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AB STRACT 

Filters from the purification/makeup system of the Three Mile Island 

Unit 2 Reactor were examined after the March 28, 1979, accident to determine 

the character of the debris transported to the filters. The physical 
condition of the filters was recorded, and material from the filters was 
examined. The elemental and radionuclide chemistry of the debris is discussed 
with regard to particle size distribution and fission product release from the 

core and transport in the primary system. Data on material characterization 

should be useful in reconstructing the TMI-2 accident events, in determining 

the propensity of different materials to form fine particles and scatter 

through the system, and in providing debris chemistry and radionuclide content. 
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JNTROOUCT ION 

lhe accident at Three Mile Island Unit 2 (TMI-2) on March 28, 1979, 

provides a opportunity to investigate severe accident damage and advance the 

knowledge of light water reactor safety. Recognizing this opportunity, four 

organizations--General Public Utilities, Electric Power Research Institute, 

Nuclear Regulatory C�ission. and Department of Energy--called the GENO 

group, are conducting a variety of data acquisition and reactor recovery 

tasks. One task is an examination of the purification/makeup filters and 

vacu� cartridge filters from the TMJ-2 reactor. The examinations were 

conducted as a joint venture among INEL. Los Alamos National Laboratory, and 

Argonne National laboratory-East. The Department of Energy funded 

ex .. tnattons at INEL and LANL. The Nuclear Regulatory Commission funded the 

exa.inations at Arvonne-East. The final report by Argonne National laboratory 

is presented in Appendix A.  and the final report by Los Alamos National 

Laboratory is presented in Appendix B. 

The reason for examining filters was to provide info�tion on light 

water reactor behavior under severe accident conditions . Specifically, the 

goal of the fil ter exa.inatton is to assist in the reconstruction of the TMI-2 

accident events by indicating which core ca.ponents are prone to form fine 

particles that redistribute through the primary coolant system of a light 

water reactor during a severe accident and providing data on debris chemistry 

and radionuclide concentrati ons. To accomplish this goal, the chemical 

ca.position of the bulk .. terial and individual particles was measured al ong 

with the particle shape and size distributions. 

Three long (0.6�-long) and two short (0 . 3-m-long) filters from the 

puriftcation/•akeup system were ·;elected for examination (Figure 1 shows 

sc�ttcs for the primary cool ant and pump seal cool ant systems). The long 

filters (MUf-58, -2A, and -28) were l ocated upstream of the makeup tank. The 

short filters (MUF-4A and -48) preceded the injection to the primary pump 

sea l . Each filter had a cylindrical perforated stainl ess steel backing 

covered by pleated paper. The pleated paper on the l arge fil ters was composed 

of a minimum of four l ayers of paper. The outer paper l ayer consisted of a 

treated composite of cellulose and gl ass fiber cardboard type paper. The 

s�ller filters were composed of a perforated stainl ess steel backing covered 
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Figure 1. Schematic of the purification/makeup filter system in the 
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with only one layer of treated cellulose cardboard paper. The coolant 

flows into the cylindrical paper filter from outside and then out the 

perforated stainless steel cylinder. The filters are illustrated in 

Figure 2. 

In addition to the purification/makeup system filters, eight vacuum 

cartridge filters were used to vacuum loose debris out of the filter 
housings after the system filters were removed. These cartridge filters 

also were examined. The vacuum filters were enclosed in metal canisters 
and sealed on both ends by spring closed caps, as illustrated in Figure 3. 

The accident history is discussed in terms of the events that affected 

the filters, followed by a discussion of the condition of the filters and 

the distribution of radionuclides in the filter debris. Material behavior, 

as derived from particle size measurements, chemical analyses, and scanning 

electron microscopy measurements are also presented. 
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HISTORY Of FILTER OPERATION 

Reactor Coolant Makeup and Purificat ion System Acc ident Operttions 

The .. keup and pur if ication system filters and dem ineralizes a portion 

of the reactor coolant on a cont inuous basis during reactor operat ion. A 

portion of the reactor coolant flow (letdown) is drawn from the reactor 

coolant l ine at the suction side of RC-P-lA. The letdown water flows 

through the letdown cooler where its temperature is reduced from 555 to 

120-F and then through the block orifice where the pressure is reduced from 

?155 to 100 psig. The water then flows through makeup and purification 

deaineralizer filters (MUF-SA or MUF-5B), to the demineraltzers (MUK-lA or 

MUK-lB) and the aakeup filters (MUF-2A or MUF-2B). fresh makeup water is 

added to the systea between the demineralizers and the makeup filters. The 

letdown flow at the outlet of the makeup filters is joined with flow from 

the reactor coolant pump seal return. Both of these flows go to the makeup 

tank (MUT-1}. Fra. the makeup tank the makeup flow passes through the 

•ateup pumps (MUP-lA, B, C) and the seal inject ion filters (MUF-4A or 

MUF-4B). A portion of the makeup is then discharged to the reactor coolant 

PUMP seals and the remainder is returned to the reactor coolant system. 

