) for 

exa. i nat1on and ana lys i s .  The core debr i s  grab samples are the f i rst 

mater i a l s  extracted from the TM I -2 debr i s  bed . 

T h i s  i s  Vo lume 1 i n  a ser i es of reports document i ng the exami nation o f  

t he core debri s  grab s ampl es from TM I-2 . Th i s  report prov ides prel imi nary 

data on the phys ical  character i stics and radi onucl i de concentrations  of 

f i ve  samp l es bei ng exami ned at the I daho National  Engineer i ng Laboratory 

( INEL ) .  Fo l l ow-on exami nations wi l l  suppl ement these data and ass i st i n  

reso l v i ng the pr i nc i pal  quest ions d i scussed above . I n  adoition ,  these data 

wi l l  be used , along with data from other task s described 1 n  the TM I-2 Core 
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F i gure 1 .  Sampl i ng schemat i c  for the TMI-2 core debri s .  
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Figure 3 .  Sampl ing  too l s  used to obtain the TM I -2 core debri s  grab s ampl es . 



1 E x ami nat i on P l an, to a i d  i n  defi n i ng the behav i or of a commerc i a l reactor 

reactor core unoer the acc i den t conoi t i ons  that occurred at TM I-2 . 

�pec i f i ca l l y ,  th i s  report presents (aJ bu l k  s ampl e and i ndiv i dua l part i c l e  

geometry data ( inc l ud i ng parti c l e  s ize analys i s ), (b ) resu l ts of 

meta l l urgica l  exam i nat i ons of se l ected part i c l es, ( c )  ferromagnetic 

mater i a l  conten t data , ( d )  resu l t s of pyrophor i c i ty tests, ( e )  gamma 

s pectral measurements of  the sieve fraction s and  some ino ividua l  part i c l es ,  

ana (f ) f i ss i l e/fert i l e measurement data . The data are discussed , and a 

su-.ary of observat i ons is presented . 
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2 .  VISUAL AND PHOTOGRAPHIC EXAMI NATIONS AND PARTICL E  S I ZING 

After rece i pt from TMI, the f i ve b u l k  s ampl es retai ned at I NEL 
(Samples 1, 3, 4 ,  5, and 6 )  were unpackaged and subjected to  v i sua l  and 

p hotograph i c  exami nat i ons and rad i ati on s urvey . A summary of those resu l ts 

i s  presented i n  Tabl e 1 .  

Before the parti c l e  s i ze d i str i bu t i on analys i s  was performed, bu l k  tap 
dens i ty measurements (i . e . ,  approxi mate vol ume and we i ght ) were obtai ned 
for Samp les 1, 3, and 6 (wh i ch are most representat i ve of  the debr i s  bea ) .  
The tap dens i t i es ranged from 3 . 5 to 3 .8 g/cm3 for the three samp l es . 
S ampl es 4 and 5 were not anal yzed , because they are con1posed pr i mar i l y of 

l arge parti c l es,  and , therefori the i r tap den s i ty measurements wou l d  not 

prov i de a good i na i cati on of the actual dens i ty of the debri s  bed . 

The b u l k  samples  were subjected to part i c l e s i z e  d i str ibut i o n  
a nalys i s .  Th i s  analys i s  was done by s i ev i ng  the b u l k  s amp l es i nto several 
progres s i vely smal l er part i c l e  s i ze fract i ons  (8 for mos t  sampl es ) .  The 
n umber ana s i zes of the d i v i s i ons were determi ned dur i ng v i sual  exami nation 
of the bu l k  samples  and, in  general ,  match those used by B&W . The resu l t s  
o f  th i s  analys i s  are shown i n  Tab l e  2 .  Both wet and dry s i ev i ng techn i ques 
were used . Dry, hand-agi tated s i ev i n g  was used to  obta i n  the l arger 
part i c l e  s i ze fract i ons . For the smal l er (<1000 �m )  part i c l e  s i z e  
fractions , wet s i ev i ng (i . e ., Freon wash ) was used t o  i nh i b i t  s uspens i on of 
the smal l er part i c l es . The Freon wash was used because i t  doe s  not react 
c hemical ly  wi th the core debr i s  mater i al s .  The part i c l e  s i ze d i s tr i but i on 
data are d i scus sed further i n  Section  8 .  

D i screte part i c l es from the l arger (�1000 � m )  s i eve fract i on s i zes 
were se lected and photographed i n  preparat i on for follow- on exami nat i on .  
Photograph s of these part i c l es are shown i n  Appendi x A .  Detai l ed 
d escr i pt i ons of each of the f i ve b u l k  s ampl es fo l l ow . 
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TABLE 1. RESULTS OF THE VI�UAL AND PHOTOGRAPHIC EXAMINATION AND GROSS RADIATION SUkVlY Ot THE F IVE 8lJLK 
SAMPLES 

Ganma 
Locat ion of  Rad i ation 

SaiiiP l i ng TMI-2 Core Samp l e  i n  Leve l at 2 . 5  cm4 b 
Saapl e  Too l Location Rubb l e  Bed �radJ V i sua l Character i s t i cs 

1 C l amshell H8 Surface 16  A pi l e  of very b l ack, damp debri s  with 
a fa i r lf wide range of par t i c l e  s i zes 
(up to 0 mm); several  rounded 
surfaces; sporadi c  rust col or 
throughout . 

3 Rotat i ng HB 22 in . into 36 Very b l ack , s l i ghtly  damp debr i s w i th 
Tube debr i s  bed w i de range of partic l e  s i zes ( up  to 

5 mm ); sma l l chunks to f i ne debr i s; 
s imi l ar to Samp l e  1. 

4 Clamshel l [g Surface 3 Th irteen major chunk s of b l ack, dry 
debris w i th rust co l ored sides; 
bas i ca l l y sharp edges w i th one or two 
chunks hav ing rounded edges; 
dimensions range from 5 to 10 mm .  

5 kotat i ng E9  3 in .  into 18 Simi l ar to Sampl e  4 w i th the fo l l owing  
Tube debris bed d i fferences: many more pi eces , 

greater s i ze range (1 to 10 mm ), some 
surfaces more refl ective; very dry . 

6 Rotat i ng E9 22 i n .  i nto 36 Very b l ack, s l i ghtly damp debr i s; 
T ube debr i s  bea smal l chunks to f i ne debri s; some 

p i eces bl ackish gray; a few p ieces 
resembl e  metal shards s imi l ar to 
Samp l e  3 .  

a .  Radiat ion l evel s measured u s i ng a tel etector probe on the exposed s ampl e. 

b .  Al l samp les appeared to be of a loose granu l ar nature w i th some sharp or rounded edges. 
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TABLE 2 .  RESULTS OF THE PARTICLE SIZE ANALYSIS OF THE F I VE BULK SAMPLES 

Parti c l e  
S i ze l<an ge 

(�ml 
>4000 
1 680 to 4000 
1000 to 1 680 

> 1 000 

< 1 000 

707 to 1 000 
�97 to 707 
149 to 297 

74 to 1 49 
30 to 74 

<30 

Surrmea weight 
I n it i a 1 we i ih t 
S ampl e 1 oss 

Sampl e 1 

(�l (wt%l 
1 2 .62 18 . 4  
2 7 . 82 40 . 6  
1 5 . 64 22 .8 

8 1 . 8  

7 .80 1 1 . 4  
3 . 20 4 . 7 
0 .87  1 . 3 
0 . 44 0 . 64 
0 . 1 7 
__ d 0 . 25 

68 . 56 
70 .88 

2 .32 3 .3 

Sampl e 3 

(�) (wt%) 
63 . 75 42 . 9  
5 1 .45 34 . 7  
1 9 . 1 9 1 2 . 9  

90 . 5  

5 . 49 3 . 7  
6 . 34 4 .3 
1 . 2 7  0 .86 
0 . 77 o .  52 
0 . 1 8 0 . 1 2 
0 .0 1 3  0 .0 1  

1 48 .45  
1 52 . 7 1  

4 .26 2 . 8 

a . S ieving was not don e .  Samp l e  consisted on ly  o f  

Samp l e 4a Sampl e  5b 

(�l '�� (wt%l 
69 . 57 77 . 1 
1 3 .96 1 5 . 5  
6 . 25 6 .9 

99 . 5  

0 .44  0 . 49 

90 . 22 
1 6 . 59 90 .96 

o .  74 0 . 8  

l arge partic l es .  

Sampl e 6 

(�l (wt%) 
57 . 99 42 . 0  
49 . 39 35 . 8  
1 3 .88 10 . 1 

87 . 9  

8 . 93 6 . 5 
5 . 99 4 .3 
0 . 97 0 . 70 
0 . 67  0 .48 

�:�2 0 . 1 6 d 

1 38 .04 
140 . 73 

2 . 69 1 . 9  

b .  Siev i n g  was l i m i ted to four sizes . Samp l e  con s i s ted most ly  of l arge part i c l es .  

Sampl e 6 

(gl 
__ d 

0 . 39 
0 . 30 

0 . 2 5 
0 . 1 9  
0 .02 5 
0-��� 

__ d 

1 . 1 78 

c .  Ferromagnet ic  mater i a l  wei ghts . These val ues are s ubsets of their res pect ive  wei ght fract i on s  for 
Sampl e  6 .  The ferromagnetic mater i a l  analys i s  of Samp l e  6 is d i scussed in Sect ion 4 of th i s  report . 

a . None aetected ( not measurab l e ) . 

e .  The sampl e  l os s  defines the quanti ty of mater i al l os t  during  siev i ng ;  however , the parti c l e  s i ze 
a i str i bu t i on of the l os t  mater i a l  i s  not known . 
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Sample 1, the surface samp 1 e  from the HS core l ocat ion, was obtai ned 
u s ing  a c lamshel l sampl i ng tool ( see F i gure 3). The sampl i ng too l 

conta1 neo approxi matel y  7 1  g of very b l ack debr i s  w i th a w ide range of 

par t i c l e  s i zes . The part ic le  s i zes in th i s  sample  range from 30 �m to 

greater than 4000 �m . w i th most part i c l es l arger than 1000 �m .  

F i gure 4 i s  a photograph of Samp l e  1 .  A unique parti c l e  from Sampl e  1,  
Part i c l e  lA, 1 s  a l arge fue l rOG remnant , approx imately 19000 �m  l ong, 

cons ist i ng o f  z ircon ium c l aGG i ng w i th pi eces of fue l attached ( f i gure 5 ) . 

The outer surface of the c l aooi ng anG al l fracture surfaces appear smooth . 

Several other par t i c l es from Sampl e 1 a l so have smooth surfaces ano rounded 

corners . There are no sharp fracture surfaces apparent on the par t i c l es . 

Several  part i c l es were se lected from Sampl e 1 for detai l ed analys i s .  

Photographs of these part i c l es are presented i n  Appendix  A .  

Sa.p l e  3, the sample from 22 i n .  i nto the debr i s  bed a t  the HS 
l ocati on, was obtai ned us ing  a rotati ng tube sampl ing  tool ( see f i gure 3 ) . 

f igure 6 shows the sa.ple before it was removeo from the sampl i ng tool . 

The mater i al was strati f i ed by parti c l e  s i ze w i th i n  the sampl ing  tool,  w i th 

l arger p art i c l es near the top and f i ner par t i c l es nearer the bottom .  The 

.. ter i a l may h ave beca.e strat if ied dur i ng shipment . The part ic le  s i zes i n  

t h i s  sa.ple r ange from 30 �· to greater than 4000 � m. as shown i n  

Tab l e  2, w i th most (90 wtS) parti c l es greater than 1000 �m .  Th i s  sampl e  

contai ns several  parti cles that appear to be fractured fuel pel l ets . The 

sa.p l e  i s  shown i n  Figure 7 .  

Sampl e 4, the surface s amp l e  from the E9 core l ocat i on ,  cons i sts of 

13 l arger p ar ti cles rangi ng from 1000 �m to approximatel y  4000 �m . Al l 

part i c l es h ave the appearance of fractureo fue l pel lets ( f i gure 8 ) .  

s..p l e  5, the samp l e  from 3 i n .  i nto the debr i s  bed at the E9 core 

l ocation, contains a lmost a l l  l arge (>1000 �m)  part i c l es ( f i gure 9 ) .  

I t  appears s imi l ar to Sampl e  4 .  The l ack of sma l ler (<1000 �m)  

part i cles in  Samp les 4 and 5 agrees w i th i n-core c l osed c ircu i t  te l ev i s ion  

v ioeo i nspec t i ons wh i ch show that the E9 locati on ano adjacent areas 

conta i n  l arger s1zeo particles on the surface of the debri s bed .2 
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F i gure 4 .  P hotograph of Samp l e 1 wh i ch was obtai ned from the surface of 
the debri s bed at the H8 core l ocat i on .  
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F i gure 5 .  Photograph of Part i c l e  lA. a fuel rod remnant obtai ned from the 
surface of the debri s bed at the HS core l ocat i on . 
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F i gure 6 .  P hotograph o f  Sample 3 1n the rotat i ng tube sampling tool. 
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Figure 7 .  Photograph of Samp l e  3 which was obtai ned from 22 1n . i nto the 
debris bed at the H8 core l ocation . 



i gure 8 .  Photograph of Sampl e 4 wh i ch was obtai ned from the surface of  
the  debr i s  bed at the  E9 core locat i on .  



figure 9 .  Photograph of  Samp l e  5 whi ch was obtai ned from 3 i n .  i nto the 
debri s  bed at the E9 core l ocat i on . 



S an1pl e 6 ( Fi gure 1 0) ,  obta i ned from 2 2  i n .  i nto the debr i s  bed at  the 
E9 core l ocat ion ,  i s  very s i mi l ar to Samp l e 3 .  I n  general , 80 wt% or more 
of  the parti c l es from Sampl e 6 are l arger than 1 000 � m  i n  siz e .  Sma l l er 
part i c l es may be absent from Sampl e 6 because of washout or settl i ng .  
Ev i dence of washout of smal l er part i c l es was shown b y  exam i nation  o f  the 
TMI-2 makeup system fi l ters and 88 and H8 l eadscrews , wh i ch reveal ed 
part i c l es i n  the 0.5- to 6-�m range . 

A l arge fract i on of the parti c l es i n  a l l of the s ampl es appear to be 
parti al l y  covered w i th rust . There i s  exten s i ve coverage on some surfaces 
a nd a l ack of coverage on other s urfaces of the s ame part i c l e .  
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Figure 10. Photosrapb of Slllple 6 tlh1ch was oltta1�ed fr• 22 1n. 1ra&o Ute 
debris beG at the E9 core location. 
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3. DETAILED  METALLURG I CAL ANALYSES OF SELECTED PARTI CLES  

I t  i s  i mportant to  determi ne peak temperatures reached i n  the  U02 
fuel i n  order to correctl y  anal yze the f i s s i on product rel ease . Mos t  of 
t he h i gh ly  vo l ati l e  f i s s i on products w i l l  be  rel eased from the fuel  when 
d i ssol ut ion occurs ; however, rel ease of the l es s  vo l ati l e  f i s s i on product s 
b ecomes more s i gn i f i cant as the mel t i n g  temperature of  uo2 i s  
approached . P art i c l es from the TMI-2  core debri s samp l es were exami ned for 
posttransi ent mi crostructural compos i t ion  and appearance i n  order to 
determi ne peak temperatures reached i n  the fuel . 

P arti c l es of i nterest were se l ected for exami nat i on rather than tak i ng 
a random sampl i n g  of part i c l es . Therefore , the number of part i c l es 
e xh i b i t i ng structures i ndicat i ve of a certai n  peak temperature shou l d  not 
be used as an i ndi cator of the rel ati ve amounts of materi a l  i n  the core 
that had reached those temperatures . A l so ,  the posttrans i ent  
mi crostructures were compared to  equ i l i bri um phase d i agrams . The 
s tructures observed probab l y  refl ect nonequ i l i bri um condi ti ons  and poss i b l y  
mu l t i p l e  temperature excurs i ons , mak i n g  i nterpretati o n  of the data a 
d i ff i cu l t  task. 

Th i s  sect ion  conta i ns ( a )  descri pt i ons  of changes occurr i n g  i n  Zr, U ,  

and 0 compos i ti ons  w i th i ncreas i n g  temperature , and key compos i ti on s  and 
s tructural features i mportant for d i s t i ngu i sh i ng peak temperatures and 
( b )  prel iminary resul ts from detai l ed exami nat i on of  f i v e  part i c l es .  An 
addi t ional  24 part i c l es are being  exami ned , and those res u l ts w i l l  be 
reported i n  the f i nal  report on the core debri s grab samp l es . 

3.1  Temperature E st imates From Mi crostructure 

Th e posttrans i ent microstructural appearances of uo2 fuel  and  
z i rcal oy c l add i ng  from a l i ght  water reactor core and  an i n-pi l e  tes t h av e  
b een used to determi ne peak temperatures experi enced duri ng  a 
t . t 3 '4 F. 1 1  · rans1en • 1 gure s hows the chem1cal  i nteract ions  and format i ons  
of  l i qu i d  phases in  the uo2-Zr system w i th i ncreas i n g  temperature . 
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U02-Zr syste. wi th i ncreas i ng temperature • 
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Several  mi crostructura l  features have  been u sed to determi n e  peak 
temperatures ,  i nc l ud i ng (a ) gra i n growth i n  the uo2 f ue l  and ev i dence of 
me l t i ng ,  (b) phase changes i n  the Zr c l add i n g ,  and ( c ) i nteract ion  of 
mol ten core mater i al s .  Th i s  sect i on descri bes k ey features u sed i n  
determi n i n g  the peak temperatures . 

3.1.1 F uel Grain Growth ana Me l t i ng 

F uel gra i n  growth is h i gh ly  time-temperature dependent and can be  
cal cul ated us ing  correl ati ons of t i me at temperature for a g i v en fue l 
b urnup.5 These ca lcu l ations are based on  an i ntegrated total t i me at  a 
g i ven temperature , however , and are d i fficu l t  to use for tran s i ent  
cond i t ions  and  mu l ti pl e  temperature excurs i ons . I n d i cat i ons  that fuel was 
exposed to high ( >2000 K) temperatures are the rearrangement of pores an d 
grai n s tructure . When the me l ti ng poi nt (3120 K) of the uo2 fuel  i s  
approached , the fuel grains become a lmost pore-free , sharp corners o n  th e 
equi axed grai ns  become rounded , and the grains separate . The fuel  h as a 
s l i ght ly  foamy appearance , hav i ng  few smal l pores and many l arge , rounded 
v oids . 

3. 1 .2 Zircal oy P h ase Ch anges with Temper ature 

Th e zircal oy c l adding progresses through several dis tinct 
microstructural changes with increasin g temperature . The ori g i na l  
( a s-fabr i cated ) z i rcal oy micros tructure cons i sts o f  a l pha- z i rcal oy (a- Zr )  
grai ns  e l on gated in the c i rcumferential d i rect ion (referred to as a 
s tress-rel i eved mi crostructure ) .  This structure i s  observed w i th peak 
temperatures of l ess than 920 K .  With increasing temperature , the a-Zr 
gr ai ns recrystal l i ze and become equ i axed (920 < T < 1 1 05 K ) . At about 
1 1 05 K, the tran sformation from a-Zr to the a-Zr phase begins . The  
temperature at  which this transformation occurs i ncreases w i th i ncreas i ng 
oxygen conten t i n  the Zr . The a-Zr transforms back to a-Zr as 
temperatures are reducea bel ow 1 105 K; however , the m i crostructural 
appearance of the transformed a-Zr gra i n s  (referred to as " pr i or a-Zr") 
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1s  dis tinct l y  different from the G-Zr grains  that were not exposed to 

te.peratures greater than 1 105 k. The two-phase a +  prior 8-Zr mixture 

i s  obs erved i n  material s exposed to 1105 < T < 1 245 k. 

Several phenomena occur between 1 245 < T < 2 100 K .  As the 

te.perature increases above 1245 K ,  the a-Zr transforms completely  to 

• - Zr and then transforms back to G-Zr on coo l i ng ( prior 8-Zr ) .  The 

pri or •-Zr s tructure appears as l arge, equi axed grains with a-Zr 

p l ate l ets with i n  each grain . I nteraction of the zircaloy c l adding wi th 

s team on i ts outside surface and uo2 fue l on its i n s i de surface becomes 

s igni ficant above 1245 K ,  and oxidation of the c l adding occurs . Two l ayers 

are formed on the outside surface: f i rst, a layer of a-Zr that has been 

s tabi l i zeo at high temperatures because of oxygen uptake i s  formed [denoted 

•a-Zr{o)•) , and then a layer of Zro2 i s  formed outs i de of the a-Zr(O) 
layer . The longer the c l addi ng i s  exposed to temperatures greater than 
1245 K, the th icker these two l ayers can become . The entire wal l thickness 

can eventual ly transform to Zr02 and a-Zr ( O ) . Frequently , there are 

two l ayers i n  the Zr02 phase . The i ns i de l ayer [c l osest to the 

a- Zr(O)j conta i ns a metal lic a-Zr(O) phase . This i ndicates that the 

Z� was s light l y  hypo s toi chiometr i c  at temperature and underwent an 

e u tectoid decompos i t i on i nto s toich ia.etri c  Zr� .oo + a-Zr (O)  during 

cool i ng .  Thi s  deca.pos i tion onl y  takes pl ace if  s i gnif i can t amounts 

( enough to be v i s i b l e )  of the Zr02 h ave been above about 1 850 k 
(F i gure 12 ) .  