The system is designed to operate at flows between 40 and 110 gpm. At 

the t iMe of the accident, the system was operating at 40 gpm w ith one set 

of filters/demineraltzers on-line. There is no record of which set of 

f ilters/dem ineralizers were on-l ine at the time of the acc ident but past 

dCCident examinat ions indicate that the 'A train' was probably in 

operation. After the accident, letdown flows fluctuated for a br ief period 

but finally stabilized at about 70 gpm. By 1630 hours on March 28, 1979 

letdown flows began to fluctuate from lows of 40 gpm to highs of 159 gpm 

until letdown flow was lost at 2234, apparently as� result of letdown 

cooler plugg ing. By 0631 hours on March 29, 1979 a letdown flow of 25 gpm 

had been established w ith all system filters and the demineralizers 

bypassed. The exact time of component bypass ing is unknown and the 

�tneralizers were not totally isolated until the effluent stop/check 

valves were closed on March 30, 1979. GPU Nuclear estimated 46,000 gallons 
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of water was processed through the makeup system during the 16. 5 hours it 
was in operation after reactor shutdown. During this period, sometime 

after 1630 hours in March 28, 1979 water was diverted to the reactor 
coolant bleed tanks caused by overpressur1zat1on 1n the makeup tanks. WhPr• 
letdown flow was reestablished at 0631 hours on March 29, 1979 letdown w�� 

being discharged to the reactor coolant bleed tanks and then batch fed to 

the ma�t=t,,t; Lmr. 
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FILTER CONDITION 

Three large and two short purif ication filters, and eight vacuum 

cartridge filters were shipped in their original steel canisters from TMI-2 to 

INEL in April 1982. The physical condition of filters MUF-58, -2A, -28, -4A, 

and -48 when they were removed from their containment bags is shown in 

Figures 4 through 8, respectively. L ittle f ilter paper or debris remained on 

the steel frames of the three large filters (Figures 4, 5, and 6). However, 

Filter MUF-4A (Figure 7) was received with almost all the f ilter paper and 

debris still on the frames of metal filters. The filter paper was friable and 

debris and paper fell off as the filter was handled. Also, the top half of 

the metal filter frame had collapsed, (Figure 7). Because there was no 

indication that the filter had been crushed dur ing shipping, a pressure 

differential during use at TMI probably caused the filter to collapse from 

flow blockage after the filter had been loaded with debris. Nearly all filter 

paper and debris was scraped from the filter and weighed 82.7 g. Short 

purification F ilter MUF-48 also was received intact. However, it was not 

loaded w ith the dark debris found on all the other f ilters but the filter 

p aper was swollen (Figure 8). 

The total weight of the debris (filter paper and material collected by 

the filter) from each f ilter is given in Table 1. Some debris could have been 

lost after removing the filters from the plant. The f ilters, although 

deteriorated, st ill retained their debris in containment bags. 

Although the high coolant temperatures, coupled w ith the pressure drops 

across the f ilters, may have contributed to the filter deterioration, the 

beta/g...a field from the entrapped particles is probably the major 

contributor to the f ilter degradation as eviden�ed from the intactness of the 

pump seal filters 4A and 48 and from the smaller particle content on these 

filters. 
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Figure 5. Purification/makeup Filter MUF-2A. 
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figure 8. Purification/makeup Filter MUF·4B. 
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TABLE l. NET WEIGHT OF DEBRIS COLLECTED FROM TMI-2 PURIFICATION FILTERS 

Estimated 
Content 

Debris Uraniumb Filter and 
Weighta Weight Storage Drum Debris Weight 

Filter (g) (g) Identification (g) 

MUF-5B 203.9 10.2 __ c __ d 

MUF-4A 82.7 4. l 03 __ d 

MUF-4B __ d 0 03 __ d 

MUF-2A 405.7 20.3 __ c __ d 

MUF-2B 206.2 10.3 __ c __ d 

VAC-MUF -2A-l 340e 17.0 09 577.6 

VAC-MUF -2A-2 ... 6e 0.3 09 245.7 

VAC-MUF-2A-3 ... 9oe 4.5 03 330.5 

VAC-MUF-2B ...0 0 R CBTA 236 

VAC-MUF-4A ... aoe ... 4.0 04 327 

VAC-MUF-4B ...0 0 04 242 

VAC-MUF-58 ...0 0 04 269 

VAC-MUF-5A ...0 0 14 242.5 

a. Damp weights. 

b. Estimate based on the assumption that 5% of the debris was U02. 

c. Metal filter frames were discarded as hot waste. 

d. Not applicable. 

Description 

Filter paper completely deteriorated 

Filter heavily loaded and intact 

Filter very lightly loaded and intact 

Filter paper completely deteriorated 

Filter paper completely deteriorated 

Heavily loaded 

Lightly loaded 

Moderately loaded 

Very lightly loaded--side had a few dark spots 

Moderately loaded 

Moderately loaded--one side was loaded with 
dark debris 

Very lightly loaded 

Very lightly loaded--one side was colored light 
gray with debris and a few large particles were 
on the surface 

e. Estimation based on the assumption that the cartridge filter weighted 240 g. 



RADIONUCLIOE DISTRIBUTION 

filters MUF-58, MUF-4A, and -48, and MUF-2A and -28 were examined to 
dete�tne the concentrations of radioactive isotopes on the filters. A 
gross gaa.a scan of Filter MUF-4A and -48 (Figure 9) shows that radioactive 
debris were located preferentially at one end. Figure 10 shows a spectral 
g ... a scan of the filter at about midheight that indicates that the primary 
species were Cs, Sb, Ru, Ce/Pr, Ag, Mn, and Co. Filter MUF-48 contained Cs 
and Co, as indicated by the gamma spectrum shown in Figure 11. The gross 
g...a scan of Filter MUF-48 is ca.pared with the MUF-4A scan in Figure 9. 
Because Filter 48 was not opened to the makeup tank durtng the accident, 
t he g.--a field of Filter MUF-48 is much lower than that of Filter MUF-4A. 

The results of gamma spectroscopy from Filter MUF-58 are compared with 
the other filters in Table 2. The chunks reported in Table 2 were pieces 
of the filter that varied tn size from �1/16 inch square to pieces 
1/4 x 3/4 inch. The fines were small particles that were with the chunks. 
In Table 2b, the data are normalized to the Cs activity for each of the 
saMPles. The data indicate that the ratios of activity of the other 
nuclides for the 58 sa.ples are about twice that of the 4A and 2A samples. 
The measured activities of fission products are compared with activities in 
the fuel calculated for the TMI-2 power history using the ORIGEN2 code1 

(see Table 3). The measured and calculated 144ce activities are in good 
agreement, which indicates that 144ce has stayed with the fuel and is a 
good indicator for the presence of uo2• The measured activity of the Cs 
isotopes is about eight ttmes that expected from the calculated inventory 
in the fuel, and the ratio is about 9 for 90Sr, 20 to 70 for 125sb, 60 

f or 1291, and 2 for 1�u. The presence of those fission products tn 
the debrts, in amounts greatly exceeding the inventory in the fuel, 
strongly suggests that those isotopes were released from the fuel during 
the htgh-t.-perature portion of the accident and transported along with 
n onfuel c�nents. Cestu., iodine, and strontium generally tend to form 
ca.pounds that are soluble in water such as halides and hydroxides. The 
p resence of these fission products tn the filter debris after washtng with 
prt .. ry coolant suggests that they have chemically combined with the debris. 