I f  fue l -cl adding contact exi sts, interaction of the c l adding with the 

uo2 fue l a l so occurs, resu l t ing  in oxidation of the c l addi ng from the 

i ns i ae surface . The i nternal U�/Zr interaction resul ts in the formation 

of the fol lowing reaction l ayer sequence: 

LU02 + U) • la-Zr ( O )a + ( U,Zr ) )  

• ( U,Zr ) a l l oy • a-Zr(O)b 

• 
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where 

a • the a-Zr{O )  next to the fue l 

b • the a -Zr ( O )  near the center of the c l add ing • 

These l�rs wil l then be fol l owed by prior a -Zr • a-Zr ( O) • Zr02 
or on ly a-Zr (O )  • Zro2, depending on the amount of oxidation from th e 
outs i ae by the s team. The fue l  is  chemi cal l y  dissol ved by the Zr to form 

�tal l i c a-Zr{O ) and elemental uranium . Zro2 cannot form as a resu l t  

of the UO�Zr reaction a l one . The metal l i c uranium does not rema i n  a t  

the U02/o-Lr(O)a i nterface, because i t  tends to interact with Zr l ow 

in oxygen ana therefore penetrates and/or diffuses into the c l adding to 

for• a ( U , Zr )  alloy r i ch in uranium . The ( U , Zr )  a l loy lies between two 

a - Zr{O) l �rs ana is l iqu i d  above about 1425 K ,  depending on the Zr 

con tent. Th i s  smal l quant i ty of liquia  is a result of the sol i d  s tate 

aiffus 1on couple . The o-Zr ( O )  layer adJacen t to the fuel contains smal l 

a-aunts of the ( U , Zr) a l l oy ,  pr iMar i l y  a l ong gra i n  boundar ies , but a l so as 

SmG l l  g lObules with i n  the a-Zr (O) a grains. The o-Zr (O ) b l�er 

adJacent to the pr i or s -Zr contains no {U , Zr )  al loy. During cooldown , 

t he hypostoichia.etric  uo2-x aeca.poses i nto s toich iometric uo2 .00 and 

add i t i onal  �tal lic uran i um .  The two-phase [a-Zr ( O )a + ( U , Zr )] l ayer 

i s  .ade up of re l ative l y  sma l l ,  rad i al ly  elongated a-Zr ( O )  gra i n s  

co.parea w i th the a -Zr (O )b l ayer [and a -Zr (O )  i n  general) whi ch is  

.aae up  of l arge grai ns . 6- 1 2  

The boundary between the [a - Zr ( O)a + ( U , Zr )J ana ( U ,Zr ) l ayers i s  

d i s tinct , bu t the interface between the ( U , Zr )  and a-Zr ( O ) b l�ers can 

be very irregu l ar .  The fo�tion of l arge ( U ,Zr ) globu les with i n  the 

a- Zr ( O )b l ayers occurs on ly at temperatures greater than or equal to 

177� K; at l ower temperatures , sma l l  spher ica l  partic l es form (References 7 

ana 8 ). 
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3 . 1 . 3  Interaction  o f  Mo l ten  Core Mater i a l s 

The z i rcal oy c l add i ng can beg i n to mel t  at  2030 K ,  wh i l e the uo 2 
fuel does not mel t  unt i l 3 1 20 K; however , i nteract ion  of  the Zr , uo 2 , an d 
steam res u l ts i n  mater i a l s  w i th i ntermed i ate me l t i ng temperatures . The 
mel ti ng poi nt of the Zr i ncreases w i th i ncreas i ng oxygen content, w i th the 
me l t i ng temperature of oxygen- saturated a-Zr ( O )  be i n g about 2245 K .  An 
eutect i c  i nteracti on takes p l ace between oxygen-saturated a-Zr ( O )  and 
uo2 at about 2 1 70 K ( 20 mo l e% uo2 ), and a monotect i c  i nteract i o n  at 
about 2670 K ( 85 mol e% uo2 ) .7 The uo2 and Zr02 form a so l i d  
s ol ut i on at h i gh temperatures, and a 50/50 mo l e% compos i t i on me l ts at about 
2870 K. Therefore, cl add i ng me l t i n g  and d i sso l ut i on  of the U02 fuel  
( l i quefacti on )  can begi n at temperatures as l ow as 2030 K.  Other 
l ow-temperature eutect i cs may form between the fuel rod mater i a l s  ( Zr and 
uo2 ) and other core s tructural materi al s  (Inconel ,  s ta i n l es s  s teel , and 
c ontrol rod mater i a l s ) .  

Th e key to determi n i ng  the peak temperatures reached and the pos s i b l e  
scenar i o  i s  the number and d i s tr i but ion  o f  phases present i n  a prev i ous l y  
mo l ten materi al at room temperature . Negl ect i ng a l l oyi n g  e l ement  effects , 
the observed phases shou l d  agree w i th the ( U , Zr , O )  ternary phase d i agram . 
Th e ternary equ i l i br i um phase d i agrams of the ( U,Zr,O) system at 1 773 and 
2273 K are shown in F i gure 1 3 .  The equ i l i br i um phases shown i n  the 1 7 73 K 
d i agram a l so are present at room temperature, because no  furth er 
decompos i t i on takes pl ace at l ower temperatures . 

Th e i n i t i al t i e- l i ne l i es between the uo2 fuel and pure Zr at 
2273 K. I nteraction between these two components resu l ts i n  a s i ng l e-phas e 
h omogeneous l i q u i d  or a two-phase ( U,Zr,O) mel t  p l us ( U,Zr ) o2_x so l i d  ( at 
>3 . 6-wt% oxygen ) .  Upon coo l i ng, the homogeneous me l t  w i l l  decompos e  i nto  
two metal l i c components : an a- Zr ( O )  phase conta i n i ng s ome uran i um and an 
(U,Zr ) a l l oy conta i n i n g  l i tt l e  or no oxygen .6,10, 13  
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The heterogeneous mel t  al so decomposes on  coo l down , wi th the so l i d  
( U ,Zr ) o2_x parti c l es hav i ng l ow Zr content decompos i ng i nto 
s toich iometri c  ( U ,Zr ) 02 ana a ( U , Zr )  a l l oy ,  and the ( U , Zr ,O )  me l t  
decompos i ng i nto a-Zr ( O )  and ( U , Zr )  al l oy .  

Because of the trans i ent cond i t i ons , ox i dati on of  the heterogeneous 
and homogeneous me l ts must  be cons i dered , as th i s  affects the f i na l  
m i crostructural appearance . I f  ox idati on occurs after sol i d i f i cati on , the 
a-Zr ( O )  wi l l  transform to Zr02 and the ( U , Zr )  al l oy w i l l  transform to 
( U,Zr )02 • Therefore ,  the homogeneous me l t  w i l l  transform from a-Zr ( O )  

+ (U ,Zr )  t o  Zro2 + ( U ,Zr )02• Wh atever the state o f  oxi dati on , two 
phases are a l ways d i st i ngu i shab l e .  

Th e mol ten mater i al may al so absorb oxygen wh i l e  i n  the l i q u i d  s tate . 
As the oxygen content of the mel t  i ncreases, the temperature mus t  i ncrease 
for the mater i al to rema i n  mol ten , or a ( U,Zr )02 so l i d  so l ut ion forms . 
Oxi dati on of the uo 2-zr mel t  w i l l  resu l t i n  a s i ng l e-phase ( U , Zr)02 
sol i d  sol ution . Th i s  materi a l w i l l  no l onger have the appearance of  be i n g  
mol ten . E longated grai ns wi l l  tend to form a l on g  the oxygen concentration 
and temperature grad i ent , and the mater i al w i l l  general ly contai n few pores 
and be dense i n  appearance . 

Th e Zro2 and uo2 can al so form a sol i d  so l ut ion by d i ffus i on at 
t emperatures up to 2873 K and by m ix i ng  of mo l ten oxi des at h i gher 
temperatures . F i gure 14 shows the Zr02tuo 2 b i nary phase d i agram . The 
min imum mel t i ng po i nt of the sol i d  sol ution  occurs at about the 50/50 mo l e% 
m i xture . Only one ph ase i s  apparent on coo l i ng of the ( U , Zr )o2 mi xture.  
If  th i s  mater i a l  had been mol ten , it  wou l d  general l y show structures such  
a s  l arge pores and i rregu l ar or  nonexistent grai n structure ,  usual l y  
associ ated w i th mo l ten mate� ia l . 

Another i nd ication of whether the posttran s i ent ( U ,Zr ) o2 sol i d  
solution  i s  a metal l i c mel t  wh i ch ox i d i zed wh i l e l i q u i d  o r  a cerami c mel t 
i s  the amount of i nteract i on w i th other mater i a l s .  I f  the metal l i c me l t  
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contacted a cerami c mater i a l ( U02 fuel or Zr02 oxi d i zed c l add i ng ) , 
d i ssol ut ion of the cerami c shou l d  hav e  occurred . A cerami c mel t  contact ing  
a cerami c so l i d  w i l l  s how v ery l i tt l e  i nteract i on .  

3 . 2  Meta l l ograph i c  F i nd i ngs and C ompos i t i on Measurement s  

Th i s  sect i on descr i bes the res u l ts o f  the meta l l ograph i c  exami nat ions 
and compos i tion  measurements of f i ve part i c l es ( Part i c l es l A ,  l E ,  l H ,  60 , 

and 6F ) se l ected from the core debr i s  grab s ampl es . These parti c l es h ave 
been studi ed extens i ve ly  by meta l l ography and scann i n g  e l ectron 
m i croscopy/energy-di spers ive  x-ray s pectroscopy ( SEM/EOS ) to  determi ne the 
bas i c  s tructures present and the approxi mate e l ementa l compos i ti ons , 
except i ng oxygen . One part i c l e  ( so far ) h as been further character i zed by 
scann i ng Auger spectroscopy to measure concentrat i ons  of oxygen and other 
e l emental s pec ies and confi rm peak temperature i nterpretati ons . Add i ti onal 
work i s  schedul ed on the Auger apparatus and on the mol ecu l ar opt i ca l  l aser 
e xami ner (MOLE ) ,  pr imar i l y  to ascerta i n  extents of chemi cal i nteract ion and 
study f i ss ion product behav i or .  Neverthel ess , amp l e  i nformati o n  has been 
gathered to hel p understand many of the h i gh temperature phenomena that 
occurred dur i n g  the TMI -2  tran s i ent . 

E OS-deri ved compos i ti on i nformati on shou l d  be  con s i dered 
semiquanti tat i ve because  the x-ray peak area fract ion s  are converted i nto  
e l emental wei ght fract i ons w i thout the  u se of s tandards . The theoret i cal  
correcti ons appl i ed to the peak area fracti ons  compensate for mas s 
attenuati on ,  s e l f-fl uorescence , and atomi c numb er effects and are more 
appropr i ate to metal s  than to ox i des . Therefore , EOS val ues reported 
h erei n  shou l d  be i nterpreted as rel at i ve i nd i cat i ons of e l emental  amounts . 
The EOS i nstrumentati on used i s  not capab l e  of determ i n i ng oxygen 
c oncentrati ons because of system l imi tat i ons , wh i ch i s  the r eason for a l so 
u s i ng Auger spectroscopy techn iques . 

However , some emp i r i cal correct i on factors for E OS-der i ved data (where 
neces sary ) wi l l  soon be avai l ab l e  as a consequence of an ana lyt i ca l  
c al ibration program at I NEL . A U02 /Zr i nteract ion s tandard was 
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g rac i ous ly donatea by the �ernforschungszentrum Kar l sruhe ( Federal Repub l i c 

ot be�ny ) where uo2 , a-lr ( O ) , and ( U , lr )  a l loy were assessed by both 

Auger spectroscopy ana e l ectron mi croprObe,  each of wh i ch had been 
prev i ou s l y  cal i brated to numerous standard mater i al s .  An extruded Zr02 
rOG ·( Corn i ng G l as s  Co . )  was a l so suppl i ed by Babcock & � i l cox Co . to 

p rov i de a k nown Zr-0 rat i o  for Auger spectroscopy cal i brat ion .  The rod 

ca.pos i ti on was prec i se ly  determ i ned by i nduct i vely coupled pl asma 

s pectro-e try at I NE L ,  and sma l l amounts of cao, MgO , A l2� . Fe2o3 , 

iftd o ther ca.pounds were a l so measured . Thus , standards s l i ced from th i s  

r oo  w i � l  further serve to bench.ark quanti tat i ve determi nat i ons of trace 

.a l ecu l ar concentrat i ons  and detectab i l i ty threshol ds for numerous 

a na lyt i cal  systems . Both rough and po l i shed standards are bei ng prepared 

to assess effects of surface texture . 

3 .2 . 1 Part i c l e  lA  

Part i c l e  lA  ( F i gure A- 1 ) i s  ca.posed of  an  outer shel l of  parti a l ly  

oxi d i z ed c l add i ng , an i nter.edi ate reg i on of once-mol ten U-Zr-0 mi xture , 

a nd a n  i nter i or p i ece of uoz fue l . Th i ck ness var i at ions i n  the pr i or 

•- Zr wa l l ana 1 n  the me l t  l ayer ( F i gure 1 5 )  i nd i cate that the c l adding  

b a 1 1 oonea asymmetr i ca l l y  ( presumab ly as a consequence of unbal anceo heat 

transfer ) ,  wi th a rad i a l  i ncrease of approx i mate ly  1 mm at the ori entat ion  

s hown . Z i rca l oy i n  d i rec t  contact w i th fue l pel l ets above the ba l l oonea 

region reacted to create a ha.ogeneous ( U , Zr , O )  me l t  that re located 

d ownwara to f i l l  the bal l oon s pace . The l arge voi ds w i th oxi d i zeo surfaces 

represen t two portions  of the mel t that s l umped further downward to be 

r epl aced by s tean,. The extent of oxi dat ion suggests that steam f l ow 

occurred through these voids between two ax i a l l y  separated c l addi n g  

b reaches . 

Th e � l t  compos i tion was measured by EOS . Negl ect i ng oxygen , wh i ch 

cannot be detected by th i s  technique ,  the average compos i t ion over a 

r epresentative portion 1 s  87-wtS Zr , 1 1 -wtS U ,  and 2-wtS N1 , w i th traces of 

Fe ,  Sn ,  and Cr . The Fe,  Sn ,  and Cr content cou l d  be attri buted to 
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Z i rcal oy-4 a l l oying i ngred i ents , but the N i  or i g i nated from other component 

sources ( i .e . , I nconel spacer gr f ds ,  contro l rod gu fde tubes , fuel assemb l y  
ena f i tt i ngs , etc . ) . 

As shown i n  F i gure 16 , apprec i ab l e  segregat i on of mel t  consti tuents 
occurrea upon cool down , before sol i d i f icat ion . Most of the Zr reconf i gured 

i nto gra f ns of ..� - .L r ( O ) , wh i l e i rregul ar patches of { U , Zr )  a l l oy formea at 

gra i n  J unct i ons . The Sn , N i , Fe , ana Cr rema i ned l iqu id  l onger , and were 

squeezeo between the � -Zr ( O )  gra i ns and ( U , Zr )  patches . The 

b aek scattered scann i ng e l ectron micrograph at the bottom of F i gure 1 6 
i l l us trates th i s  segregat ion qu i te cl early,  because h i gher atomic number 

e � anents appear br i ghter . Steam ox idat i on of the mel t  effect ively d i l uted 

the concentrat ions  of Zr and U ,  so ox i d i zed me l t  appears dark gray on th i s  
i uge .  

The tenaency o f  the me l t  to wet both the z i rcaloy c l add i ng and the 

� fue l i s  apparent from the ov a l  shapes of both vo ids i n  F i gure 1 5 . 
Ho wever , v ir tua l ly  no  chemi cal i nteract i on was found at the c l add i ng-me l t  

i nterface . S i•i l arly,  Z r  and Fe were detected between uo2 gra i ns , bu t 

on ly  f n  the immed i ate v ic i n i ty of the me l t .  Thus , the me l t  seems to have 

s o l i d i f ied shortly after arr i val  at th i s  rod e levat i on . [Areas now absent 

of fue l  near the pel l et per i phery were removed dur ing sample preparat ion 

f or �ta l l ography, ana a th i n  l ayer of U� s t i l l  adheres to the me l t  at 

these pos i t i ons . ]  The negl i g i b l e  uo2 gra i n  growth and rather th i n  Zr02 
l ayer on the c l add ing exter i or conf irm that th i s  fuel rod elevat i on stayed 

r e l at i ve l y  cool . 

3 . 2 . 2 Part i c l e  1 E  

P art i c l e  l E  ( F i gure A-lb ) i s  a part i a l ly ox id fzed c l add i ng sect ion 

w t th uo2 fuel bonded to the i nter ior surface and Zr02 on the outer 

surface . Two para l l e l , c ircu.feren t i a l ly  or iented c l add i ng bands 

( F i gure 1 7 )  that are r i ch f n  uran i um content prov ide ev idence of h f gh 

t�rature z t rca l oy-uo2 i nteracti ons . Rad i a l l y  or iented patches of 

z ra2 w i th i n  the c l add i ng matr ix  and l arge metal l i c str i ngers a l ong the 

• 
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F i gure 16. Metal l ograph i c  ( top ) and SEM (bottom ) i mages of l i quef i ed 
mater i al structures i n  P art i c l e  l A .  
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F i gure 1 7 .  Part ic le  l E ,  c l addi ng fragment w i th adheren t fuel and once
mo l ten mi xea cerami c .  
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i nter i or of the Zr� l ayer i nd i cate that c l add i ng mel t i ng occurred . I n  
add i t i on, a sma l l amount of once-mo l ten ( U,Zr ) o 2 ( T  > 2870 K )  h as 
sol i d i f i ed on the exter i or of the Zro 2 l ayer . 

Because of pro l onged ox i dat i on, the c l add i ng structure at one poi nt  
d ur i ng the TMI-2 trans ient cons i sted of  the  fo l l ow i n g  l ayers ( from the 
outs i de i nward ) :  zro 2 , a-Zr ( O ), l arge e-Zr gra i ns at the c l add i ng  
c enter, a-Zr ( O )b, ( U,Zr ) a l l oy, a-Zr ( O )a , and the  U02 • Then th i s  
c l add i ng structure mel ted, wh i ch accel erated oxygen  uptak e  from both the 
u� and external  Zro2 • For a b r i ef t i me, U� d i s so l u t i on by mol ten 
c l add i ng must have proceeded rap i d l y .  Upon cool down, the oxygen-depl eted, 
hyposto i ch i ometr i c  port ion  of the Zr02 decomposed i nto  Zro 2 and 
metal l i c str i ngers of a-Zr ( O ) . Meanwh i l e, the heterogeneous ( U , Zr , O )  
mel t  near the fuel i nterface transformed i nto a-Zr ( O ) , ( U,Zr ) a l l oy, and 
( U,Zr ) o 2 . The t im i ng of the mol ten, s i ng l e-phase ( U , Zr ) 02 attachment 
to the exteri or Zro 2 surface cannot be d i rect ly  i nferred from th i s  
scenar i o . 

Semiquant i tat ive e l emental  analys i s  by EOS was performed near the 
c l add i ng-fuel i nterface to determi ne compos i t ions  of the v ar i ou s  mel t  
c omponents shown on the top of F i gure 1 8 .  [ H i gher atom i c  n umber compounds 
appear br i ghter i n  th i s  back scattered el ectron i mage . ]  No uran i um was 
found i ns i de the a-Zr ( O )  and Zr02 reg i ons . The· ( U,Zr ) a l l oy was 
measured to be approx imatel y  83-wt% U and 1 7-wt% Zr . Negl ect i ng oxygen , 
the outer ( U,Zr )02 band was found to be 32-wt% U and 68-wt% Zr, wh i l e the 
b and adj acent to the uo2 was 33-wt% U and 67-wt% Zr . The uran i um dot map 
at the bottom of F i gure 1 7  conf i rms these l ocal  measurements . 

Cons i derab l e  an alys i s  was performed on the externa l  Zro 2 l ayer shown 
i n  F i gure 1 9 .  EDS i nvest igat i ons  were focused on the c l add i ng-Zro 2 i nterface . Reg i ons of adj acent a-Zr ( O )  were found  to conta i n  
approx imate ly 3-wt% Fe and 3-wt% C r .  Loca l i zed concentrat i ons  o f  A l  were 
al so detected at the boundary, probab l y  due to i nteract i on w i th e i ther 
I n conel or sta i n l ess steel . E DS a l so confi rmed the ex i stence of rad i a l ly 
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F i gure 18 . 

X-ray 
background 

Mu l t i p l e  forms of U ,  Zr , and 0 segregation upon cool down of a 
heterogeneous me l t  near the fuel -c l add i ng i nterface 1 n  
Part ic le  l E .  
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Zr02 ----

a-Zr(O) 

F i gure 1 9 .  SEM images of z i rca loy/ZrO, i nterface on  Part i c l e  l E , w i th 
adherent once-mo l ten ceraml c on exter i or Zr02 surface . 
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oriented s tr i ngers con ta i n i ng Zr ( probably o-Zr ( O ) )  i n  the inter i or hal f 

of the Zr� l 41er ,  wh i ch aga i n  represen ts acce l erated oxygen removal  from 
t h i s  reg i on after c l add i ng mel t i ng .  

Scann ing  Auger s pectroscopy (SAS ) was used t o  character ize  th e 
( U, lr )u2 a ttached to the outer Zro2 surface . SAS can prec i sely measure 
c oncentrat i ons of a l l  e l emental spec i es present ,  espec i al ly  oxygen . Before 
perfor.i ng SAS , a prel imi nary i dent i f i cat i on of the adherent mater i a l  as a 
o nce- -o l ten , s i ng l e- phase sol i o  so lut ion of uo2 ana Ir� ( peak 

t�rature >2870 K )  had been deduced meta l l ograph i cal ly .  Applyi n g  

s tanoaro 4 r  ana U� e tches f a i l ea to expose the o-Lr ( O )  ana ( U , Zr )  

a l l oy phases formea dur ing coo l i ng o f  a metal l i c ( U , Zr ,O)  mel t .  Hao the 

aOherent me l t been part i a l l y  metal l i c at the t ime of contact , the mel t 

wou l a  have begun reduci ng the Zr02 immed i ate ly--creat i ng o-Zr ( O }  

s tr i ngers o n  coo l down at the outer Zr� s urface l i ke  those found o n  the 

i n ter i or hal f .  Equ i va l ently ,  a gradua l ly changi ng rat i o  of Zro2 to  

o- Zr ( O }  wou l d  occur across the Zr02-me l t  i nterface . Neverthel ess , 

b ecause the meta l l ograph i c  i nterpretat i ons had not been confi rmed i n  th i s  

s pec i f i c  context ,  Auger spectroscopy was performed ( after cal i brat i on to 

s u i tab l e  s tandaros ) to supply  oxygen concentrat ion data on th i s  portion of 

the part i c l e .  

Regi ons 1 5  � m  i n  d i .-eter we�e sequenti a l ly  measured from the midd le  

of  the Zr� l ayer to  the exter ior of  the attached mel t  at two separate 

l oca t i ons . The only  ev i dence of oxygen depl et i on was found on the i nter ior 

hal f of the Zr02 , from react ion wi th mo l ten c l addi ng .  The outer Zr02 
l ayer ana aoherent mi xed cerami c are uni form sto i ch i ometri c  d i ox i des w i th i n  

•easur�nt u ncerta i nt i es ( +2 at . I for pr i mary cons ti tuents ) .  kh i l e no 

oxygen gradi ent  was detected near the Zr02- ( U , Zr )02 interface , some 

oi ffus 1 ona l i nward mi gration of U d i o  occur . However , th i s  reg i on o f  

c onti nuous u concentrati on change was restricteo t o  a 50-�m-th ick b ano 

centereo at the v i sual  demarcation on F i gure 19, so mos t of the adherent 

.el t and outer Zro2 l ayer were not affected by th i s  process . 

• 
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Al though perturbed somewhat near the Zr02 boundary , the U and Zr 
concentrati on s  were both cons i stent ly  c l ose  to 1 7-at . % throughout th e 
m i xed oxi de .  [ These v al ues convert to 6 1 -wt% U ,  23-wt% Zr , and 1 6-wt% 0, 
or, equ i val ently, 69-wt% uo2 and 3 1 -wt% Zr02 . ]  Consequently , the 
mi n imum mel t i ng poi n t  of th i s  cerami c sol i d  s o l u t i o n  was very near l y 
2870 K ,  approach i ng the 3 1 20 K me l t i ng po i nt of pure uo2• Trace amounts 
of Fe, Cr , and Al were al so detected , as wou l d  be expected i n  a 
uo2 -zro2 cerami c mel t .  

I n  add i t i on , the scan n i ng Auger i nves t i gati ons  found one i so l ated 
depos i t  of Sb f i s s i on product i n  the mi xed ox i de .  Approximatel y  2-at . % U 
was al so found throughout the Zr02 l ayer , w i th l -at . % U exten d i ng we l l  
i nto the c l add i ng matr ix . Th i s  w i despread U content cannot be attr ibuted 
to di ffus i on from the mi xed oxi de, so i t  pres umab ly  or i g i nated i n  uo2 . 
Redi str ibution dur i n g  sampl e gr i nd i n g  i s  one poss i b l e  expl anat i on .  
Ho wever , th i s  U probab ly  d i ffused from d i sso l ved U02 through the mo l ten 
c l add i n g  to enter the Zro2 at the same peri od when the Zro 2 was bei n g  
reduced . Subsequent SEM/EDS i nvesti gati on s  conf i rm the second expl anation , 
as w i de ly  d i stri buted pockets of ( U , Zr )  a l l oy were found  at h i gh resol ution 
i n  the Zro2 l ayer . 

3 . 2 . 3  Part i c l e  l H  

P art i c l e  l H  ( F i gure 20 ) has a very porous ( foamy ) appearance and i s  a 
quench-frozen aggl omerate of two d i s t i nctly  d i fferent types of  mater i al . 
S i ng le-phase, l arge- grai ned ,  pore-free fragments have been surrounded by a 
f i ne-grai ned , porous , mu l t i phase me l t .  After meta l l ography , i t  was 
i n i t i a l ly  thought that th i s  part i c l e  was probab ly composed of fue l pel l et 
pi eces coated by a quenched me l t ,  wh i ch wou l d  have accounted for the 
apparent chemi cal d i ssolut i on of the s i ng l e-phase cerami c b l ocks . However , 
SE�/EDS i nvesti gat ions  q u i ck l y  estab l i shed that Part i c l e  l H  wou l d  requ ire a 
much more compl i cated expl anat i on . 
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f i gu r e  20 . Me ta l l ograph i c  ( top )  and � E M  ( bottom ) i mages o f  Part i c l e  lH , 
an a gg l omerate o f  s i ngl e-phase fragments and porou s , mu l t 1 phase 
me l t .  
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As shown i n  F i gure 2 1 , very l i ttl e gray- l eve l  contras t was found o n  
t he backscattered e l ectron mi crographs between the porous ana pore-free 
reg i ons , wh i ch i ndi cates overal l s imi l ar i ty i n  average atomi c numbers . The 
average me l t  compos i ti on ( negl ect i ng oxygen ) over four reg i ons  was 
u n i formly measured by EDS to be 68-wt% U, 28-wt% Zr , and 4-wt% Fe , w i th 
t races of C r ,  A l , and N i . [ The approximate atomi c Zr : U : Fe r at i o  i s  
1 3 : 1 2 : 3 . ]  The Fe conten t i s  much h i gher than the nomi n a l  0 . 225 wt% i n  
Z i rcal oy-4, and Ni shou l d  not normal l y  be detected , s o  the me l t  a l most 
certai n ly  i nteracted wi th I ncone l  and/or s ta i n l es s  s tee l ear l y  i n  i ts 
evo l uti on . Meanwh i l e, the s i ng l e-phase , pore-free " i s l ands " were found to 
range from 67-wt% U and 33-wt% Zr to  59-wt% U and 4 1 -wt% Zr , w i th no  
detectab l e  A l , N i , Fe, and Cr .  Thus , l i tt l e  contrast on F i gure 20  shou l d  
be expected, espec i al l y  s i nce etch i n g  dur i n g  meta l l ography i n d i cated both 
the s i ngl e- and mu l t i phase components of· Part i c l e  l H  are h i gh l y  oxi d i zed . 

The s i ng l e-phase b l ocks are a lmost defi n i te l y  ( U , Zr ) 02 s o l i d  
sol ut ions  wh i ch cou l d  have  been prev i ous l y  mol ten . No Auger s pectroscopy 
h as been performed thus far to conf i rm that they are s to i ch i ometr i c  
d i oxi des . However , because the Zr : U  rat i o  var i e s  between b l ock s , th e 
b l ocks are not fragments of the same l arger cerami c mel t .  No shr i nkage 
pores or other features c l ear l y  as soc i ated w i th a pr i or mol ten state are 
observed ,  un l i ke the cerami c mel t  on Part ic l e l E ;  however , ( U , Zr )� mel ts 
wh i ch have been superheated and fast coo l ed can appear pore-free . 
Moreover , these p i eces of mi xed oxi de contai n  no detectab l e  amounts of 
Z i rcal oy-4 a l l oy i ng  i n gredi ents . Each s i ng l e-phase b l ock was probab l y  
formed by l i q u i d-s tate oxi dat ion o f  a heterogeneous  me l t  a t  temperatures 
bel ow 2870 K .  

F i gure 2 1  i l l ustrates how poros i ty from coo l i ng- i nduced mel t  shri nkage 
has coal esced i nto l arger voi d features . For examp l e ,  e longated vo i ds have 
n early  formed a fu l l  crack that a l most total l y  s eparates the r i ghtmos t  
portion o f  Part i c l e  l H  from the res t of  the s tructure at th i s  ori entat i on . 
Smal l pores may be  nucl eated at temperature by m i n i scu l e  bubb l es of metal 
vapor . Ti ny unox i d i zed, presumabl y  condensed depos i ts of Fe , Cr , Al , N i , 
and Sn can occas i onal l y  be found w i th i n  the smal l est  pores . These depos i ts 
mi ght be more common on  unetched samp l es . 
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f i gure 2 1 . 
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P art i c l e  l H--.. croscopi c  and c l oseup v i ews  of wetting  o f  
(U , Zr)� fragments by heterogeneous ( U, Zr , O ) me l t  and 
f ormat i on of shr i nkage voids upon quench i ng.  The absence of 
contrast ref l ects compos i t iona l s imi l ar i t i es . 
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F i gure 2 1  a l so  shows that the ( U , Zr ) 02 b l ock s are wetted equal l y  by 
the mel t ,  regardl es s  of thei r  compos i ti ons . The h i gh l y  magn i fi ed v i ew 
proves that d i sso lut ion of the mi xed oxi de occurred a l ong a l l exposed 
surfaces , not just  at gra i n  boundar i es .  Two region s  are i nd i cated where 
the d i s so l ut ion process i s  a lmost compl ete . The rounded , bu l bous shape of 
one of these regions  i ndi cates i nc i pi en t  mel t i ng ( T  > 2870 K ) .  

F i gure 22 i l l ustrates that the f i ne-grai ned , room-temperature me l t  
structure cons i sts o f  three phases : br i ght-gray grai ns , mott l ed patches , 
and a dark-gray phase s andwi ched between the gra i ns  and patches . These 
phases have i rregul ar boundar i es ,  as quench i ng prevented formati on of 
d i sti nct equ i l i br i um s tructures . The br i ght gra i ns were typ i cal l y  found by 
EDS to be 70-wt% U ,  and 30-wt% Zr ; the mott l ed patches are typ i cal ly  
54-wt% U ,  4 1 -wt% Zr , and  5-wt% Fe ; and  the  dark- gray phase i s typ i cal ly  
26-wt% Fe , 25-wt% U ,  1 7-wt% Cr , 1 2-wt% Ni . 1 1 -wt% Zr , and 9-wtS Al . 
[ However , s ubstanti al var i ati ons  from these va l ues can be found at  any 
g i ven po int , due to incompl ete segregati on of mater i al s and poorly defi ned 
b oundar i es . ]  No phase cons i st i ng pr imar i ly  of Zr  was detected ; that i s ,  no 
a-Zr (O )  nor Zro2 i s  apparent . Oxygen concentrati on s  have not yet been 
measured but etch i ng resu l ts ,  metal l ograph i c  appearances , and the general 
l ack of contrast between the mel t  and mi xed oxi de b l ock s on backscattered 
SEM i mages al l i nd i cate that the three phases are near ly s aturated w i th 
oxygen . 

Th e mel t  beh av i or at temperature i s  d i ff icu l t  to prec i sely  deduce from 
the phase make-up after quench i n g .  Because the d i sso l ution  of the 
( U ,Zr ) 02 b l ock s h ad progressed q u i te far , some of the me l t  represents 
prev i ously  d i sso l ved m i xed oxi de . Thus , i t  i s  not certa i n whether the mel t  
was i n i t i a l l y  homogeneous or heterogeneous . The mel t  s urroundi ng the 
( U , Zr )02 b l ock s and a l ong b l ock grai n boundar ies  ( see F i gure 22 ) was 
measured to be  54-wt% U, 42-wt% Zr, and 4-wt% Fe- -near ly i dentical  to the 
average mottled patch compos i ti on-- so the patch phase was l ike ly  
respons i b l e  for attack i n g  the m i xed oxi de fragments . Because Fe forms a 
compl ex eutect i c  system w i th U , Zr ,  and 0 ,  the d i sso l ut i on mechan i sm was 
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probably eutecti c decompos i ti on .  However , the me l t  temperature may a l s o  
h ave been h i gher than 2873 K-- as s uggested by the bu l b  shape i n  
F i gure 2 1 -- i n  wh i ch case ( U , Zr ) 02 mel t i ng wou l d  have accel erated th e 
d i s sol ution proces s . I n  any event ,  the me l t  penetrat i on a l ong  gra i n  
boundar ies i n  F i gures 2 1  and 2 2  confi rms th at the ( U , Zr ) 02 had def i n i tel y 
sol i d i f i ed before mel t  contact occurred . 

3 .2 .4 Part ic l e 60 

Part i cl e 60 ( Fi gure A-1 9 )  i s  a l arge fuel pe l l et fragment w i th a t i ny 
porti on of ( U , Zr , O )  mel t  attached at one end . As shown i n  F i gure 23 , the 
f racture s urfaces appear very i rregu l ar for uo2 , wh i l e the fuel matri x  
has a d i s t i nctly unusual speck l ed cast . The external  surface of th e 
part i c l e  appears " g l azed . "  

F i gure 24 shows that the uo2 exper i enced e l evated temperatures , 
s i nce cons i derab l e  poros i ty has accumu l ated at gra i n  boundari es .  Th i s  
phenomenon i s  al so observed i n  fuel operated at standard reactor 
cond i t i ons , after burnups of approxi mately 1 5  to 20 GWd/t . The extent of 
equ i axed grain  growth i s  negl i g i b l e ,  i nd i cat i n g  that the peak fuel 
temperature did not exceed 1 900 K.  F i gure 23 a l so shows the fuel 
appearance after etch i ng  to expose gra i n  boundar i es , whereupon a secon d 
f uel  phase emerged . Th i s  second phase i s  most l i kely u4 o9 , wh i ch wou l d  
i ndi cate an ox i d i z i ng env i ronment wh i l e  the fue l was at temperature ;  bu t 
confi rmatory Auger and MOLE measurements have not yet been made . 

The adherent me l t  was a l so of major i nterest .  As shown i n  F i gure 2 5 ,  

t he me l t  i s  composed o f  smooth cerami c- appear i ng grai n s  exh i b i t i ng on ly one 
metal l ograph i c  phase at room temperature . The EOS-der i ved me l t  compos i ti on 
w as un i formly measured at 66-wt% U and 34-wt% Zr ,  except near the fuel  
i nterface where the U content i ncreased abrupt l y .  N o  traces o f  Fe , Cr , Sn , 
or  other al l oying  i ngred i ents were found .  Therefore ,  the mel t  i s  probab ly 
stoich i ometr i c  ( U , Zr ) 02 • The grai n texture and  compos i ti on s uggest  that 
t he mi xed oxi de represents a metal l i c ( U , Zr , O )  me l t  oxi d i zed as a l i q u i d  
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Fuel 

F i gure 23. Part ic le  60, poss ibly oxid i zed fuel w i th adherent ( U , Zr ,O )  
me l t .  

• 
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F i gure 24 . Typi ca l  fuel grai n  structure of Part i c l e  60 before and after 
etch i n g .  
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fi gure 25.  Hi ghly magn 1 f 1 ed metal lograph 1 c  images of melt-fuel i nterface 
on Particle  60. 
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below 2873 K .  The me l t  ev i den tly  absorbed some oxygen from the fuel , 
b ecause a conspi cuous react i on l ayer was exposed by etch i ng near the 
fuel -me l t  i nterface , as shown in the bottom of F i gure 25 . 

F uel  adj acent to the fue l -me l t  i nterface exper i enced h i gher 
temperatures than other areas of the part i c l e .  As shown i n  the upper 
p hotomicrograph in  F i gure 25 , the col l ected poros i ty has i nter l i nked near 
the i nterface to form connected pathways for f i s s i on gas escape . 
Co rrespondi ngly,  i nterfaci al fuel regi ons are rel ati ve l y  free of  i nd i v i dua l  
pores . The backscattered i mage shown in  F i gure 26  i nd i cates another such 
region exi sts wel l be low the i nterface . Th i s  s econd reg i on of b r i ghter , 
l ess porous fuel i s  a l so a consequence of mel t  i nteracti on , as con f i rmed by 
the  z i rcon i um x-ray i mage shown i n  F i gure 26 . However , i n  th i s  secono 
case , the me l t  i s  below the p l ane of the meta l l ograph i c  cross sect i on . Th e 
metal l i c me l t  was superheated we l l  above i ts me l t i n g  po i nt before the fue l 
was contacted , at wh i ch t ime the fue l rece i ved the surpl us heat by 
conduct ion .  

3 . 2 . 5  Part i c l e  6F  

Part i c l e  6F ( F i gure A-2 l a )  was ori gi nal l y  se l ected for deta i l ed 
character izat ion after i t  was found to be part i a l l y  ferromagneti c .  Desp i t e  
t he compl i catea overal l appearance i n  F i gure 2 7 ,  the source of the 
ferromagnet i c  nature of Part i c l e  6F was read i l y  i dent i f i ed as the three 
l arge metal l i c i ngots . These i ngots were determi ned by EOS to be  96-wt% Ni  
and  4-wt% Fe , w i th a smal l add i t iona l  amount of Sn . 

The process whereby I nconel -7 18  ( i n i t i a l l y  52-wt% Ni ) was "refi ned " to 
near ly  pure Ni i s  not def i n i te ly  known but i s  probab l y  rel ated to h i gher 
o xygen affi n i ty for the. Fe and Cr  const i tuents . Because of the l ow extent 
of oxi aati on , the N i -r ich mel t  presumab l y  contacted the remai n der of 
Pa rti c l e  6F l ate i n  i ts evo l ut ion , penetrat i n g  a l on g  l arge pores and 
sol i d ifying  from heat losses to a coo l er matr i x .  Thus , the temperature o f  
t he oxi d i zed part i c l e  port ions was a lmost certa i n ly wel l be low 1 72 5  K ( the 
me l t i ng po int of Ni ) when the Ni -ri ch mel t arr i ved . 
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f i gure 26 . P ar t i c l e  60- - re l a t 1 onsh i p  between l es s  porou s fue l reg i ons 
ana z i rcon 1 um content .  
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--.:::::.,.1 Metal l ic 
ingots 

F i gure 27 . Parti c l e  6F , an aggl omerate of porous and so l i d  { U , Zr , O )  mel ts , 
both h i gh ly  ox i d i zed , and metal l i c ,  ferromagneti c  i n gots . 
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I n  add i t ion to the i ngots , Part i c le 6F consi sts of rough ly equa l 

a.aunts of porous and sol i d  ( U , Zr ,O) mater i a l s  at the cross -sect ional 

or ientation studi ed .  The granu l ar ,  rel at i vely pore-free structure 
ev idently sol idi f i ed before contact w i th the porous me l t .  The 
�tal lographi c  appearances ana etch ing behav ior of both types of ( U , Zr , O )  
•ater i al suggest a h igh degree o f  oxi dation .  

The backscattered e lectron mi crograph at the top o f  F i gure 28 
i l l ustrates .aJOr d i fferences tn average atomic number of Part i c l e  6F . The 
ca.pos i t ion of the so l i d-gra i ned structure was determined by EDS to be 
approx i.ately 32-wtl U ana 68-wtl Zr ( negl ect ing oxygen ) ,  wh i l e the porous 
heterogeneous melt  ranged between 50- and 60-wtl U and 45- to 35-wtl Zr , 

w i th  the rema i n ing 5-wtl composed of varyi ng amounts of Fe, Cr ,  N i , and 
Al . [ Fe ana Cr tend to dominate the impur i t i es ,  wh i ch suggests pr i or 
i nteract ion w i th s ta i n less s tee l . )  Therefore , most of the gray- l evel 
contras t between the sol i d-gra i ned and porous structures in F i gure 27  i s  
d ue to a marked d i fference i n  U conten t .  However , the porous mel t cou l d  
conceivab ly  be l es s  ox i d i zed , because oxygen concentrat ions have not yet 
been �asured by Auger spectroscopy . 

The l arge sol i d  grains are almost  defi n i tely ( U , lr )02 • The mi xed 

ox i de conta i ns no detectab l e  a l l oy ing impur i t i es , as w i th comparab l e  
pore-free ( U , lr }� i n  Part i c l es l H  ana 6 0 ,  ana un l i ke the adherent mi xed 
ox ide i n  Part i c l e  l E .  The preponderance o f  shr i nkage pores and the absence 
of gra i n s  i n  the bri ght , i rregu l ar ly  shaped me l t  conf i rms sol i d i f i cation on 
cool i ng .  

F igure 2 7  a l so shows several br i ght reg ions l ack i ng both shr i nkage 
pores ana gra i n  structure . These regions  represent d i ffus i on bond ing 

between the sol i d  ( U, Zr )02 ana the part i a l ly l iqu id  heterogeneous me l t .  

Much o f  th i s  d i ffus i onal i nteract ion was caused by me l t-sol i d  contact 
outs ide the p l ane of study ,  because the i nterfac i a l  area at th i s  
or ientat ion i s  qu i te sma l l .  One such bond ing regi on i s  shown i n  c l oser 
detai l at the bottom of F i gure 28 . Note the absence of di ffus iona l 
exchange w 1 th the H 1  i ngots , wh 1 ch con f i rms that the heterogeneous mel t  had 
cooled and sol i d i f i ed before the Hi - r i ch �l t  arr i ved . Note a l so that the 

h eterogeneous me l t  has not attacked the ( U , Zr )02 gra in  boundar ies . 
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F i gure 28 . 
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Pronounced compos i ti onal  d i fferences i n  P arti c l e  6F , w i th 
regi ons of l ow average atomi c n umber appear i ng darkes t . 
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F i gure 29 prov i des c l ose-up v iews of the room-temperature 

heterogeneous mel t  mi crostructure . Metal l i c i ngots present dur i ng i n i t ia l  

�tal l ography were ev i dent ly  d i s l odged or  d i sso l ved by etch ing,  so  the 

s-.1 1 i nc l us i ons  only  appear i n  the upper image . Two phases are apparent 
on the lower back scattered e lectron mi crograph : the ( U , Zr ,O )  matri x  and 
t he dark -gray s tr ingers . The matri x  compos it ion at th i s  pos i t ion i s  
approx i .. tely 5 7-wtl U ,  38-wtl Zr , 4-wtl Fe , and 1-wtl N i  ( p l us a 
s ubstanti al concentration of o�gen ) ,  wh i l e the s tr i ngers here are composed 
of 34-wtl Cr , 33-wtl Fe , 1 7-wtl Al , and 16-wtl N i . 

Baseo on the metal l ographic  appearance and immun i ty to etchants , the 
aatri x seems to be mostly ( U , Zr )02 • Much of th i s  mi xed ox i de wou l d  have  

b een i n  the for• of  ( U , Zr )CL at temperature , so the metal l i c i nc l us i ons -z-x 
could conce i vably  be ( U , Zr )  a l l oy that emerged as the ( U , Zr )�-x 
d i s soc i ated upon cool i ng .  However , i t  i s  more l i kely that the i nc l us ions 
were rel at i vely i nert metal s l i ke Sn or N i  whose l ow oxygen aff i n i ty 
prevented i ncorporation w i th i n  the matr i x .  

Despi te i ncompl ete understandi ng of the me l t  s tructure , the makeup of 
Parti c l e  6F res�les Parti c l e  l H  i n  that a porous mel t has contacted 
p rev i ous ly so l i d i f ied ( U , Zr )02 • Neverthel ess , the me l t-so l i d  

i nteract ions i n  these two cases are very d i fferen t .  I n  Part i c l e 6F the two 
aater i al s  have bonded by di ffus i on , whereas i n  Part ic le  l H  the mel t has 

a i sso lved substant i al amounts of the ( U , Zr )� . The heterogeneous mel t  
compos i tion i s  qu i te s imi l ar i n  the two part i c l es , a l though the U conten t 
o f  the •i xea oxi de i s  l ower i n  Part ic le  6F . Therefore , the major 
a i s t 1 nct ion between the two s i tuat ions seems to be the mel t  temperature . 
Th e heterogeneous me l t  i n  Partic le  l H  was apparently l iquef ied and 
superheated above the ( U , Zr )o2 mel t i ng point--thus account i ng for the 
extens i ve gra i n  boundary penetration and d i s so l u t i on of the so l i d  mi xed 
oxide .  By compar i son , the heterogeneous mel t i n  Part i c l e  6F was ev i dently  
a v i scous s l urry a t  a temperature wel l below 2873 K ,  so  on ly d i ffus iona l  

i nteract ions  occurred where the two mater i a l s  were in  contact . 
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F i gure 29 . Metal l ograph i c  ( top ) and SEM (bottom ) i mages of heterogeneou s 
me l t  s tructure i n  P art i c l e  6F . 
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4 .  FERROMAGNET I C MATERIAL ANALYSI S 

The quanti ty of ferromagnet ic  mater i a l  present i n  the s ieve fractions 

was measured for Sample  6 (obtai ned 22 i n .  i nto the debr i s  bed at core 

l ocat ion E9 ) .  Th i s  analys i s  was performed by pl ac ing a smal l ( 2- l b  pu l l )  

magnet i n  a smal l ( lOO�L ) pyrex beaker and then pl ac i ng the beaker i n  
contact w i th each s i eve fract ion . After st i rr i ng the beaker i n  the s ample  
.. ter ial . the .. gnet , beaker . and attached magneti c  mater ia l  were removed 
ana p l aced i n  a contai ner . The magnet then was removed from the beaker , 
a l low ing the magnet i c  mater i a l  to drop into the contai ner . No mater i a l  
aaherea to  the beaker after removi ng the magnet; therefore. i t  was assumed 
that al l mater i a l i n  the container had a ferromagneti c component .  
F i gure 30 i s  a photograph of a magnet ic  partic le  ( Part ic le  6F ) wh ich was 

removea for raaiochemical analys i s .  The rough exter i or i s  characteri s t i c  

of 110st ferromagnet ic  part i c l es .  

Th e quant i ty of ferromagnet ic  mater i al i n  each of the i nd i v i aual s i ze 
fractions  of Sample  6 i s  l i s ted i n  Tab le  2 .  From these data , the quant i ty 
of  ferromagnet i c  mater i al present can be d i v i aed i nto two s i ze groups . The 
first group ( 297  to 4000 �m ) contains g51 of the total  wei ght . and the 
secona group ( 74 to 297 �m)  conta i ns 51 . For th i s  sampl e ,  the condi t ions 
f�ing these mater i a l s  produced no l arge ( i .e • •  >4000 �m ) chunks of 
•ater ial that were demonstrat ively magneti c .  

�ta i n less  s teel was the pr i nc i pa l  core mater i a l  conta in i ng  i ron . 

There were approx imately 1 .6 x 103 kg  of stai n l ess steel (�81 Fe ) 
present i n  the core area . 1 4  Th i s  compares wi th the tota l  core mater i al 
•ass of 1 . 25  x 1o? kg. The fract ion of ferromagnetic mater ial founa i n  
the sa.ple was approx imately  0 .91, and the form was magneti te .  
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84-199-4-6 

F i gure 30 . Ferromagnet i c  par t i c l e  (Part i c l e  6F ) removed from Sampl e  6 .  
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5 .  PYROPHOR ICITY TESTS 

Pyrophori c i ty ( i .e . ,  pi lot i gn i tion )  tests were performed on se lected 
core debri s  .. ter i a l s  to eva luate potentia l  safety hazards to core recovery 

operations . To deaonstrate the procedure , prel imi nary tests were performed 

on zircon i �  hydride powder us ing a smal l Tes l a  coi l ( F i sher Scient i f i c  

Co�ny Model BOlO ) rated at  5 x 104 v .  The i gn i t ion of  th i s  powder was 
recorded by both v i deo tape and sti l l  photography before beginning the 
a ctual  core debris  pyrophor ici ty tests . An addi t ional method used to 
proauce h igher teaperatures ( a  propane torch ) also was tested on the same 
type powaer before beg i nn i ng the actual pyrophor i c i ty tests . 

The s ieve fractions fro. Samples 3 and 6 were chosen for pyrophori c i ty 
testi ng. Tests were performed on mater i a l  removed from al l s i ze fract ions 

fro. 30 to 4000 � .  The quant i ty of  mater ia l  used for each test  rangeo 
from 0 .25  to 0. 5 g .  A smal l quanti ty of •ater i al was used i n  oraer to 
aai ntai n radi ation exposure to personnel w i th i n  reasonab le  l imi ts . Tests 
were perfor.eG under both dry and wet cond it ions . The dry condit ion was 
attained by waraing the mater i al for approximately 30 mi n at 1oo•c . The 
wet condi tion was attai ned by add i ng two drops of water to the materi al . 

Tests were performed on i ndiv i dual wet and dry portions of the 
s a.pl es .  The same portion was used for both analyses . F i gure 31 shows a 
portion of Saaple  3 bei ng exposed to the Tes l a  coi l to determine i f  pi lot 
i gn i tion occurs . No v i s i b le  p i l ot i gn i tion was observed for any s i ze 

fraction of ei ther sample.  F i gure 32 shows a part ic le  from one of the 
s a.pl es being heated w i th a propane torch . One parti cle of what appeared 
to be core structura l mater ia l  from each of the two samples was exposed to 
the propane torch , and no pi lot i gn i tion was observed for ei ther part i c le  • 

• 
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F i gure 3 1 . Tes l a  coi l p i l ot i gn i t ion  tes t  on  mater i al removed from th e 
1 49-297 �m s i ze fract i on from Sampl e  3 ,  u s i ng  a F i sher 
Sc i enti fi c  Company Model BOl O Tes l a  coi l rated at 5 x 104 V 
maxi mum . 
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F i gure 32 . Propane torch p i lot i gn i t i on tes t on a part i cle  of core 
s tructural mater i a l . 
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6 .  GAMMA SPECTRAL MEASUREMENTS 

Fr agmented p i eces from the l arge parti c l es and a l i quots from the 
smal l er parti c l e  s i ze fracti ons were removed from each of  the f i v e  bul k  
s ampl es for quanti tati ve gamma spectrometry analys i s .  The fragmented 
pieces and al iquots , rang ing  i n  wei ght from 5 to 50 mg , were analyzed after 
b e i ng p l aced i n  i nd i v i dual  1 -cm- ai ameter by 5-cm- l on g  sea led a l umi num 
cyl i nders . Al umi num cyl i nders were chosen to contai n  the mater i a l s for 
t h i s  anal ys i s  so s ubsequent f i ss i l e/ferti l e  analys i s  cou l d  be performea 
w i thout  transferri n g  the mater i al s .  

The resu l ts were correcteo for gamma-ray attenuat i on caused by the 
mas s of the mater i a l  analyzed . Th i s  correct i on was performed us i n g  a 
ca lcu l ation compar i ng h i gh and l ow energy gamma r ays from spec i f i c  
rad ionuc l i des . The correct i on factor account i n g  for effect of  mas s 
attenuation i n  the gross anal ys i s  was cal cu l ated from 1 44ce data , 
primar i ly.  The on ly rad i onucl i de for wh i ch s i gn i f i cant mass attenuat i on 
was expected was 1 55 E u ,  and i ts uncertai nty i s  approxi mate l y  20% . Data 
for 24 1 Am are not i ncl uded i n  th i s  report because an effect i ve correcti on 
factor i s  qu ite uncerta i n  due to th e low energy ( �0 keV ) of gamma rays 
emi tted from th i s  r ad i onucl i de .  

Th e fo l l owing  gamma-ray energies were u seo t o  determi ne the 
radionuc l i de concentration of each fragmented p i ece or a l i quot : 60co 
( 1 332 keV ) ,  106Ru ( 622 keV } , l lOmAg (885 keV ) ,  1 2 5sb ( 60 1  keV ) , 
1 34cs  (605 keV ) ,  137cs  ( 662 keV ) , 144ce ( 2 1 85 keV ) ,  1 54E u  
( 1 274 keV } , and 1 55Eu (80 keV ) . 

The gamma spectrometry data for each of the f i ve s ampl es are tabu l ated 
by part i c l e  s i ze fraction i n  Append i x  B .  Ana lys i s  of the data i s  g i ven i n  
Section 8 .  
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7 .  F I SSI LE/FERT I L E  MATERIAL ANAL YSI S 

The f i s s i le/fert i l e mater i al analys i s  determi ned the f i ss i le mater i al 

(235 u + 23g
P u j  ana total fert i l e mater i al (pr i nc i pal ly  23au)  content 

of the fragmented pieces and al i quots descri bed i n  Sect ion 6 .  The analys i s  

was perfo�a at the Coupl ed F ast  React iv i ty Measurement Faci l i ty ( CFRMF ) 

us i ng del �d neutron analys i s . 1 5 

The tota l  f i ss i l e/ferti l e mater i a l  content was measured by remotely 

expos ing  the i nd i v i dua l 1- by 5-cm a lumi num cyl i nders conta in ing the pieces 

ana al iquots to a fast s pectrum neutron f l ux l ocated i n  the central region 

of the core i n  CFRMF . The cyl inder was then removed after a 1 -min  

exposure , ana  the del ayed neutrons bei ng emi tted were measured after a 

s pec i f i c  t ime (�0 s )  u s i ng a 3He detector i n  a hydrogen moderator . 

To obta i n  the d i s tr i bution between f i ss i l e ana ferti l e mater i al 

content , the cyl i nders conta i n ing  the pieces ana al iquots were then exposed 

to a therma l spectrum neutron f l ux ,  wh ich causes only the 235u an d 
239Pu e l ements to f i ss i on ana emi t ael ayea neutrons . I t  was assumed that 

the quanti ty of 239Pu was i ns i gn i f icant .  Based on theoret ical 

predictions di scussed in Sect i on a, the 239Pu  content shou l d  be less than 

0.2 wtS . However , a 5 to as b i as may resul t .  The fragmented pieces and 

a 1 iquots were then analyzed us ing the 3He detection system. The ferti l e  

•ater1 al content was aetermi ned by s ubtract i ng the measured f i ss i l e  

mater i a l  content from the total f i ss i l e/ferti le  mater i a l  content , us ing  

a ppropr i ate cal i brat i ons . 

Ca l i brat ion s tandards were prepared from h i gh ly  enr iched uran i um,  

oepleted uran i um ,  and l i gh t  water reactor grade enri ched uran i um 

{� .3 wtS ) . I n  aao i t ion ,  cal ibration standaras of d i fferent wei ghts 

( between 5 mg ana 1 g )  were prepared to correct the data for neutron 

attenuati on causea by the mass  of each fragmented piece or al iquot . 

The measured f i ss i le/fert i l e mater ial  data avai l ab le  at th i s  t ime are 

presented 1 n  Appendix C .  These data are di scussed 1 n  Section a .  
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8 .  D I SCUSS ION OF RESULTS 

Th e fo l l ow i ng are d i scussed i n  th i s  sect i on :  ( a )  parti c l e  s i ze  
analys i s  of the core debr i s  sampl es , (b ) rad i onuc l i de concentrat i ons  of th e 
i nd iv i dual  s i ze fract i ons , ( c )  f i s s i l e/ferti l e  mater i al content of  s pec i f i c  
parti c l es and a l i quots , and (d ) core f i s s i on product i nventory cal cu l ated 
u s i ng the ORIGEN-2 coae . 1 6 The h i gh temperature i nteract i ons of the 
aebr i s  mater i a l were di scus sed i n  Sect i on 3 .  

The fo l l ow i ng pre l imi nary observat i ons  concern i ng character i s t i cs of 
the debr i s  mater i a l  can be made from the parti c l e  s i ze  data : 

o There i s  no s i gn i f i cant d i fference i n  part i c l e  s i ze d i str i b ut i on 
between the H8 and E9 deep sampl es ( Samp l es 3 and 6 )  

o On l y  about 0 . 3  wt% of the s ampl e parti c l es are sma l l er than 
1 00 �m i n  s i ze 

o The E9 surface s ampl e  ( Sampl e 4 )  and the E9 near surface s ampl e 
( Sampl e  5 )  are s i mi l ar i n  that they contai n on l y  l arge part i c l es 
g reater than 1 000 � m  s i ze .  

Part i c l e  s i ze data were presented i n  Tab l e  2 of Sect i on 2 .  These data 
have been p l otted to a i d  i nterpretat i on .  F i gure 33  i s  a frequency 
d i str ibut i on h i stogram show i ng the wei ght fract i on of par t i c l es w i th i n  a 
s i ze  range rel ative to the average part i c l e s i z e  of the range for Samp l es 1 
ana 3 ( H8 surface ana H8 deep ) .  

Th e gamma spectrometry analys i s  of the fragmentea p i eces and a l i quots 
can be used to estimate the f i s s i on product i nventory remai n i n g  i n  the core 
debr i s  bea . The gamma s pectrometry resu l ts for a l l fragmented p i eces ana 
a l i quots exami ned are summar i zed by part i c l e  s i ze fract ion  i n  Tab l es 3 
th rough 7 .  For part i c l e  s i ze fract i ons where more than one parti c l e  was 
analyzed ( i . e . , >4000 , 1 680-4000 , and 1 000- 1 680 �m ) the data are 
presented both as an average r aa i onuc l i de concentrat i on ( �C i / g )  ana as 
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F i gure 33. F requency d i stribut ion h i stogram for Samp l es 1 and 3 .  
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TABLE 3 .  RADIONUCL I OE CONCENTRATIONS AND RANGES FOR SAMPLE 1 a 
( ll C i /g )  

Part i c l e  S i ze Fract i on 
lim 

>4000b 
1 680-4000 1 000- 1 680 

Radi onucl i oe Average Range Average Range Average Range 
60co  1 . 8 E+ 1 8 . 7  E+O - 2 . 6 E+ l 3 .2 E+ l  8 . 1  E+O - 7 .8 E+1 8 . 9  E+O 1 . 9 E+O - 1 . 7 E+1 
106Ru 5 .  7 E+2 6 . 7  E+ 1  - 1 • 6 E +3 7 . 5  E+ 1 4 .4 E+ l - 1 . 1 E+2 4 . 2 E+ 1  8 . 9 E+O - 7 . 0 E+l  
1 10mAg NDc NO 7 .4 E+Od 

1 25 sb 6 . 3  E+ 1  1 .4 E+ 1  - 1 .2 E+2 1 .8 E+ 1 
0\ 

1 . 5 E+ 1 - 1 .8 E+1  7 . 2 E+2 1 . 1 E+O - 2 .2  E+3 
0\ 1 34c s  3 . 1  E+O - 6 . 3 E+1  2 . 6  E+1  3 . 7 E+O - 7 . 6  E+ 1 7 . 3 E+ 1 6 . 3  E+O - 1 . 1 E+2 2 .4 E+1  

1 3 7cs  5 .4 E+2 6 . 7  E+ 1  - 1 .3 E+3 1 . 3 E+3 1 . 1 E+2 - 2 .0 E+3 4 .3 E+2 5 . 5  E+1 - 1 . 1 E+3 
1 44c e  2 . 1  E+3 1 . 7 E+2 - 3 .8 E+3 2 . 5 E+3 2 . 2 E+3 - 3 . 1  E+3 9 . 4 E+2 0 - 2 .  5 E+3 
1 54 E u  3 . 3 E + 1  8 . 0  E - 1  - 5 . 9  E+l  4 . 1 E+1  3 . 0 E+ 1 - 5 . 7  E+1  1 .8 E+ l  9 .8 E- 1  - 4 . 8 E+ 1  
1 55 E u  6 . 8  E + 1  1 .2  E +  1 - 1 • 6 E +2 1 . 0 E+2 9 . 5  E+1 - 1 . 2 E+2 3 . 7 E+ 1  0 - 1 . 0  E+2 

Raa i onuc 1 i de 707- 1 000 297-707 1 49-297 74- 149  30-74 

60co 2 . 3 E+2 4 .9 E+ 1  8 . 1  E+ 1  1 . 1 E+2 6 . 6  E+ 1 
1 06 Ru 5 .  6 E +3 1 . 5 E+2 1 . 5 E+2 2 . 7  E+2 1 . 1 E+2 
1 10mAg 3 . 7  E+O 1 . 1 E+O 1 .3 E+O 1 .8 E+O 1 . 0  E+O 



a-
..... 

TABLE 3 .  ( cont i nuec:l ) 

R ad ionuc l i de 

125Sb 

1 34cs  

13 7cs 

144ce 

1 54f u  

1 55 f u  

707- 1000 

1 . 9  E +3 

5 . 6  E + l  

l .  1 E +3 

2 .3 E+3 

4 . 5 E+ l 

1 . 1 E+2 

297- 707 149-297 

2 .2 E +2 3 .4 [ +2 

2 .7 E+  1 4 .4 E+ 1 

6 .  5 E +2 9 . 1  E+2 

2 .4 E +J 1 .6 E+3 

4 .3 E+ l  2 .4 E + l 

9 . 7  E + l  6 . 7  E + l 

• 

Part i c l e  Si ze Fract ion 
m 

74- 149 30- 74 

4 .8 E+2 2 . o  £+2 

5 . 1 E+ l 3 .2 E+ l  

1 . 0 E+3 6 . 1 E +2 

1 . 7 E+3 7 . 1 E+2 

3 .4 [+ 1  1 . 1 E+ l 

6 . 9  E+ l 2 .6 E+ l 

a .  L i s ted rad i onuc l i de concentrat ions are for the i no i v i oual  parti c l es and fract ions analyzed , wh i ch were 
obta i ned to prov i de examples of spec i f i c  part i c l e  types and s i ze fract ions  rather than be representat i ve of the 
e n t i re s amp l e .  

b .  T.a p i eces of z i rcal oy were i nc l uded i n  the average concentrat ion ;  therefore , the average wi l l  not be 
representat i ve of the s i ze fract ion . 

c .  �D = rad i onuc l i de not detected . 

a .  On ly  one part ic le  showed l lOmAg . I t  was not measurab l e  i n  other sampl es .  



TABLE 4 .  RAOI ONUCL IOE CONCENTRATIONS AND RANGES FOR SAMPLE 3a 
( JJ C i /g )  

Part i c l e  S i ze Fract i on 
m 

>4000 1 680-4000 
Rad i onuc l i de Average Range Average Range Average 

60co 4 . 8 E + l  2 .0 E+O - 1 .3 E+2 6 . 1 E+O 3 .3 E+O - 8 . 6 E+O 3 . 1 E+1  
106 Ru 7 .  8 E+2 3 .8 E+O - 1 • 5 E +3 9 . 4 E+2 5 .  1 E+l  - 2 . 6  E+3 1 .4 E+2 
1 25 sb 6 . 6  E + l  6 . 9  E+O - 1 .3 E+2 4 .0 E+ 1  6 . 1  E+O - 9 .6 E+1 2 .3 E+1  
1 34c s  2 .3 E + l  5 . 0 E - 1  - 5 . 7  E+1  4 .9 E+ l 1 . 1 E+ 1 - 9 . 2 E+l  2 . 1 E+ l  

"' 
(X) l 37c s  3 .  8 E +2 4 .6 E+1  - 9 . 5  E+2 9 . 1  E+2 3 . 9 E+2 - 1 . 6 E+3 4 .0 E+2 

1 44ce  2 . 2 E +3 5 . 8 E+l  - 3 .9 E+3 3 .2 E+3 5 . 7  E+2 - 7 .0 E+3 2 .0 E+3 
1 54 E u  3 . 7  E+ 1  7 . 1  E - 1  - 6 . 8  E+ 1  5 . 3 E+ 1  4 .3 E+O - 1 . 2 E+2 3 .5 E+1  
1 5 5 E u  8 . 8 E + 1  2 .9 E+O - 1 . 6 E+2 1 .4 E+2 2 .8 E + 1 - 3 .  1 E+2 8 . 7  E+ 1  

Rad ionuc 1 i de 707- 1 000 297-707  1 49-29 7 74- 149  30-74 <30 
60co 9 . 2  E + l  2 .2 E+1 6 . 6 E+ 1  8 . 6  E+1 1 .4 E+2 1 . 0 E+2 
106 Ru 2 . 1  E+2 1 .2 E+2 3 . 1 E+2 2 . 3 E+£ 6 . 5  E+2 2 . 5 E+2 
1 25 sb 3 .4 E + 1  1 .9 E + 1  1 . 1  E+2 1 . 9 E+2 2 . 2 E+2 1 . 8 E+2 
134c s  3 . 1  E+ 1 3 .5 E+1  4 .3 E+ 1 5 . 2  E + l  5 . 2 E+1  2 . 9 E+1 

1 000- 1 680 

Range 

6 .4 E+O - 7 . 1  E+ l 

4 . 2  E+ 1  - 2 .4 E+2 

9 .0 E+O - 4 .4 E+1  

4 . 6  E+O - 4 .8 E+1  

7 . 3  E+ 1  - 9 . 3 E+2 

9 . 3 E+2 - 2 .6 E+3 

1 . 6 E+1  

4 . 0 E+1  

- 4 . 7  E+1 

- 1 . 1 E+2 



• 

TABLE 4 .  ( cont i nuecJ ) 

Part i c l e  S i ze Fract i on 
m 

>4000 1680-4000 1000- 1680 

Raoionuc 1 i oe Average Range Average Range Average Range 

1 37cs 5 .4 E+2 8 . 4  E+2 9 . 0  E+2 9 . 0  E+2 8 . 9 E+2 6 .6 E +2 

144ce 2 . 4 E+3 1 .8 E+J 1 • 6 E +3 1 . 5 E+J 1 .2 E+3 7 .  5 E+2 

154E u  4 . 5  E + l  3 .2 E+ l 2 . 6  E+ 1 2 . 3 E + 1  1 . 7 E+ 1 1 . 0  E + l  

1 55E u  1 . 0  E +2 3 .8 E+l  8 .2 E+3 6 . 3  E+ l 4 . 9  E+ l  3 . 1 E+ 1  

0\ 
� a .  L i steo rao i onuc 1 i de concentrat ions are for the i no i v i dual  part i c l es and fract i ons analyzed ,  wh i ch were 

obtained to prov i de examp l es of spec i f i c  part i c l e  types and s i ze fract ions rather than be representat i ve of 
.the ent i re s amp l e  • 



TABLE 5 .  RADIONUCL IDE CONCENTRATIONS AND RANGES  FOR SAMPLE 4 a 
( JJCi /g)  

Average Ranse 

60co 8 . 6  E+ 1 2 . 8 E+O - 2 . 5 E+2 

106Ru 1 . 5 E+3 2 .4 E+2 - 3 .3 E+3 

125 sb 9 . 9  E+l 6 . 8  E+O - 2 .0 E+2 
1 34cs 6 . 5  E+l 1 . 7 E+O - 1 .8 E+2 
1 3 7cs 1 .3 E+3 3 . 6 E+O - 3 .9 E+3 
1 44ce 4 .3 E+3 7 . 8 E+2 - 8 . 6  E+3 
154E u  6 . 5  E+l 9 .3 E+O - 1 . 5 E+2 
155 E u  1 .4 E+2 3 . 0 E+l  - 3 .2 E+2 

a .  Sampl e 4 cons i sted mostly of l arge part i c l es • 

• 
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TABLE 6 . RAO lONUCL l OE CONCENTRAT I ONS AND RANGES FOR SAMPLE 51 

( ., C t /g) 

>4000 

Radionuc l i ae Average Range 

60co 4 . 9 E + l  2 .8 E +O - 1 .2 E+2 

106 Ru 1 .2 E + 3  6 . 4 E+2 - 2 .2 E+3 

1 2 5 Sb  1 .4 E +2 2 .5 E + 1  - 3 . 0 E +2 

1 34c s  1 . 5 E + l  6 . 8  E +O - 2 . 3 E + l  
• 

1 3 7cs 3 .4 E +2 1 . 5 E +2 - 3 . 9  E +2 

144ce 3 . 5  E +3 1 .8 E+3 - 6 . 6  E+3 

1 54 E u  5 . 5  E + l  1 .6 E+ 1 - 1 .2 E +2 

1 55E u  1 .4 E +2 8 . 1  E+ l - 2 . 7  E+2 

Average 

1 . 6 E+l  

6 . 2 E +2 

3 .8 E + l  

1 . 6 E + 1  

4 . 1 E+2 

2 . 1  E+3 

2 .3 E+1  

8 . 8  E+l 

Part ic l e  S 1 ze Fract 1 on 
• 

1 680-4000 

Range 

2 . 1 E+O - 3 . 1  E+1  

5 . 6 E+2 - 6 . 9  E+2 

1 . 3 E+l - 6 . 3  E + l  

2 .9 E+O - 2 .9 E + 1  

3 .8 E + l  - 7 . 9  E +2 

1 .9 E+J - 2 .4 E+3 

1 . 7  E +  1 - 2 .9 E + l  

7 .4 E + l - 1 .0 E +2 

Average 

3 .4 E + 1  

1 .8 E+3 

2 .8 E+2 

1 .4 E +2 

2 . 5 E+3 

6 . 0  E +3 

1 .  1 E +2 

2 . 7 E+2 

1 000- 1 680 

Range 

6 . 6  E - 1  - 1 . 0 E+l 

1 . 3 £+3 - 2 .8 E +3 

1 .0 E +2 - 6 . 1  E+2 

3 . 2  E + l  - 3 .6 E+2 

5 . 1  E+2 - 6 . 5  E+J 

3 .6 E+J - 1 . 1 £+4 

6 . 2  E + l  - 2 . 2  E +2 

1 .4 E+2 - 5 . 1  E+2 

< 1 000 

5 . 5  E + l  

6 . 5  E+2 

8 . 0  E + l  

9 . 9  E + 1  

1 . 7  E +J 

2 .2 E+J 

3 . 5 E + 1  

1 . 1 E+2 

a .  L is ted r aa i onuc l i de concen trat i ons are for the 1 nd 1 v i dua1 par t 1 c l es and fract i ons ana l yzed , wh i ch were obtat nea to 
prov i de examp l es of s pec i f i c  par t i c l e  types and s i ze frac t i ons rather than be representat i ve of the en t i re samp l e . 
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TABLE 7 .  RAD I ONUCL I DE CONCENTRAT I ONS AND RANGES FOR SAMPLE 6a 
l ll C i /g )  

R a o i on uc l i de 
60co 
1 06 Ru  

1 2 5 �b 

1 34c s  

1 3 7c s  

144ce  

1 54 E u  

1 55 E u  

Rad i onuc l i de 
60co 
106Ru 
1 2 5 sb 

Avera9e 

2 . 5 E+O 

4 .2 E+2 

l .  1 E +2 

2 . 2 E + 1  

5 . 7  E+2 

1 .3 E+3 

1 . 3 E+ 1C 

5 .  5 E+ 1C 

707- 1 000 

1 .4 E+2 

4 . 2 E+2 

8 . 8 E+ 1 

Part i c l e  S i ze  Fract i on 
m 

b 
>4000 1 680-4000 

Range Average Range 

0 - 6 . 1  E+O 1 .9 E+oc 0 - 4 . 9 E+O 

1 .3 E+O - 1 . 1 E+3 6 . 1 E+2 7 . 0  E+O - 1 .0 E+3 

2 .4 E+l - 3 . 0 E+2 6 . 5  E+l  1 . 5 E+1  - 1 .0 E+2 

2 .2 E+O - 5 . 5  E+ 1 8 . 3  E+1 3 .2 E+1 - 1 . 7 E+2 

4 .4 E+1 - 1 .3 E+3 1 . 8 E+3 6 . 2  E+2 - 3 .8 E+3 

1 . 9 E+O - 3 .6 E+3 1 . 8 E+3 1 . 8 E+1  - 3 . 1 E+3 

0 - 3 . 2 E+ l  2 .3 E+ 1c 0 - 4 . 3  E+1  

0 - 1 . 5 E+2 8 . 7  E+lc 1 .2 E+2 - 1 .4 E+2 

297-707 1 49-29 7  74- 149 30- 74 

5 . 2 E+l 9 . 2 E+ 1 1 . 1 E+2 1 .2 E+2 

2 .2 E+2 2 . 9 E+2 3 .  7 E+2 5 . 2  E+2 

9 . 8 E+1  1 . 5 E+2 1 .9 E+2 1 . 7 E+2 

1 000- 1 680 

Average R ange 

7 . 1  E+O 6 . 9  E+O - 7 . 3  E+O 

4 .4 E+2 2 .9 E+2 - 5 . 8 E+2 

5 . 0  E + 1  1 . 8 E + 1  - 8 . 2  E+1 

8 .8 E+ 1 5 . 0 E - 1  - 1 . 7 E+2 

2 .0 E+3 1 . 1 E+ 1 - 4 . 1  E+3 

2 . 0 E+3 6 . 9  E+2 - 3 . 5  E+3 

3 .2 E+ l  1 . 3 E+ 1  - 5 . 1  E+l 

3 . 3 E+1  3 . 2 E+ l  - 3 . 5 E+l 
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TABLE 7 .  ( con t i nued ) 

Part i c l e  S i ze Fract ion 
m 

>4000 
b 

1 680-4000 1000 -1680 

kaa ionucl icle 707-1000 297-707 1 49-297 74- 149 30- 74 

l34c s  5 . 7  E+ l 5 . 8  E+ 1 5 . 4 E+ 1 4 . 8 E+ l  S .O  E+ l  

1 37c s  1 . 2 E+J 1 . 1 E+J 1 . 1 E+J 9 . 6 E+2 9 . �  [+2 

144ce 2 . 3 E+3 2 .1 E+3 1 .4 E+3 1 . 3 E+J 1 . 1  E+J 

1 54E u  3 . 6 E+ l  3 .6 E + l  2 .2 E+ l 2 . 1  E+ l  1 .8 E+l  

1 55 E u  1 . 1 E +2 9 . 2  E + l  6 . 7  E + l  1 . a E+ 1 4 . 5  E+l  

a .  L is ted r ad ionuc l i de concentrat i ons are for the i nd i v i dual  part i c les and  fract i ons analyzed , wh i ch 
were obtai ned to prov i de examples of spec i f i c  part i c l e  types and s i ze fract i ons  rather than be 
r epresentat ive  of the �nt i re sampl e .  

b .  Average i nc l udes two z i rca loy p ieces (known ) .  

c .  Unmeasurab l e  data i nc l uded i n  average . 



the range of the concentrat i ons . Rad ionuc l i de concentrat i ons  for a l i quot s 
h av i ng  parti c l e  s i zes l ess  than 1 000 �m are rel at i ve l y  con s i stent for a l l 
f i ve sampl es , i nd i cati ng that the mater i al i n  these s i ze fracti ons  i s  
rel at ively homogeneous as to rad i onucl i de concentrat i on .  For the l arge 
s i ze fract i ons ( i . e . ,  �1 000 � m ) , there appears to be a much w i der range 
of radi onucl i de concentrati ons among i nd i v i dual  part i c l es .  I n  some 
i nstances , these resu l ts are caused by the obv i ous  presence of structura l 
mater i al s  ( see Appendi x  A ) .  The structural mater i a l s  h av e  been i nc l uded i n  
the data to prov i de i nformation on rad i onuc l i de concentrat i ons  i n  core 
mater i al s  other than fuel . Tab l e  8 presents data from fragmented p i eces 
determi ned by f i ss i l e  materi al content to be nonfuel core mater i al . These 
d ata i nd icate s i gn i f i cantly l ower r ad i onucl i de concentrat i ons  than  for 
other part ic les wh i ch are composed at l east part i al l y  of fuel mater i al . 

Tab l e  9 l i sts the wei ght fract i on of uran i um ( i . e . , total f i ss i l e/ 
ferti l e  mater i a l content ) for each sampl e .  These data are ca lcu l ated by 
d i v i d i ng the  wei ght of  uo2 i n  each s amp l e  fract i on ,  as l i s ted i n  
Append i x  C ,  by the we i ght of the sampl e fract ion analyzed . The f i ss i l e  
m ater i al measurements i ncl ude 239Pu  wh i ch i s  the equ i val ent of 5 t o  8% of 
the total  f i ss i l e  content , accord i n g  to OR I GEN-2 ca lcu l at i ons . 

Observ ati ons  that can be made concern i ng these data are as fo l l ows : 
( a )  less  than 1 5% of the part i c l es analyzed contai n more than 90-wt% 
u ran i um d i ox i de ,  i nd icat i ng that most part i c l es analyzed are aggl omerates 
of fuel and nonfuel mater i al s , (b ) parti c l es sma l l er than 707 �m i n  s i ze 
tend to h ave decreas i ng percents of fue l content w i th decreas i ng part i c l e  
s i ze ,  and ( c )  the smal l er part ic l e s i ze  ranges ( <707 �m ) d i sp l ay a 
re l at i vely cons i stent fuel content ,  i nd i cat i ng that they may have  al l been 
formed by a s i mi l ar mechan i sm .  

Tab l e  1 0  l i sts the average f i s s i l e/fert i l e  enr i chments for the s ampl es 
analyzed to date . For compar i son , the actual fue l enri chments  at each 
l ocat ion are l i sted i n  the footnote . These average data ,  wh i ch represent 
prel imi nary resu l ts , have a range of approx imatel y  20% . There i s  a gener a l  
trend i n  the data ,  i na ic ati ng a h i gher average enr i chment ( 2 . 8%)  at the E9 
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T Abll 8 .  RADI O�UCL IOE CONCENTRATIONS OF NO�FUEL CORE MATERIAL 
( "C 1 /g )  

Samp le  1 Samp le  3 Sampl e 6 
Radi onuc l i de Part i c l e  l J  Part ic l e  38 Part i c l e  6E 

6'to 1 . 9  E +O 5 . 9  [ + 1 1 .2 E+O 

106Ru 8 . 9  E +O 3 . 8 E +O 1 . 3 E +O 

1 2Ssb 1 • 1 E+O 6 . 9  E +O 2 .4 [ + 1 

134cs 3 . 1  E +O 5 . 0 E - 1  2 .2 E+O 

1 37cs 5 . 5  E+ l 1 .2 E+ l 4 .4 E+ l 

144ce 3 .2 E+2 5 . 8  E+ l 1 . 9 E+O 

154 f u 5 .4 E +O 1 .2 E - 1 Nob 
1 55 £ u  1 .2 E+ l 2 .  9 E+O �0 

24 1 Am �0 3 . 6  E - 1  NO 

f i ss i l e <0 .02 <1 . 6  E-2  <() .02 
Mater i a l  
(mg ) 

Sample 6 
Part i c l e  6f 

4 .  9 E+O 

7 .o E+O 

1 .  5 E +l 

3 . 2 E+l  

6 . 2 E+21 

1 . 8  E+1 

NO 
NO 
NO 

<0 .02 

a .  Th i s  data poi nt i s  h i gher than other 1 3 7cs concentrat ions . The reason 1 s  not k nown . 

b . �0 • rad1 onuc l i de not detected . 
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TABLE 9 .  WE IGHT FRACTION OF URANI UM FOR THE TMI -2  CORE DEBR I S  GRAB SAMPLESa , b 

Part i c l e  
S i ze 

Fr act i on Sampl e 1 Sampl e 3 Sampl e 4 
(�m) Part i c l e/Al iquot (H8, surface) (H8, 22 i n . )  (E9, surface) 

>4000 Part i c l e  ( A )  0 . 1 1  0 . 44 NAC 
>4000 P art i c l e  ( B )  1 . 0 0 0 . 22  
>4000 Part i c l e  ( C )  0 . 66 NA NA 
>4000 P art i c l e  ( D ) 0 . 98 0 . 94 NA 
>4000 Part i c l e  ( E )  0 . 22 0 . 94 NA 

1 680-4000 Part i c l e  ( F )  o .  79 NA 
1 680-4000 P ar t i c l e  ( G )  0 . 63 NA 
1 680-4000 P art i c l e  ( H )  0 . 53 0 . 62 

1 000- 1 680 P art i c l e  ( I )  0 NA 
1 000- 1 680 P art i c l e  ( J )  0 . 08 0 . 20 
1 000- 1 680 P art i c l e  ( K )  0 . 6 1  0 .4 7  

< 1 000 

7 07 - 1 000 A l i quot o .  73 NA 
297-707 Al i quot 0 . 65  NA 
1 49-297 A 1 i quot 0 . 45 NA 
74- 149  A 1 i quot 0 . 52 NA 
3 0-74 A 1 i quot 0 . 20 0 . 32 
<30 A 1 i quot 0 . 37 

Sampl e 5 
lE9, 3 i n . )  

NA 
1 . o  
NA 
NA 
0 . 43 

0 . 66 
NA 
NA 

NA 
o . 85 
0 .82 

0 . 52 

S ampl e 6 
(E9 , 22 i n . ) 

NA 
NA 
0 .4 1  
0 . 88  

0 

0 
0 . 90 
0 .99 

0 . 1 1 
0 . 1 5 
0 .84 

0 . 64  
0 . 62  
0 .42 
0 . 43 
0 . 29 

a.  Ca l cu l ated assum i n g  a l l f i ss i l e/fert i l e  mater i a l  was in  the form of UOz and that the 239pu  
component of the fue l i s  a negl i g i b l e  componen t of the  total  f i ss i l e  mater 1 a l  content ( i .e . , 5 to  8%,  from 
OR IGE�-2 ca l cu l at i ons ) .  

b .  Total  wei ghts of  urani um and part i c l e/ al i quot wei ghts obtai ned from Append i x  c .  

c .  NA = data not  ava i l ab l e  at th i s  t i me .  



TABLE 10 . AVERAGE MEASURED URANI UM  ENR ICHMENT F OR  THE TMI-2 CORE OEBkiS  GRAb 
SAHPLES1 

Average Enr i chmen tb 
Sl!f)l e (I) Number of Analyses 

( H8 , surface ) 2 . 4  + 0 . 3  1 5  

3 ( H8, 22 1 n . ) 2 . 3 + 0 . 4  8 

4 (E9 , surface ) 3 . 4  1 

5 ( E9 , 3 1 n . ) 2 . 8 + 0 . 2  6 

6 ( E9 ,  22 i n . )  2 . 8  + 0 . 2  1 1  

a . There were three fue l assemb ly enr i chments 1 n  the TMI -2 core . The 
peri phera l fue l  assemb l ies were 2 .961 enr i cheo .  The inner fuel assembl ies  
a l ternated between 1 . 98 ano 2 .641 enr i ched . The  H8  and E9  fue l assemb l ies 
were or i gi na l ly  enr i ched to 2 .64 and 1 .981 ,  respective ly .  The average core 
enr i chment was 2 . 571.  

b .  The average enr ichments for the measured sampl es were calcul ated by 
summi ng the i no i v i oual  part i c l e  and a l i quot enr i chments from Append i x  C ano 
o i v i a i ng the sum by the number of analyses performed • 

• 
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l ocat ion . The data i nd i cate a def i n i t e  b i as at the E9 core l ocat 1 on for 
the part i c l es and a l i quots analyzed . These data i nd i cate fuel  m i x i n g  at 
the E9 core l ocat ion  for the 2 . 96%-enr i ched fuel  from the core peri phery . 
Th e data at the H8 l ocat i on s uggests a m i x i ng of the 1 . 98- and 
2 . 64%-enri ched fuel s to prov i de the measured average enr i chment o f  2 .4% , 
wh ich i s  c l oser to the core average of 2 .5 7%.  

Tab l e  1 1  l i sts the f i s s ion  product content per gram of  uo2 
calcul ated by the ORIGEN-2 code . Tab l e  1 2  l i s ts the rat ios  of the measured 
f i ss i on product concentrations to the OR IGEN-2 pred i cted f i s s i on product 
content/gram uo2 for Sampl e 1 .  These data were cal cu l ated u s i ng the 
fol l owi n g  equation : 

where 

R = 

= 

= 

= 

rat io  of measured to OR IGEN-2 pred i cted f i s s i on product 
content per gram uo2 

measured f i s s i o n  product concentrat i on i n  �C i /g ( se e  
Append ix  B )  

measured f i s s i l e  mater i a l  content - 235u content i n  grams 
( see Append i x  C )  

ORI GEN-2 predi cted f i s s ion product concentrat i on i n  
�c ;;g  235u .  

These data i ndi cate that the there are rad i onuc l i des that remai n  
pr inc i pa l l y  as soc i ated w ith the fue l . These radi onuc l i des  are l 44ce , 1 54 1 55 Eu , and E u .  The OR IGEN-2 code analys i s  was done for the core 
average enr i chment ,  wh ich may account for some rat ios  be i n g  greater than 
1 . 0 . Actual measured enri chments for the l i sted s amp l e  fract i ons may v ary 
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TABLE 1 1 .  TMI -2 CORE F I SSION PRODUCT CONTENT PER GRAM uo2 a 

F i ss ion Product 
Tota l I nventory Content Per Gram U02 b 

Radionuc l i de ,c i l {C 1J 
60(:0c 6 . 97 E+4 7 .49 E-4 

106Ru 1 .02 E+5 1 . 10 E-3 

1 10aiAgC 1 .25 E+5 1 .  77 E-4 

1 2 5 Sbc 3 .48 E+4 3 .  75 E-4 

1 34cs  3 . 18 E+4 3 . 42 E-4 

1 37cs 7 . 26 E+5 8 . 16 E-3 

1 44ce 2 . 5 7  E+5 2 .  76 E-3 

l 54 E uC 5 .4 7  E+3 5 . 88  E-5  

1 55 [� 1 . 57 E+4 1 . 69 E-4 

a .  Data obta i nea fro. OR IGEN 2 code ana lys i s  of the core i nventory, assuming 
2 .57S enr i c�nt ana 3250 MWd/tU on 1 May 1 984 . 

b .  23Su content i s  2 . 2 1  x lo-2  g/g U02 . 

c .  Act i vat ion and/or f i ss i on product . 
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TABLE 1 2 . MEASURED TO PREDICTED F I SSION PRODUCT/U� RAT IOS FOR SAMPLE 1 

Part i c l e  S i ze  Fract i on 
lJffi 

>4000 >4000 >4000 >4000 >4000 1 680-4000 
Rad i on uc l i de Part i c l e l A  P art i c l e l B  Part i c l e  l C  Part i c l e  l D  Part i c l e  1 E  Part i c l e  1 F  

60co 2 . 8 E - 1  2 . 9 E-2 1 .  9 E-2 3 . 0  E-2 8 . 6  E-2 1 . 5 E-2 

1 06Ru  5 . 2 E- 1  1 .  7 E+O 9 .  9 E-2  9 . 3 E- 1 1 . 2 E+O 5 . 2 E-2  

l l OmAg 
1 25 sb 2 . 6 E +0 2 . 6 E - 1  5 .  5 E-2  4 .3 E-2 1 . 2 E+O 8 . 0 E -2  

1 34c s  1 . 3  E - 1  1 . 3 E-2 3 . 6 E- 1  3 . 6 E-2 4 . 9 E- 1  4 .6 E- 1 
CD 1 37 c s  0 2 .  8 E-2  9 . 8  E-3  2 . 6 E - 1  2 . 8  E-2 4 . 9 E - 1  3 . 5 E - 1  

1 44ce 5 .  1 E - 1  1 . 7 E+O 1 . 7 E+O 1 .3 E+O 1 .3 E+O 1 . 6  E+O 

1 54 E u  1 . 1 E - 1  1 . 2 E+O 1 .3 E+O 8 . 9  E - 1  8 . 5  E - 1  1 .4 E+O 

l 55 E u  4 . 6 E - 1  1 • 1 E+O 1 . 1 E - 1  8 . 4 E - 1  9 .8 E - 1  1 . 0  E+O 

F i ss i l e  2 . 8 E-3  1 . 9 E-2  1 . 4 E-2  2 . 0  E-2 4 . 8 E-3  1 . 6 E-2  
Mater i a l 
( g  U02/ 
g samp l e ) 



T ABLE 12 .  (cont i nued ) 

Part i c l e  S i ze Fract ion 
m 

1 680-4000 1 680-4000 1000- 1680 1000- 1680 1000- 1 680 
Rad1onuc l i de Part i c l e  l G  Part i c l e  l H  Part i c l e  1 1  Part ic le  1 J  Part i c l e  l K  

6'to 2 . 6  E-2  1 . 8  E- 1  NO 3. 7 E-2 1 .9 E-2 

106Ru 1 . 4 E - 1  1 . 7 E - 1  NO 1 . 1 E- 1  7 . 3 E-2  

1 10mAg 

125�b 1 . 0 E - 1  6 . 9 E-2 NO 4 . 2 E -2 2 . 3 E -2 

1 34c s  b . O E - 1  3 .2 E-2 NO 1 .3 E - 1  2 .6 E-2 
Ql:) 
- 1 3 7c s  4 . 3 E- 1 2 . 5 E-2 NO 9 . 6  E-2 1 .9 E-2 

144ce  1 . 7 E+O 1 .4 E+O NO 1 .6 E+O 1 .6 E+O 

• 

1 54 E u  1 .2 E+O 9 .0 E - 1  NO 1 .3 E+O 1 .4 E+O 

1 55 E u  
. 

1 . 2 E+O 8 . 6 E - 1  NO 1 .0  E+O l .O E+O 

F i s s i l e  1 . 1 E-2 1 . 3  E-2  0 1 . 6 E-3 1 . 3 E-2 
Mater i al ( g U02/ g sample ) 



TABLE 1 2 .  ( conti nued ) 

P arti c l e  S i ze Fract i on 
JJm 

707- 1 000 297-707 1 49-297 74- 1 49 30-74 
Rao i onuc l i ae Al iquot Al iquot Al iquot A 1 iquot Al iquot 

60co 4 .6 E - 1  1 . 1 E - 1  2 . 7 E- 1 3 . 3 E - 1  5 .4 E-2 
106Ru 7 .  7 E +O 2 . 2 E - 1  3 . 4  E- 1 5 . 7  E - 1  6 . 1  E-2 
l l OmAg 3 . 2 E+2 1 . 0 E-2 1 . 8 E-2 2 .3 E-2  3 . 5  E-3 
1 2 5 sb 7 .  7 E+O 9 . 6 E- 1 2 .3 E+O 2 . 9 E+O 3 . 3 E - 1  
1 34c s  2 .  5 E - 1  1 . 3  E - 1  3 .2 E- 1  3 .4 E - 1  5 . 8 E-2 

en � 1 3 7cs  2 . 0 E - 1  1 . 3  E- 1 2 .8  E - 1  2 . 8  E - 1  4 .6 E-2 

1 44ce 1 . 3 E+O 1 .4 E+O 1 .4 E+O 1 .4 E+O 1 . 6 E - 1  

1 54 E u  1 . 2 E+O 1 . 2 E+O 1 . 0 E+O 1 .3 E+O 1 . 2 E - 1  
1 5 5f u  9 .  9 E - 1  9 . 3 E - 1  9 .  9 E - 1  9 .3 E- 1 9 . 3 E-2  

F i s s i l e  1 . 5 E-2  1 .4 E-2  9 . 1  E-3  1 . 0 E-2 3 . 7  E-2 
M ater i al 
( g  U02/ 
g s amp le ) 

N O  = none oetected . 



by 201 fro. the average . A d i scuss ion w i th 1 nd 1 v 1dua l s  fam1 1 1 ar w1 th the 

OR16EM-Z cooe i nd icated that the 1 1 sted v a l ues are we l l  w 1 th 1 n  the expected 

r ange of v a 1 ues .1 7 Less than SOl of the OR IGEN-2 predicted core 

i nventory concentrat i ons  of the f i ss i on products 1 l4cs ,  1 l7cs , 
1 1�9,  1�u .  and 1 25sb were found . 
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9 . CONCLUSIONS/OBSERVATIONS  

Th e fol l ow i ng i s  a summary of  conc l u s i on s  and observ ati ons b asea on 
pre l i mi nary analys i s  of the ava i l ab l e  core debr i s  grab s amp l e  dat a :  

o Because there are no s i gn i f i cant d i fferences i n  part i c l e  s i z e  
between the H 8  a n d  E9 deep samp les  ( Samp l es 3 a n d  6 ) ,  thos e  
s ampl es may be typ i cal of the s ubsurface debr i s  b ed . 

o On ly  about 0 . 3  wt% of the core debr i s  s amp l es cons i st s  of  
part i c l es smal l er than 1 00 �m i n s i ze .  

o The E9 s urface s ampl e ( Samp l e  4 )  ana the E9 near surface s amp l e  
( Samp l e  5 )  are s i mi l ar . They are composed mos t l y  o f  l arger  s i zed  
part i c l es { > 1 000 �m ) . 

o The f i ss i on product concentrati ons  ( pC i /g )  are re l at i ve l y  
cons i stent for al l sampl e al i quots l es s  than 707 pm . 

o The f i s s i on product concentrat i ons  for nonfuel mater i al s  are 
s i gn i f i cant ly  l es s  than for fuel mater i al s .  

o Based on del ayed neutron ana l yses , v ery few of the part i c l es are 
str i ctly uo2 • Les s than 15%  of the part i c l es measured contai n 
more than 90% uran i um ,  i nd i c at i ng that both fuel  and nonfuel 
mater i a l s  are genera l l y  conta i ned in the part i c l es . 

o The average 2 35u;238u enri chment data i nd i cate that the core 
samp l es at E9 had some contami nat i on from the per i pheral  2 . 96% 
enri chment fuel , whereas th i s  was not ob served at the H8 l ocat i on .  

o The meas ured concentrati on s  of the 1 44ce , 1 54Eu , and 1 5 5E u  
assoc i ated w i th fue l mater i a l  agreed w i th the OR I GEN-2 code 
pred i cti ons ; whereas , the measured concentrat i ons  of 1 34cs , 
1 37cs , l l OmAg , 1 06Ru , and 1 25sb were l es s  than 50% of  th e 
OR IGEN-2 pred i cted va l ues . 
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o There are no overwhelming d i fferences between me l t-bear i n g  

partic l es obtai ned from the rubb le  bea surface near the rad i al 

core center (Part i c l es 1 A , l E ,  and l H )  ana those extracted at 

• f a-rad i us at a bed depth of 22 i n .  ( Part i c l es 60 and 6F ) .  

o Mel t structures are general ly  h i gh i n  impur i t ies from pr i or 

react ion w i th I nconel and/or s ta i n l ess  stee l . 

o Al l f i ve me lt-bear i n g  parti c l es d i scussed i n  Section  3 
( Part ic l es l A ,  l E ,  l H , 60, and 6F ) show ev i dence of pro longed 

e levated temperatures (c l add ing  ox idat ion ,  pore migration to fue l 

gra i n  boundar ies , 1 i qu id-state ox i dat i on of heterogeneous 

�l ts ) .  Examinat ion of al l f i ve part i c l es suggests br ief 

exposure to very h i gh temperatures ( fuel -bear i ng me l ts ) .  

However , only resul ts from exam in ing  Part i c l e  l H  i nfer that 

l ocal ly h i gh temperatures were ma i ntai ned for a substant i a l 
per i od .  The l ack of equ iaxed uo

2 
gra i n  growth , i ncomplete 

c l addi ng ox i dat ion , and so forth , strongly suggest that some 
l oca l reg ions  s tayed rel atively coo l ( T  << 2000 K ) .  

o Severa l  i nstances were found where fue l l iquef ied and then 

so l i d i f ied before be i ng contacted by a second fuel-bear i ng me l t .  

o None of the f i ve part ic les show c l ear s i gns of steam starvat ion .  

Contrar i w i se ,  the fonnation of ( U , Zr )02 by di ffus ion of oxygen 
and the presumed ox i dat ion of uo2 to u4o9 i mp ly  amp 1e  steam 
ava 1 1 ab 1 l i ty throughout the h i gh temperature port i on ( s ) of the 
TMI-2 trans ient .  

o P re l imi nary exami nat i on of se lected l arge partic l es ( e . g . , 

Part ic les l E  and l H )  i ndi cates peak core temperatures dur i ng th e 

acc i dent exceeded 2900 K .  

85 



1 • 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

a .  

10 . REFERENCE S 

J .  H .  Carl son {ed . } ,  TMI-2  Core Exami nat i on P l an , EGG-TMI-6 169 ,  
Rev . 1 ,  Ju ly  1 984 . 

L .  S .  Bel l er and H .  L .  Brown , Des ign and Operat i on of  the Core 
Topography Data Acqui s i t i on System for TMI -2, GEND-INF-012, May 1 984 . 

s .  L .  Se i ffert and G .  R .  Smo l i k , Post i rrad i at i on Exami nat i o n  Res u l ts 
for the Power-Cool i ng-Mi smatch Test-2A, TREE-NUREG- 1 029 ,  February l97 7  

s .  A .  P l oger e t  a l . ,  Post i rrad i at ion  Exami nation  Res u l ts for the 
I rrad i at i on Effects Test 2, TREE-NUREG-ll95 , J anuary 1978 . 

D .  L .  Hagrman et a l . ,  MATPRO-Vers ion  A Handbook of Mater i a l s 
Propert i es for Use i n  the Analysis of Light Water Reactor Fuel  Rod 
Behavior, NUREG/CR-0479 , August 1981 , p .  136. 

P .  Hofman n  and D. K .  Kerw i n-Peck , 11Chem ica l  I nteracti ons  of  Sol i d  an d 
L iq u i d  Z i rca loy W i th U� U nder Trans i ent Nonox i d i z i ng Condi t i ons , .. 
I n ternat i onal  Meet i ng on LWR Severe Acc i dent Eva luat i on , Cambr i dge , 
MA , August 28-September 1 ,  1983 . 

P .  Hofmann and D .  K .  Kerwi n-Peck , U02/Zry-4 Chem ica l  I nteracti on s  
and Reaction  Ki net i cs from 1 000 to 1 700°C  Under I sotherma l 
Conditions , KfK Report 3552 , l983 . 

P .  Hofmann and D .  K .  Kerwi n-Peck , 11 U� /Zry-4 Chemi cal  I n terac t i ons  
from 1000 to  1 700°C  Under I sothermal and  Trans i en t  Temperature 
Co nd i t i ons , . .  Journal of Nucl ear Mater i a l s ,  1 24 ,  1 984 , pp . 80- 1 05 .  

9 .  P .  Hofman n and H .  J .  Ne i tzel , 11 Externa l  and I nterna l  Reacti o n  o f  Zry 
Tub i ng w i th Oxygen and U� and I ts Mode l i ng ,  .. 5th I n ternat i ona l  
Meet i n  on Thermal Nucl ear Reactor Safet , Karlsruhe , German , 

ep em er -

1 0 . W .  D ienst , P - Hofmann , D .  K .  Kerwi n-Peck , 11Chemica l  I nteract i on s  
Between U02 and Zry-4 from 1000 to 2000°C , 11 Nuc l ear Tech no l ogy, 65 ,  
1 984 , pp . 109- 1 24 .  

1 1 .  P .  Hofmann and c .  P o l i t i s ,  11 The Ki net i cs of  the U� -Zry React i ons  at 
H i gh Temperatures , . . Journal  of Nuc l ear Mater i a l s ,  87 , 1 9 7 9 ,  
pp .  3 75-397 . 

1 2 .  P .  Hofmann ,  .. Tran s i ent Temperature UO, /Zry-4 I n teract ion  Exper i ments Under Oxi d i z i n g  Cond i t ions  up to About 2000°C , 11 The Annua l  Report o f  the Nucl ear Safety Project ( 1 984 } ,  KfK-3550 , 1 985 , { to b e  pub l i shed } . 
1 3 .  Exper iments , .. 

Q.Oo���������������������' KfK 

86 



14 . D .  L .  Evans , TMl -2 Fue l Recovery P l ant Feas i b i l i ty Study,  
EGG-TMI-6 130 ,  December 1982. 

1 ) . Y .  D .  Harker , Feas i b i l i ty of Measur i ng the F i ss i l e  Content of 
I r rao i a tea F uel San1ples , REA-83-022 , February l6 ,  1983 . 

16 .  A.  G .  Groff , OR I GEN-2--A Rev i sed and Upaated Vers ion of the Oak Ridge 
I sotope Generation and Depletion Code, ORNL-5621 , July 1980. 

1 7 .  Persona l commu n i cati on between D .  w .  Akers and B .  G .  Schni tz l er ,  EG&G 
I oaho , I nc . ,  May 29 , 1 984 . 

87 





APPE ND I X  A 

PHOTOGRAPHS OF D I SCRETE PART ICLE S 

A- l 





APPENDI X  A 

PHOTOGRAPHS OF DI SCRETE PART ICLES 

As part of the i n i t i al unpackag i ng ,  wei gh i ng ,  and v i sual exami nat ion 
of the core debr i s  grab samples , severa l  l arger s i zed (�1000 �m ) 
parti c l es from each sample were selected for fol l ow-on exami nat ion and 
analys i s .  These part i c l es were i nd i v i dual l y  wei ghed and photographed 
before performing the fol low-on exami nat i ons . Th i s  appendix  conta i ns 

phOtographs of al l part i c l es from Samples 1 ,  4 ,  5 ,  and 6 .  Photographs of  

the i nd i v i dual part ic l es from Sample  3 were mi spl aced dur i ng process i ng .  

These part ic les w i l l  be  rephotographed , and the photographs added to  the 

f i nal  core debri s  grab sample  report . Photographs of i nd i v i dual part ic les 

�l l er than 1000 �· are not i ncluded i n  th i s  report because of the l ack 

of acui ty i n  the photographs . 

Photographs for the e l even part ic les from Sample  1 are shown i n  
F i gures A- 1 though A-6 . The f ive part i c l es from Sample  4 are shown i n  
F i gures A-7 through A- 1 0 .  The e leven part ic les from Sample 5 are shown i n  

F igures A- 1 1  through A- 16 ,  and the e leven part ic les from Sample  6 are shown 

i n  F i gures A- 1 7  through A-22 . The scal es shown on the photographs have 

d i v i s ions equal  to 1 mm { 1000 �·> ·  
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I I I 

a .  Front v i ew of part i c l e .  

r r 

84-216-2·22 

b .  Back v i ew of parti cl e .  1�211-2� 

F i gure A- 1 . Part ic l e lA from Sampl e 1 ( s urface of debr i s  bed at H8 core 
l ocat ion ) ,  s i ze range : >4000 �m .  

A-4 



a .  Part ic le  1 8  ( s i ze range : >4000 �m)  • 

• 

b .  Part ic le  l C  ( s i ze range : >4000 �m) . M-21W.t 

f i gure A-2 . Part i c l es from Sampl e 1 ( surface of debris  bed at H8 core 
location ) . 

A-5 



b .  Parti cl e l E  ( s i ze range : >4000 � m ) . 84-216-3-17 

F i gure A-3 . Part i c l es from Samp l e  1 ( surface of debr i s  bed at HB cor e  
l ocat i on ) .  
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a .  P art i c l e  1 F  ( s i ze range : 1 680-4000 " m ) . 14-211-3-11 

• • f 

b .  Part i c l e l G  ( s i ze r ange :  1 &80-4000 "m ) .  14-211-3-21 

F i gure A-4 . Par t i c l es from Sampl e  1 ( surface debri s bed at H8 core 
l ocat i on ) .  
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a .  Part i c l e  l H  ( s i ze range:  1 680-4000 � m ) . 84-216-3-23 

b .  Part i c l e  1 1  ( s i ze range : 1 000- 1 680 � m ) . 84-21&-3-24 

F i gure A-5 . Parti c l es from Samp l e  1 ( surface of  debr i s  bed at H8 core 
l ocat i on ) .  
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4 

' 
t ' 

• 

a .  Part i c l e  l J  ( s i ze range : l OOO- l b80 �m) . 

t 

�21 �21 

D .  Part i c l e  l K  ( s i ze r ange : 1 000- 1 680 � m ). �21�21 

F i gure A-6 . Part i c l es from Samp l e  l ( surface of debr i s  bed at H8 core 
l ocation ) .  
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I I I I I I I , '·'·1 . .: ,·;!·;: 
\ � ·. ·� 

. i'> ,,. ·� . 

14-157·2·21 

F i gure A-7 . Part i c l e  4A from Sampl e 4 ( surface of debri s  bed at E9  core 
l ocat i on ) ,  s i ze range : >4000 �m .  

A- 1 0  



14-117-2-1 1 

a .  Front v i ew  of part i c l e .  

b .  Back v 1 ew of  part ic le . 
M-117-2-11 

F i gure A-8 . Part ic l e  4 b  from Sampl e 4 { s urface of debr i s  bed at E9 core 

l ocat1 on ) ,  s i ze range : >4000 �m • 

. 

A- l l 



a .  Part i c l e  4C ( s i ze range : >4000 � m ) . 84-1 57·2·22 

I t I J I I r t ' JJ  
• 

• 

b .  Part i c l e  40 ( s i ze range : >4000 � m ) . 14-1 57-2-32 

F i gure A-9 .  Part i c l es from Sampl e  4 ( s urface of debr i s  bed at E9 core l ocat i on ) . 

A- 1 2  



,-

\ 

a .  Front v i ew of part i c l e .  14-157-3-4 

I 1 

b .  Back v iew of part i c l e . 14-157-W 

F 1 gure A- 10 . Part i c l e  4 E  from Samp l e  4 ( surface of debr i s  bed at E9 core 
l ocat ion ) ,  s i ze rdnge : >4 000 � m  • . 

A - 1 3 

• 



• 

a .  Front v i ew of part i c l e .  14-114-1-11 

b .  Back v i ew of parti c l e . M-114-147 

F i gure A-1 1 .  Part i c l e  SA from Sampl e 5 ( 3  i n .  i nto debri s bea at E9 core 
l ocati on ) ,  s i ze range : >4000 �m . 

A- 14  



' I ' ' f I f ' 
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a .  Part i c l e  58 ( s i ze range :  >4000 �m) . 

t 
I ' ' ,,. 

· - -�, . 

b .  Part ic le  5C ( s 1 ze range :  >4000 � m ) . �1 �2� 

F i gure A- 1 2 .  Part i c l es from Sampl e 5 ( 3 i n .  i nto debr i s  beo at E9 core 
locat 1on ) . 

A- 1 !»  
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a .  Parti cl e 50 ( s i ze range : >4000 � m ) . 

1 I I I ' f 
t 
l 

14-114-2·15 

' 1 . : . I 

b .  Parti c l e  5E ( s i ze range : >4000 � m ) . 14-114-2·24 

F i gure A- 1 3 .  Part i c l es from Sampl e 5 ( 3  i n .  i nto debr i s  bed at E9 core 
l ocat i on ) .  

A- 1 6  
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a .  Parti c l e  5F ( s i ze range : >4000 �m) . �1�·27 

• 

b .  Parti c l e  5G ( s i ze range : >4000 � m ) .  �1� 

F i gure A- 14 .  Part ic les from Sampl e 5 ( 3  1 n .  i nto debr i s  bed at E 9  core 
l ocat ion ) . 

A- 1 7  
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a .  Part ic l e 5H ( s i ze range : 1 000- 1 680 � m ) . 84-114-3-11 

. . . .. 

b .  Part i c l e  5 1  ( s i ze range : 1 000- 1 680 � m ) . 14-1 72·1·22 

F i gure A- 1 5 .  Part i c l es from Sampl e  5 ( 3  i n .  i nto debr i s  bed at E 9  core 
l ocati on ) .  

A- 1 8  
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a .  Part i c l e  SJ ( s ize  r an ge : 1 000- 1 680 a�m) . 14-1 72-1-24 

b .  Part 1 c 1 �  5K ( s i ze r ange : 1 000- 1 680 �o� m ) . M-122·1·21 

F i gure A- 1 6 . Part i c les f rom Samp l e  5 ( J  i n .  i n to debr i s  bed at  E 9  core 

1 ocat 1 on ) .  

A- 1 9  



I 
� .. ' 1.:1:1 .! 

a .  Front v i ew of part i c l e .  

1 ' I LJ.;>''''.!J ' ' ' , 
. 

· I  ,. ' : · . ·  • . · · ��,<"!'il • • • 

b .  Back v i ew of part i cl e .  �1� 

F i gure A- 1 7 .  Part i c l e  6A from Sampl e  6 ( 22 i n .  i nto debr i s  bed at E 9  cor e 
l ocat ion ) ,  s i ze range :  >4000 � m .  

A-20 
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a .  Part i c l e  68 ( s i ze range : >4000 a.m) . 14-111-3-12 

b. Part1c 1 e  6C ( s 1 ze range : >4000 a.m ) . 14-111-3-15 

F i gure A- 18 .  Part i c l es from Samp1 e  6 ( 22 i n .  1 n to debr i s  beo at E9 core 
l ocat 1on ) . 

A-21  



l L I 
> f!·,� ,'{f. ., ��· 

a .  Front v iew of part i c l e .  84-199-3-19 

' I I 

b .  Back v i ew of part i c l e . 84-199-3-21 

F i gure A- 1 9 .  Part i c l e  60 from Samp l e  6 ( 2 2  i n .  i nto debri s  bed at E9  cor e  
l ocat i on ) ,  s i ze range : >4000 � m .  

A-22 



r 

1 .  Front  v i ew of part i c l e .  

) 

b .  Back v i ew of part i c le . M-111-3-21 

f i gure A-20 . Part i c l e  6E from Sampl e 6 ( 22 1 n .  i nto debr i s  bed at E9 core 
l ocat ion ) ,  s i ze range : >4000�m • . 
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a .  Part i c l e  6F ( s i ze range : 1 680-4000 lJ m ) . 

b .  Parti c l e  6G ( s i ze range : 1 680-4000 lJ m ) . 84-199-4-8 

F i gure A-2 1 . Part i c l es from Samp l e  6 ( 22 i n .  i n to debr i s  bed at E9 core 
l ocat ion ) .  

A-24 
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• 
a .  Part ic 1 e  6H ( s i ze range : 1 680-4000 � m ) . 84·1 tt-4-1 0 

; ' 

' \ 

b .  Part i c l e  6 1 , 6J , 6K ( s 1 z e range : 1 680- 4000 �m) . 14 201·1-5 

F i gure A-22 . Par t i c l es from Sampl e  6 ( 22 i n .  into debr i s  bed at  E 9  core 
l ocat ion ) .  

A -25 
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APPENDIX  8 

GAMMA SPECTROMETRY DATA 

I n c l uded i n  th i s  append ix  are the gamma spectrometry resul ts for the 
f i ve core debr i s  sampl es .  The 24 1 Am i s  not reportea because an effect i ve 
correction factor has not yet been determi ned for th i s  radionucl i de . Al l 

u ncerta i nt ies are reporteo at the one s i gma va l ue w i th only count i ng 

stat ist i cs i ncorporated , w i th the exception of 1 55Eu . The 1 55Eu data 

are basea on extrapol ated correc t i on factors and have a l i sted uncertai nty 

of 201 . The data are decay corrected to 1 Apr i l  1 984 , and the we i ghts of 

i ndiv i dual  samples are tabul ated in Appena i x  c .  
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TABLE B- 1 .  SAMPLE 1 
( IJ C i  /g ) 

RAO IONUCL I OE CONCENTRAT IONSa 

Part i c l e  S i ze Fract ion 
IJm 

>4000 >4000 >4000 >4000 >4000 
Rad i onuc l i de P arti c l e  l A  P art i c l e  l B  Part i c l e  l C  Part i c l e  1 0  P arti c l e  1 E  

60co 2 • 55 + 0 • 1 4  E + 1 1 .8 1  + 0 . 1 9  E+l  8 . 7  + 1 . 1 E+O 1 . 99 + 0 . 3 1  E+l 1 . 37 .:!:. 0 . 09 E+1 
1 06 Ru  7 . 1 0 + 0 . 40 E+ 1 1 . 55 + 0 . 1 5  E+3 6 . 7 1 + 0 . 86 E+l  8 . 99 + 1 . 37 E+2 2 . 72 .:!:. 0 . 1 8 E+2 
1 10mAg NO  NO  NO NO NO  

1 2 5 sb 1 . 20 + 0 . 07 E+2 7 . 82 + 0 . 82 E+l  1 . 23 + 0 . 23 E+1  1 . 36 + 0 . 22 [+1  9 . 24 .:!:. 0 . 6 1  E+1 
0:0 1 34c s  5 . 36 + 0 . 3 1  E+O 3 .69 + 0 . 55 E+O 7 . 57 + 0 . 86 E+1  1 • 08 + 0.  1 7  E + 1 3 . 54 ..!. 0 . 23 E+1 I � 

1 3 7 c s  2 • 98 + 0 • 1 6  E + 2 6 . 68 + 0 . 67 E+1 1 . 3 1  + 0 . 1 5  [+3 2 .02 + 0 . 3 1  E+2 8 . 38 !:. 0 . 54 E+2 

1 44ce  1 . 74 + 0 . 1 4  E+2 3 .84 + 0 . 4 1  [+3 2 . 81 + 0 . 34 E+3 3 . 1 4 + 0 .49 E+3 7 . 32 !:. 0 . 59 E+2 

1 54 [ u  7 • 98 + 0 .  96 E - 1 5 . 86 + o .  61  E+l 4 . 78 + 0 . 57 E+1 4 • 63 + 0 .  71  E + 1 1 • 05 !:. 0 .  08 E + 1 

1 55 E u  9 .  5 + 1 . 9  E+O 1 .6 + 0 . 3  E+2 1 . 2 + 0 . 2  E+2 1 . 2 5 !:. 0 . 25  E+2 3 . 5  !:. 0 . 7  E+l 

60co 8 . 1 + 0 . 8  E +O 9 . 34 + 0 . 88  E+O 7 . 85 + 0 .49 E+1 1 . 67 .:!:. 0 . 20 E+ 1  1 .9 5  !:. O .  1 1  E+O 
1 06Ru 4 .39 + 0 . 4 9  E+l  7 . 33 + 0 . 74 E+ l  1 .07 ..!. 0 . 07 E+2 7 . 00 .:!:. 0 . 85 E+ l  8 . 9 !:. 0 . 6  E+O 

1 1 0mAg NO NO NO  7 . 43 ..!. 0 . 92 E+O N O  
1 25sb 2 . 06 + 0 . 2 3  E+ 1  1 .84 + 0 . 24 E+ 1  1 .48 + 0 . 1 3 £+1  2 . 1 7 .!. 0 . 2 5  E+2 1 . 1 + 0 . 1 E+O 

1 34cs  1 . 1 2  + 0 . 09 [+2 9 . 98 + 0 . 86 E+ 1  6 . 29 .!. 0 .44  E+O 6 . 29 .!. 0 . 72 E+l  3 . 1  .!. 0 . 2  E+O 



TABLE ti- l . (continued ) 

1 680-4000 1 680-4000 
Rad1onuc l 1 de Par t i c l e  l F  Part 1c le  l G  

1 3 7c s  1 . 98 + 0 . 1 6  E+3 1 . 7 1  + 0 . 1 5  E+3 

l44ce 3 .06 + 0 . 2 7  [+3 2 .3 1 !. 0.22 E+3 

l 54 f u  5 . 73 + 0 . 50 E + l  3 . 54 !. 0 .33 E + 1  

1 55 [ u  1 . 24 + O . l 5  E+2 9 . 5 .:!_ 1 .9 E+ l 

60co 8 . 2  + 0 . 7 E +O 2 .3 + 0 . 2  E+2 
m 1 06Ru 4 . 6  + 0 .4 E + l 5 . 6 .! 0 .4 E+3 I 
c.1' 

l lOmA9 NO 3 . 7 !. 0 . 9  E+O 

1 25 sb 4 . 9  + 0 . 8  E+O 1 .9 1  :_ O .  1 3  E+2 

1 34cs  5 . 1  + 0.4  E+O 5 . 6 !. 0.4 E+ l  

1 3 7cs  8 . 7 + 0 . 7 E+ l 1 .06 !. 0 . 4  E+3 

1 44ce 2 . 5 + 0 . 2  E+3 2 . 3 !. 0.2  E+3 

1 54 f u  4 . 8 + 0 . 4  E+ 1  4 . 5 !. 0 . 4  E+ l  

1 55 [ u  1 . 0 + 0 . 2  E+2 1 . 1 + 0 . 2  E+2 

Part i c l e  Size Fract ion 
m 

1 680-4000 
Part ic le  l H  

l . l S !. 0 . 07 E+2 

2 . 18 !_ 0 . 1 5  [+3 

3 .02 !. 0 . 20 E+ l 

8 . 3 !. 1 .8 E+ l 

4 . 9 !. 0 . 3 E + l  

1 . 5 + 0 . 1  

1 . 1 + 0 . 2  

E+2 

E+O 

2 .22 !. 0 . 14 E+2 

2 .1 !. 0 . 2  E+ 1 

6 . 5 !. 0 . 4  E+2 

2 .4 !. 0 .2 E+3 

4 .3 !. 0 .3  E+ l 

9 . 7 .!. 1 . 9 E + l  

1 000- 1 680 
Part i c l e  1 1  

1 . 1 4  + 0 . 1 3  E+3 
-

NO 

9 . 8 .! 2 . 5 E- 1 

NO 

8 . 1  ! 0 . 6  E+ l 

1 . 5 .! 0 . 1 E+2 

1 . 3 .!  0 . 3  E +O 

3 .4 !. 0 . 2  E+2 

4 .4 !. 0 . 3  E + 1  

9 . 1 :_ 0 . 6  E+2 

1 . 55 !. 0 . 1 2 E +3 

2 .4 .! 0 . 2  E+ 1 

6 . 7 .!. 1 . 3 E + 1  

1 000- 1 680  
P arti c l e  lJ 

s . s  !. 0 . 3  [+1  

3 .20 !. 0 . 1 9  E+2 

S . 4 !. 0 . 3  E+O 

1 .2 + 0 . 2  E+ l  

1 . 1  + 0 . 1 £+2 

2 . 7 !. 0 . 3  [+2 

1 . 8 !, 0 . 4  E +O  

4 . 8 + 0 . 5  E+2 

S . l  !_ 0 . 5  E + l  

1 . 0 ! 0 . 1 E +3 

1 . 7 ! 0 . 2  E +3 

3 .4 ! 0 . 4  E+ l  

6 . 9 !. 1 .4 E + l  



TABLE B- 1 .  ( cont i nued ) 

P art i c l e  S i ze  
Fract ion {J.im l 

30- 74 
Radi onuc 1 i de A 1 iguot  

6cto 6 . 56 + 0 .  4 7 E + 1 

1 06 Ru 1 . 09 + 0 . 08 E+2 

1 1 0mAg 1 • 0 1 + 0 • 18 E +0 

1 25 sb 2 . 03 + 0 . 1 4 E+2 
� 134cs  3 .24 + 0 . 23  E+ 1  I 
0'1 . 

1 3 7cs  6 . 1 4 + 0 . 4 3  E+2 

1 44ce 7 .  1 2  + 0 .  65 E +2 

1 54 E u  1 . 1 3  + 0 . 10 E+ l  

1 5 5 E u  2 • 56 + 0 • 50 E + 1 

NO = rad i on uc 1 i de not detected . 



TABLE 8-2 . SAMPLE 3/RAOIONUCL I DE CONCE NTRAT I ONS 
< "c 1 19 ) 

Part i c l e  S ize Fraction 
m 

>4000 >4000 >4000 >4000 >4000 
RacU onuc 1 i de Parti c l e  3A Part i c l e  38 Part i c l e  3C Part i c l e  30 Part i c l e  JE  

60co 4 .67 + 0 . 2 7  E+ l  5 . 94 .!. 0 .4 1 E+ l 1 . 30 .!. 0 . 08 E+l  2 .03 .!. 0 . 29 E+O 1 . 33 .!. 0 . 24 [+() 

l06Ru  6 . 25  + 0 . 36 E+2 3 . 76 .!. 0 .35 E +O 4 .03 + 0 . 24 [+2 1 .46 + 0 . 08  E+3 1 .43 + 0 .08 [+3 

1 10mAg NO NO NO NO NO 

1 2 5 Sb  4 • 63 + 0 .  2 9  E + 1 6 • 95 .!. 0 .  SO E +0 1 .86 + 0 . 1 3 E+ 1  1 . 34 .!. 0 . 08  E+2 1 . 25 .!. 0 . 08  [+2 

ClD 1 34cs 3 .25 .!. 0 . 26 E+O 5 . 00  + 0 . 42 E - 1  2 .23 + 0 . 1 8 E+O 5 . 66 .!. 0 . 32 E+ l  5 . 1 9 .!. U . 30 E+l 
I 

...., 
1 37 cs  5 . 87 + 0 . 34 E+1 1 . 1 7 .!. 0 . 08  E + 1  4 .65 + 0 .28 [+ 1  9 .49 .!. 0 . 52 [+2 8 . 36 .!. 0 .4 7  E+2 

1 44ce 1 . 77 + 0 . 1 2 E+3 5 . 79 .!. 0 . 52 E+ 1  1 • 75  + 0 .  1 1  E + 3 3 . 73 + 0 . 24 E+3 3 .92  .!. 0 . 25 E +3 

1 54 fu 3 .00 .!.  0 . 1 9  E+l 7 • 15 + 0. 75E - 1 2 . 24 + 0 . 14 E+ 1 6 . 67 .!. 0 . 4 1  E+ l  6 .83 .!. 0 .42 E + l  

1 55f u 7 . 4 + 1 . 5 E+ l 2 . 92 + 0 . 59 E+O 6 . 99 + 0 .43 E+ l 1 . 59 + 0 . 32 E+2 1 . 36 .!. 0 . 2 7  E +2 

60co 3 .3 .!. 0 . 5 E+O 6 . 4 1 .!. 0 . 75 E+O 8 . 6  .!. 1 .0 E+O 7 . 1 3 .! 0 . 49 E+ l  1 .62 .!. 0 .  1 9  E + 1 

106Ru 2 .6 + 0 . 3  E+3 1 .8 1 .!. 0 . 2 1  E+2 5 . 06 .!. 0 . 66 E+l  2 .39 .!. 0 . 1 7 [+2 1 .45 .!. O .  1 7  E+2 

l lOmAg NO NO NO NO NO  

1 25 sb 9 . 6  + 1 . 1 E+ l 1 .88 .!. 0 .22 E+ 1  6 . 1  .!. 1 .8 E+O 4 .45 .! 0 . 38 E+1  1 . 69 .!. 0 . 2 1 E+ 1 

1 34cs 4 .4 + 0.  5 E+  1 1 .06 .!. 0 . 1 2  E+  1 9 .2 .!. 1 .0 E+ 1 4 .80 .!. 0 . 33 E+1  4 . 59 .!. 0 . 55 E+o 

1 3 7cs  7 . 5  + 0 . 9 E+2 3 .95 .!. 0 .4 5 E+2 1 . 58 .!. 0 . 1 8 E+3 9 . 32 .! 0 .63 E +2 7 . 28 .!. 0 . 83 E+ l  



TABLE B-2 .  ( con t i nued ) 

1 000- 1 680 707- 1 000 
Radi onucl i de P art i c l e  3K A 1 iguot 

144ce 7 . 0  + 0 . 8  E+3 5 . 70 + 0 . 69 E+2 
1 54 E u  1 . 1 8  + 0 . 14 E+2 4 . 34 + 0 . 55 E+O 
1 55 f u  3 . l  + 0 .  6 E+2 2 .82 .:!:. 0 . 33 E+l 
60co 6 . 4 1  + 0 . 4 1  E+O 9 . 2 1  + 0 . 59 E+l 

106 Ru 4 . 1 7  + 0 . 2 8  E+1  2 .07 + 0 . 1 4  E+2 
00 l l OmAg I NO NO (X) 

1 25 sb 9 . 00 + 0 . 81 E+O 3 . 3 7 .:!:. 0 . 25 E+l  

1 34cs  1 . 1 6  + 0 . 07 E+l 3 . 10 .:!:_ 0 . 20 E+l  

1 3 7cs  2 .  05  + 0 .  1 2  E +2 5 .40 .:!:. 0 . 34 E+2 

144ce 2 • 53  + 0 • 16  E + 3 2 • 38 .:!:. 0 • 1 6  E + 3 

1 54f u  4 • 69 + 0 .  2 8 E + 1 4 .46 + 0 . 30 E+1  

1 55 E u  1 . 1 0  + 0 . 2 2  E+2 1 .00 + 0 . 20 E+2 

P art i c l e  S i ze  Fracti on 
j.lffi 

297-707 
Al iguot 

2 . 1 7  + 0 . 26 E+3 

3 . 55 + 0 .42 E+l 

7 . 8 + 1 .6 E+ l 

2 .2 1  + 0 . 1 8  E+l 

1 . 1 9  + 0 .09 E+2 

NO 

1 .93 + 0 . 1 9 E+l 

3 . 50 + 0 . 27  E+l 

8 . 35 + 0 . 65 E+2 

1 .80 + 0 . 1 5  E+3 

3 . 1 6 .!. 0 . 26  E+1  

3 . 83 .!. 0 . 3 1  E+1 

1 49-297 
Al iguot 

2 . 55 + 0 . 1 9  E+3 

4 .29 + 0 . 3 1  E+l 

1 . 1 3  + 0 . 23  E+2 

6 . 6 1 + 0 . 37 E+l 

3 . 09 + 0 . 1 7  E+2 

NO 

1 . 09 + 0 . 06 E+2 

4 .3 1  + 0 . 24 E+l 

9 . 00 + 0 .49 E+2 

1 • 64 + 0 • 1 0 E + 3 

2 .  59 + 0 .  1 6  E + 1 

8 . 2 + 1 . 6 E+3 

74- 1 49 
A 1 iguot 

9 . 3 + 1 . 3 E+2 

1 . 65 + 0 . 20 E+l 

4 .05 + 0 .47 E+l 

8 . 59 + 0 .6 1  E+1 

2 . 33 + 0 . 1 7  E+2 

1 . 22 + 0 .33  E+O 

1 .93 .:!:. 0 . 14 E+2 

5 . 1 5  + 0 . 37 E+1  

9 .05 .:!:. 0 . 64 E+2 

1 .48 + 0 . 1 2 E+3 

2 • 30 .!. 0 • 1 9  E + 1 

6 . 3 + 1 . 3 E+l 



cc 
I 

\0 

TABLE 8-2 .  (cont i nued ) 

Part i c l e  Size Fract ion 

RaCJionuc l i de 

6<to 

1 0 b l{u 

1 10mAg 

l 2 5 sb 

1 34c s  

1 3 7 cs  

1 44ce 

l 54 [ u  

1 55 [ u  

30- 74 
Al iguot 

1 .40 + 0 . 09  E+2 

6 . 50  + 0 .44 E +2 

NO 

2 . 2 1  ,:!. 0 . 1 5  E +2 

5 . 16 + 0 . 3 5  E+l  

8 . 90 + 0 . 60  E +2 

1 . 1 9  + 0 . 09  E +J 

1 . 73  +. 0 . 1 4 E+ 1  

4 .9 + l .O E + l  

NO = rad i onucl i de not detected . 

(tam) 

<30 
A1 1guot 

1 . 02 + 0 . 26 E+2 

2 .46 + 0 . 63 E +2 

NO 

1 . 78 + 0 .46 E +2 

2 .87  + 0 . 74 E + l  

6 . 6  + 1 . 7  [+2 

7 . 5 + 2 .0 E+2 

1 . 05 + 0 . 28 E + l  

3 .07 ,:!. 0 . 79 E+ l  



TABLE B-3 . SAMPLE 4 RAOI ONUCL I OE CONCENTRATIONS 
( llC i /g ) 

R ad i onuc l i de P art i c l e  4A Part i c l e  48  Part i c l e  4C Part i c l e 40  P art i c l e  4E  

60co 1 .42 + 0 . 1 6  E+2 1 • 13 + 0 .  07 E + 1 2 . 5 1 + 0 . 1 7  E+2 2 . 75 + 0 . 5 1  E+O 2 . 7 1  + 0 . 27 E+l  

1 06R u  3 . 35 + 0 . 38 E+3 2 . 38 + 0 . 1 5  E+2 6 . 00 + 0 . 4 1  E+2 1 .47 + 0 . 1 8  E+3 1 . 87 + 0 . 20 E+3 

1 1 0mAg NO NO ND NO ND 
1 25 sb 2 . 00 + 0 . 24 E+2 6 . 8 1  + 0 . 53 E+O 4 . 94 + 0 . 38 E+1 1 . 5 1  + O .  1 9  E+2 8 .  77  + 0 • 98 E + 1 

1 34c s  1 • 02 + 0 .  1 2  E +2 1 . 73  + 0 . 1 3  E+O 1 • 34 + 0 .  1 0  E + 1 1 . 7 5  + 0 . 22 E+2 3 . 33 + 0 . 36 E+l  
a; I 1 3 7c s  0 1 . 7 1  + 0 . 1 9  E+3 3 . 57 + 0 . 22 E+l  3 . 65 + 0 . 24 E+2 3 . 92 + 0 . 48 E+3 5 .46 + 0 . 58 E+2 

1 44ce 8 . 6  + 1 .0 E +3 7 . 74 + 0 . 53 E+2 2 . 5 1 + 0 . 1 9 E+3 4 . 60 + 0 . 59 E+3 5 . 1 8 + 0 . 56 E+3 

1 54 E u  1 • 50 + 0 .  1 7  E +2 9 . 32 + 0 . 6  E+O 2 .03 + 0 . 1 6  E+1 6 . 05 + 0 . 78 E+1 8 . 64 + 0 .93 E+1 

1 55 E u  3 . 1 5 + 0 . 63 E+2 2 . 96 + 0 . 59 E+1 1 . 07 + 0 . 2 1  E+2 6 . 2 + 1 . 2 E+1  1 . 76 ..!. 0 . 1 9  E +2 

ND = rad i onuc l i de not detected . 



• 

TABLE �-4 . SAMPLE � RADIONUCL J OE CONCENTRATIONS 
( "C 1 /g )  

>4000 >4000 
Raaionuc l icse Partic le  SA Part i c le  58 

b Uco 3 . 77 _! 0 . 67 E+ l 4 .5 1  + 0 . 3 1  E+ l 

l06t<u 2 . 2 1 + 0 . 39 [+3 1 . 25 + 0 .08 E+3 

1 10mAg NO NO 

l25Sb 1 . 67 + 0 . 30 E+2 1 .4 7  + 0 . 10 E+2 

CID 1 34c s  2 . 33 + 0 .42 E+ 1 1 • 53 + 0 .  1 1  E + 1 
I 

_. 

..... 
l 37c s  3 • 92 + 0 .  69 E + 2 2 .95 .! 0 .20 E+2 

• 

1 44ce 6 . 6  + 1 .2 E+3 3 .84 .! 0 .2 7  E+3 
• 1 54 [u 5 . 93 + 0 . 42 E+ 1 1 . 20 + 0 . 2 1 E+2 

1 55 [ u  2 . 12 + 0. 54 E+2 1 . 33 + 0 . 2 7  E+2 

Part ic le  S 1 ze Fract i on 
m 

>4000 >4000 
Part i c l e  SC Part i c l e  50 

3 .94 .! 0 . 28 E+ l 2 .8 1  .!. 0 . 25 E+O 

1 .04 .!. 0 . 07 E+3 5 .40 !. 0 .36 E+2 

NO NO 

2 .4 7 .! 0 . 24 E+ 1  3 .86 .! 0 . 28 E+1  

9 . 55 .! 0 . 75 E+O 2 .25 .!. 0 . 1 5  E+1  

1 . 64 !. 0 . 1 1  E+2 6 . 89 .! 0 .45 E+2 

3 . 1 5 ! 0 .24 E+3 1 .8 1  .!. 0 . 1 3 E+3 

4 .27  ! 0 . 32 E+ l 1 . 58 .! 0 . 12 E+1  

1 .35 !. 0 . 2 7  E+2 8 . 1 .!. 1 .6 E + 1  

>4000 
Partic le  SE 

1 .20 .! 0 . 09 E+2 

1 . 1 9 .!  0 .08 E+3 

NO 

3 .00 .! 0 .22 E+2 

6 . 78 .! 0 . 55 E+O 

1 .48 .! 0 . 1 1  E+2 

2 . 1 3 .! 0 . 1 7  E+3 

3 .82 .! 0 . 29 E+1  

9 .9 .! 2 .0 E+1  

� 



TABLE B-4 o ( conti nued ) 

Part i c l e  S i ze Fract ion 
J.lm 

1 680-4000 1 680-4000 1 680-4000 1 000- 1 680 1 000- 1 680 
Rao i onuc l i de Part i c l e  SF Parti c l e  5G Part i c l e  5H Part i c l e  5 1  Part i c l e  5J 

60co 2 o07 + Oo 19 E+O 3 o l 0 + 0 . 1 8 E+l  1 .0 + 0 . 2 E+2 6 . 57 .:!:. 0 .40 E- 1 1 .09 + 0 o 1 8  E +0 
106Ru 5 . 58 + 0 . 34 E+2 6 . 93 .:!:. 0 . 38 E+2 2 o8 + 0 . 5  E+3 l o44 + 0 . 09 E+3 1 . 29 + 0 . 09 E+3 
l lOmAg NO NO NO NO NO 
l 25 sb 6 o 35 + 0 .40 E+l 1 .32 + 0 . 1 1  E+1  6 . 1  + o .  1 E+2 1 o 02 .:!:. 0 . 07 E+2 1 . 1 6  + o . o8 E+2 
1 34c s  2 o 9 2  + 0 .  1 8  E + 1 2 . 86 + 0 . 2 6  E+O 3 .6 + 0 . 6  E+2 3 o 1 7 .:!:. 0 . 20 E+1 3 . 29 + 0 . 23 E+1 

a;, 
I 1 3 7c s  ...... 7 . 90 + 0 . 4 7  E+2 3 . 78 + 0 . 2 1  E+ 1 6 o 5  + 1 . 1 E+3 5 . 08 + 0 . 3 1  E+2 5 . 36 .:!:. 0 . 37 E+2 N 

1 44ce 1 • 86 + 0 • 1 2  E + 3 2 . 36 + 0 . 14 E+3 1 . 1 + 0 . 2  E+4 3 .56 .:!:. 0 . 25  E+3 3 .40 + 0 . 26  E+3 
1 54 E u  1 . 73 + 0 . 1 2  E+1  2 • 94 + 0 • 18 E + 1 2 .2 + 0 .4 E+2 6 . 26 + 0 .42 E+l  6 . 23 + 0 . 45 E+1  
1 55 E u  7 .4 + 1 . 5 E +  1 1 . 02 + 0 . 20 E+2 5 . 1  + 1 . 0 E+2 1 .62 + 0 . 32 E+2 1 . 39 + 0 . 28 E+2 



• 

TABLE B-4 . (continued) 
Part 1 c 1 e She 

Fract ion 
l!!!l 
< 1000 

RacSi onuc 1 1  de A1 1guot 

6'to 5 . 53 .!. 0 . 34 E + 1  

l 06 Ru 6 . 53 !. 0 .40 E+2 

1 1 0mAg NO 

125Sb 8 . 01 + 0 . 55 E+l  

0: 1 34c s 9 • 85 + 0 .  59 E + 1 I 
-

CN 1 37cs 1 . 7 1  + 0 . 10 E +3 
• 

144ce 2 .24 + 0 . 1 7  E+J 
• 1 54E u  3 . 54 + 0 . 25 E+ l  

- ·  

1 5S [ u 1 .06 + 0 . 20 E+2 

NO • rad i onuc 1 1de not detected . 



TABLE B-5 . SAMPLE 6 RADI ONUCLIDE CONCENTRATI ONS 
( JJC i /g ) 

P art i c l e  S i ze  Fract ion 
JJffi 

>4000 >4000 >4000 >4000 >4000 
Radi onuc l i de Parti c l e  6A Part i c l e  68 Parti c l e  6C Part i c l e  60 P art i c l e  6 E  

60co 6 . 07 + 0 . 67 E+O 1 • 66 + 0 • 09 E +0 3 .34 .!. 0 . 23 E+O ND 1 . 24 + 0 . 09 E+O 
1 06Ru  1 .  07  + o .  1 1  E+3 2 .39 .!. 0 . 23  E+O 1 . 1 6  + 0 . 07 E+2 9 . 1 5 + 0 . 62 E+2 1 • 32 + 0 .  1 4  E +0 
1 1 0mAg NO NO NO  NO NO  
1 2 5 sb 9 .  74 + 0 .  99 E + 1 3 .05 + o .  1 7  E+2 4 .22  + 0 . 26 E+1  6 . 95 .!. 0 . 53 E+l  2 • 40 + 0 .  16  E + 1 

cr 1 34 c s  I 3 . 90 + 0 . 39 E+ 1  7 . 1 1  + 0 . 40 E+O 9 . 73 + 0 . 59 E+O 5 .4 7  .!. 0 . 38 E+l  2 . 22 .!. 0 . 1 5  E+O 
� 

1 3 7c s  1 . 1 9  + 0 . 1 2 E+3 1 . 24 + 0 . 07 E+3 1 • 82 + 0 • 1 1  E + 2 1 . 30 + 0 . 09 E+3 4 .4 1  + 0 . 29 E+ 1  

144ce 3 . 65 + 0 . 38 E+3 2 .84 + 0 . 98 E+3 1 • 96 + 0 .  1 7  E +2 2 . 66 ! 0 . 2 1  E+3 1 .9 1  + 0 . 38 E+O 

1 54 E u  2 . 88 + 0 . 30 E+ 1 NO 2 . 93 .:!:. 0 . 25  E+O 3 .25 .:!:. 0 . 2 5  E+l  NO  

1 55E u  1 . 5 1  + 0 . 30 E+2 2 . 2 1  + 0 . 88  E+ l 1 .  03 + 0 • 0 7 E + 1 1 . 1 6 + 0 . 23 E+2 N O  



T ABLE B-5 . ( cont i nued ) 

P art i c l e  S i ze Fract ion 
II 

1 680-4000 1 680-4000 1 680-4000 1000- 1 680 1000- 1680 
Rad 1onuc 1 i de P ar t i c l e  6F Part i c l e  6G Par t 1 c l e 6H P art i c l e  6 1  Part i c l e  6J 

60co 4 . 89 .!. 0 .35  E +0 9 . 3  + 2 . 1 E- 1 NO 2 . 74 ! 0 . 1 6 [ +2 7 . 33 .!. 0.43  E+o 

106Ru 7 . 0  + 1 . 0 E+O 1 . 03 + 0 . 06  E+3 8 . 05  .!. 0.45  E+2 2 .64 ! O .  1 6  E+3 2 .92 ! 0 . 16 E+2 

l lOIIAg NO NO NO NO NO 

l 2 5 Sb 1 .46 + 0 . 1 1  E+ 1  9 . 97  + 0 . 66  E+ l 8 . 16 .!. 0 . 50 E+ 1 8 .28 .!. 0 .49 E+ l 1 . 78 .!.  0 . 1 1  E+l  

0: 
134cs 3 . 25  + 0 . 20 E+ 1 1 .69 .!. 0 . 09  E+2 4 .67 .!. 0 .26 E + l 2 .08 ! 0 . 34 E+o 4 .97 .!. 0 . 57 E - 1  

I 
-

137c s  "' 6 . 22 .!. 0 . 38 E+2 3 . 79 .!. 0 . 2 1 E+3 1 .07 ! 0 . 06  E+3 2 • 98 .!. 0 • 1 8  E + 1 1 . 10 .!. 0 . 06  E+1 

1 44 ce 1 . 84 + 0 . 35 E + 1  3 .06 ! 0 . 20 E+3 2 . SO  ! O .  1 6  E+3 3 .20 ! 0 . 34 E+2 6 . 90 .!. 0 .44 E+2 

1 54 [ u  NO 4 . 34 .!. 0 . 28 E+ 1 2 .46 .!. 0 . 1 6  E + 1  5 .04 ! 0 .64 E+O l .  34 .!. 0 • 08 E + 1 

1 5S [ u NO 1 . 37 .!.  0 . 2 7  E+2 NO 2 . 7 E +O  4 . 2  E +O  



TABLE B-5 . ( cont i nued ) 

Parti c l e S i ze Fract i on 
pm 

1 000- 1 680 707- 1 000 297-707 1 49-297 74- 1 49 
Raa i onuc l i de Part i c l e  6K A1 iguot A1 iguot Al iguot A 1 iguot 

60co 6 • 87 + 0 .  55 E +0 1 .43 + 0 . 08 E+2 5 . 1 5  + 0 . 29 E+ 1  9 . 2 1  + 0 . 59 E+ l  1 • 1 1  + 0 .  06 E +2 
1 06Ru 

• 
5 .  81 + 0 .  3 5 E +2 4 .20 + 0 . 23  E+2 2 . 1 9 + 0 . 1 3 E+2 2 .  94 + 0 .  1 7  E +2 3 . 74 + 0 . 2 1  E+2 

1 10mAg NO NO NO NO  NO 
1 2 5sb 8 • 1 5  + 0 • 59 E + 1 8 .  7 7  + 0 .  52 E + 1 9 .  77 + o .  57 E+ 1  1 .46 + 0 . 08 E+2 1 . 89 + o .  1 1  E+2 
1 34c s  1 . 76 + 0 . 10 E+2 5 . 66 + 0 . 3 1  E+1 5 . 82 + 0 . 32 E+ 1 5 . 36 + 0 . 30 E+1  4 . 8 1  + 0 . 2 7  E+1  

c:P 
I 1 3 7c s  � 4 . 06 + 0 . 24 E+3 1 . 23 + 0 . 07 E+3 1 . 1 3  + 0 . 06  E+3 1 . 07 .:!:. 0 . 06 E+3 9 . 58 + 0 . 53 E+2 0\ 

1 44ce 3 .48 + 0 . 24 E+3 2 .29 + O .  1 5  E +3 2 . l l + 0 . 1 5 E+3 1 .40 + 0 . 09 E+3 1 . 27  + 0 . 09 E+3 

1 54 E u  5 . 07 + 0 . 34 E+ 1  3 . 63 + 0 . 2 2  E+ 1  3 . 55 + 0 . 22 E+ 1  2 . 1 6  + 0 . 1 4 E+ 1  2 . 1 4  + 0 . 1 4 E+ 1 

1 5 5 E u  3 . 53 + 0 . 24 E+1  1 .07 + 0 . 2 1  E+2 9 . 1 9  + 1 .80 E+ 1  6 . 7  + 1 .3 E+ 1  7 .8 + 1 .6 E+1  



TABlE b-5 . ( cont i nued ) 

Part i c le  S i ze 
Fract i on 

h!m} 
30- 74 

Rad1onuc l 1 de Al iguot 

6(to 1 .25 .! 0 . 09  E+2 

106Ru 5 . 23 + 0 . 3 7  E+2 

1 10eAg N O  

l25Sb 1 . 67 + 0 . 1 2  E+2 
CD 
I 

- 1 34cs  5 . 00  + 0 . 35 E+ l 

1 37 cs  9 .  54 .! 0 .  67 E +2  

1 44 ce 1 . 1 1 + 0 . 09 E+3 

1 54 t:.u 1 . 83 :_ 0 . 14 E+ l  

1 55£ u 4 . 5 + 0. 9 E+ l 

�0 • raoionut l i oe not detected . 
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APPENO I X  C 

F I SS I LE/FERT I L E  MATERIAL ANALYSI S 

F�ag.ente� p i eces an� a 1 1 quots f�om the co�e deb� 1 s  samples we�e 
analyze� by both gamma �ay spectrometry and de l ayed neutron analys i s . Th i s  
appen�1a  presents the pre l imi nary resul ts of the de l ayed neutron anal ys i s . 

These resu l ts may change s l i ght ly because of changes i n  the cal i brat i on 
c�ves for these data . The analys i s  was performe� by f i rst measur i ng the 
tota l f i ss i l e/fe�t i l e .. te� i a l  contents us ing  a fas t  neutron f l ux at the 
Coupled Fast  React i v i ty Measurement Faci l i ty (CFRMF ) an� subsequent ly  
8easu� ing  the f i ss i l e .. te� i a l  content ( i . e . , Z3Su + 239Pu ) i n  a 
th�l neutron f l ux f ie l d  at CFRMF . I t has been �ete�•1 ned that the 
ZJ9Pu ca.ponent i s  negl i g ib le  (<0. 2 wtl ) , an� . therefore . the component 

pr i nc i pa l ly measure� i s  23Su . The effect of the 239pu i s  the i ncrease 

i n  the 8easure� f is s i l e  .. te� i al content ( S to 81 ) .  

C- 3 



TABLE C- 1 . F I SSI LE/FERTI LE MATER IAL CONTENT 

Pa rti c l e  
S i ze 

Fract i on Fert i 1  e 
( �m) Part i c l e/A l iquot (mg) 

SamE!l e 

>4 000 P art i c l e  lA  7 . 9 + 0 . 6  E+O 
>4000 P art i c l e  l B  1 . 1 0  + 0 .  07 E + 1 
>4000 P arti c l e  l C  5 . 70 + 0 . 6  E+O 
>4000 P arti c l e  1 0  5 . 9  + 0 . 8  E+O 
>4000 Part i c l e  l E  5 . 5 + 0 . 6  E+O 

1 680-4000 P art i c l e  l F  1 .09 + 0 . 07 E+ l  
1 680-4000 P art i c l e  l G  8 . 2 + 0 .  7 E+O 

("'") 1 680-4000 P art i c l e  l H  1 . 5 + o . l  E+l I � 
1 000- 1680 P art i c l e  1 I  
1 000- 1 680 P art i c l e  l J  1 .46 + 0 . 08 E+ l  
1 000- 1 680 Part i c l e  l K  1 • 00 + 0 • 0 7 E + 1 

7 07- 1000 A 1 i quot 1 • 65 + 0 • 09 E + 1 
297-707 Al i quot 1 . 62 + 0 .09 E+ l 
1 49-297 A l i quot 9 . 0 + 0 . 6  E+O 
74- 149  Al i quot 5 .4 + 0 . 6  E+O 
30-74 A l i quot 3 . 9 + 0 . 5 E+O 

SamEl e 3 

>4 000 P art i c l e  3A 2 . 1  + 0 . 1 E+ l 
>4000 P art i c l e 3 8 <0 . 7  r+o 
>4000 Part i c l e  3C NA 
>4000 P art i c l e  30 7 . 9 + 0 . 3  E+ l 
>4000 Part i c l e  3E 5 . 6  + 0 . 2  E+ l  

F i ss i l e  
(mg) 

2 .4 + 0 . 2  E- 1  
2 .3 + 0 . 2  E- 1 
1 . 4 + 0 . 2 E- 1 
1 .4 + 0 . 2  E- 1 
1 . 4 + 0 . 2 E - l 

2 . 6 + 0 . 2  E- 1 
1 . 7 + 0 . 2 E- l 
4 . 2 + 0 . 2  E - 1  

3 . 3 + 0 . 2 E - 1  
2 . 5  + 0 . 2  E- 1 

3 .8 + 0 . 2 E- 1 
4 . l + 0 . 2 E- 1 
2 . l + 0 . 2 E- 1 
1 . 2 + 0 . 2 E- l 
8 . 2  + 1 . 7 E-2  

6 . 2  + 0 .4  E- 1 
< 1 . 6  r-2 

NA 
1 . 9 + 0 . 06 E+O 
1 . 3 + 0 .04 E+O 

Enri chment 
(wt%) 

3 .0  + 0 . 3  E+O 
2 . 0 + 0 . 2  E+O 
2 . 4 + o .4 E+O 
2 .4 + 0 . 4  E+O 
2 . 5  + 0 . 4 E+O 

2 . 4 + 0 . 2  E+O 
2 . 0 + 0 . 3 E+O 
2 . 7 + 0 . 2  E+O 

2 . 2 + 0 . 2  E+O 
2 . 5  + 0 . 2 E+O 

2 . 2  + 0 . 2  E+O 
2 . 4 + 0 . 2  E+O 
2 . 3 + 0 . 2  E+O 
2 . 1  + 0 . 4 E+O 
2 . 1  + o . 5 E+O 

2 . 8 + 0 . 2  E+O 

NA 
2 . 3 + 0 . 1  E+O 
2 . 3 + 0 . 1  E+O 

P art i c l e/Al i q uot 
We i ght  

(mg) 

84 
1 2  
1 0  

7 
29  

1 6  
1 5  
33  

1 0  
2 1  
1 9  

26  
29  
23  
1 2  
22 

56 
23 
39 
97 
69  



TABLE C- 1 .  (cont i nued ) • 

P a r t  t e l �  
S i ze P art f c l e/Al fquot 

fract i on Fert 1 1 e  F i ss i l e Enr i chment � f ght 
__t.a!!.L_ P ar t t c l e/A l iguot (mg) {1151) (wtl) (!g) 
�!!fl e  3 ( cont i nued ) 

1 680-4000 Part i c l e  3F NA NA NA 10 
1 680-4000 P art i c l e  JG NA NA NA 10 
1 680-4000 Part i c l e  3H 5 . 4 + O .  7 E +O 1 .0 ! 0 . 2  E - 1 1 .� .!  0 .4 l +O  10 

1000 - 1 680 P ar t i c l e  3 1  NA NA NA 25 
1 000- 1 680 P ar t i c l e  3J 4 .6 + 0 . 6  E +O 1 .2 + 0 . 2  E - 1  2 .4 + 0 . 4  E +O 24 
1 000- 1 680 P ar t i c l e  3K 1 . 8 + 0 . 1  E + 1 6 . 4  ! 0 . 2  E- 1 2 . 3  ! 0 . 1  E+O 45 

7 07- 1000 A 1 1 quot NA NA �A 30 
n 297- 707 Al i quot NA NA NA 1 8 

I 1 49-297 A 1 i quot NA �A NA 1 14 U' 
74- 149 A 1 i quot NA NA NA 22 
30-74 A l i quot 6 . 9  + O. 7 E+O 1 .8 + 0 .2 E- 1 2 . 6 + 0 .4  E+O 25 

. 20-30 Al i quot 1 . 3 + 0 .6  E+O 2 . 2 ! 1 . 6  E-2 1 . 7 ! 1 . 5 £+0 4 

• 
S ampl e  4 

>4000 Part i c l e  4A NA NA NA 10  
>4000 P art i c l e  4 8 6 . 1 + 0 . 6  E +O 2 . 1  + 0 . 2  E - 1  3 .4 + 0 . 5  E+O 33 
>4000 P ar t i c l e  4C NA iA iA 28 
>4000 Part i c l e  40 NA NA NA 9 
>4000 P art i c l e  4E NA NA NA 1 1  

Sampl e 5 

>4000 P art i c l e  SA NA NA NA 6 
>4000 P art i c l e  S B  2 . 3 + o .  1 E+ 1  5 . 5  + 0 .2 E - 1  2 . 4 + 0 . 2  E+O 26 
>4000 P art i c l e  5C JfA liA NA 24 >4000 P ar t i c l e  50 NA NA NA 27  
>4000 P ar t i c l e  SE 7 . 7 !.. 0 . 6  E+O 2 . 4  !_ 0 . 2  E- 1 3 . 0 + 0 .3 E+O 2 1 



("") 
I 

0\ 

TABLE C- 1 . ( conti nued ) 

Part i c l e  
S i ze 

Fract i on 
_{y!!!)_ Part i c l e/Al iguot 

Sampl e 5 ( cont i nued ) 

1 680-4000 P art i c l e  SF 
1 680-4000 Part i c l e  5G 

l 000- 1 680 P arti c l e  SH 
1 000- 1 680 Part i c l e  5 1  
1 000- 1 680 P art i c l e  5J 

< 1000 Al i quot 

Sampl e 6 

>4000 P art i c l e  6A 
>4000 P art i c l e  6 8  
>4000 P art i c l e  6C 
>4000 P art i c l e 6 0  
>4000 P art i c l e  6E 

1 680-4000 P art i c l e  6F  
1 680-4000 P art i c l e  6G 
1 680-4000 P art i c l e  6H  

1 000- 1 680 P art i c l e 6 1  
1 000- 1 680 P art i c l e 6J  
1 000- 1 680 P arti c l e  6K 

707- 1 000 A 1 i q uot 

Fert i l e  
{msl 

2 . 2 + o .  1 E+ l 
NA 

NA 
2 . 7  + 0 . 1  E+l 
1 . 7 "+ 0 . 9  E+ l 

1 . 9 + 0 . 1  E+ l  

NA 
<0 . 1 6  

1 . 4 + 0 . 5  E+ l  
1 .9 + o . 1 E+ l  

<0 . 5  

<0 . 5  
7 . 3  + 0 . 3  E+l  
8 . 6  + 0.3  E+l 

4 . 0  + 0 . 6  E+O 
8 . 9  + 0 . 7 E+O 
3 . 1  + o . 1  E+ l  

7 . 7 + 0 . 3  E+l  

F i ss i l e  
{msl 

6 . 5  + 0 . 3  E- 1  
NA 

NA 
8 .  1 + 0 .  3 E- 1 
4 .5 + 0 . 2  E- 1 

6 .0 + 0 . 3  E- 1 

NA 
<0 . 73 
6 . 4 + 0 . 2  E- 1 
5 . 6 + 0 . 2  E- 1 

<0 .02-

<0 . 02 
2 . 1 4 + 0 .06 E+O 

2 .4 + 0 . 07 E+O 

1 . 2 + 0 . 2 E- l 
2 .8 + 0 . 2  E- 1  
9 . 2  + 0 . 3  E- 1 

2 . 07 + 0 . 06 E+O 

Enri chment 
{wt%l 

2 . 9 + 0 . 2  E+O 
NA 

NA 
2 . 9  + 0 . 2  E+O 
2 . 7 + 0 . 2 E+O 

3 . 0  + 0 . 2  E+O 

NA 

4 . 4 + 1 . 9 E+O 
2 . 9 + 0 . 2  E+O 

2 . 8 + 0 . 1  E+O 
2 . 7 + 0 . 1  E+O 

3 . 0 + 0 . 6  E+O 
3 . 1  + 0 . 3  E+O 
2 .8 + 0 . 2  E+O 

2 . 6 .:!:. o .  1 E+O 

P art i c l e/Al i quot 
We i ght 

{mg} 

39 
89 

6 
3 7  
24 

42 . 8  

1 2  
65 
40 
25  
2 6  

3 3  
9 4  

1 0 1  

4 1  
7 1  
4 3  

1 39 



• 

('"') I ....... 

TABLE C- 1 . (cont inued ) 

Particl e  
S i ze 

f ract 1 on 
--lJ.!L Part i c l e/A 1 1guot 

�ample 6 ( cont i nued ) 

2 97- 707 
149-297 
74- 149 
30-74 

A l 1 quot 
A 1 1quot 
A 1 1quot 
Al i quot 

Ferti le 
(mg} 

6 . 9  + 0 . 3 E+ l 
4 . 9 + 0 . 2  E+ l 
3 .2 + 0 . 1 E+ l  
5 . 6 + 0 . 6  E+O 

�A • data not avai l ab l e  at th i s  t ime . 

• 

F1ss 1 1e 
(mg) 

1 . 7 1  + 0 . 05 E+O 
1 .  7 5 + 0 .06 E+O 
8 . oo  + o . oo E- 1 

1 . 6  + 0 . 2  E- 1 

Enr ichment 
(wtl) 

2 .4 + o. 1 E+O 
2 . 7  + 0 . 2  E+O 
2 .4 + o. 1 E+O 
2 .8 !: 0 . 4  E+O 

Part1cle/Al fquot 
We f gh t  
(1119) 

1 30 
1 35  
87 
22  