15 



0 
-c: ::J 0 0 
-

UJ c: CD 
-c: 

• 

--- MUF4A 
--- MUF48 

Distance (arbitrary units) INEL 4 0045 

Figure 9. Gross gamma radiation profiles of TMI-2 filters MUF-4F and -48. 
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TABlE 2. RAOlOlSOTOPES FROM FIlTER MUF-58 

(a) Content 
{I!Ci/!!!l 

MUF-2A MUF-2A MUF-58 MUF-58 MUF-4A MUF-4A 
Chunks Fines Chunks Fines Chunks Fines 

Cs -137 31561.50 28025.66 16708. 67  26286. 2 7  6331.09 22090.83 
Sb-125 8037. 43 4327.94 8457.66 13646.03 1267. 15 3967.44 
Cs-134 2278.07 2046.85 1164.31 1856.87 453.38 1585.26 
Ce-144 1983.96 1001.99 2449.60 4632.50 451. 06 1696. 6; 
Ru-106 2032.09 1132. 18 2071.57  4177.95 432.46 1645.?4 
Co-60 748.66 429.45 1179.44 2427.47 199.95 719.79 
Ag-110 48.13 27.89 65.52 87.04 16.28 51.41 
Mn-54 25.13 15.62 36.34 61. 90 8.14 31. 71 

(b) Isotopic Curie Ratto 
{based on Cs-137} 

f11Jf-2A MUF-2A f«JF-58 MUF-58 MUF-4A MUF-4A 
Chunks Fines Chunks Fines Chunks Fines 

Cs-137 1.00 1. 00 1.00 1.00 1.00 1.00 
Sb-125 0.25 0.15 0. 51 0.52 0.20 0.18 
Cs-134 0.07 0.0 7  0.07 0.07 0.07  n.o7 
Ce-144 0.06 0.04 0. 15 0. 18 0.07 0. 08 
Ru-106 0.06 0.04 0. 12 o. 16 0.07 0.07 
Co- 60 0.02 0.02 0.07 0.09 0.03 0.03 
Ag-1 J0 0.00 0.00 0.00 0.00 o.oo 0.00 
-.n-54 0.00 0.00 0. 00 0. 00 0.00 0.00 

19 



TABLE 3.  FISSION PRODUCT ANALYSIS 

Ration of 
Measured to 
Calculated 

Nuclide Filter Activitl Calculated Activityc Activities 

144ce MUF-5B 18, 400 (IJCi/gU) 2 4,360 (llCi/gU) 0 . 76 

137cs MUF-5B 76, 200 (llCi/gU) 9,740 (llCi/gU) 7. 8 

134cs MUF-58 8, 300 (llCi/gU) 840 (llCi/gU) 8.8 

125 sb MUF- SB 53, 000 (llCi/gU) 760 (pCi/gU) 70 

106Ru MUF- SB 12, 400 (llCi/gU) 6,0 40 (pCi/gU) 2 .  1 

90sr MUF-SB 8o, ooob (IJCi/gU) 8,500 (pCi/gU) 9. 4 

12 9I MUF-2A 1, 180 (ppm) 16 (ppm) 73. 8 

12 9I MUF-28 1, 000 (ppm) 16 (ppm) 62 . 5  

a. The activity for the first five nuclides was measured January 6, 1982, 
and the sample weight was 0.0239 g. The uranium concentration was assumed 
to be 5% of the total weight. 

b. The activity was measured February 2 ,  1982. The uranium concentration 
was assumed to be 5 %  of the total weight. 

c. The calculated activity values are based on ORIGEN2 code calculations. 

20 



MATERIAL CHARACTERIZATION 

Photomacrographs of cross sections of the filter show some 

s tratification of the materials (Figure 12). Reflective material of large 

particle sizes is located on the outer layers of the filters. Smaller 

particles are located below this layer of larger particles. The volume 

fraction of metallic (reflective) materials is estimated at lOS. 

Results of emission spectroscopy used to determine the elemental 

content of the debris from Filter MUF-58 are shown in Table 4. The amount 

of uranium contained in the debris varies between 5 and 71 by weight. 

Based on this content, an amount of uranium between 70 and 100 g was 

received with the purification and vacuum filters. The remaining residue 

consists of control materials, Ag (121), Cd (111), and In (SS); fuel rod 

cladding materials, Zr (5 to 251), and Sn (2 to 31), and stainless steel 

and lnconel, Fe {6S), Ni (SS), Cr (lS), Mo (0.81), and St (0.31). Also, 

large a-aunts of carbon (18S) probably from the filter paper and possibly 

the demineralizer resin beads, were measured in two of the four samples 

analyzed by emission spectroscopy. 

Particle size analysis was performed on samples from filters MUF-58, 

MUF-2A, and MUF-28 using metallographically mounted filter sections. 

Particle sizing was performed with a Zeiss IM-35 metallograph coupled to a 

Hamamatza image analyzer (Appendix B). The average particle sizes for all 

samples ranged between 1 and 2 �m. However, some particles were observed 

to be as large as SO �m. Another measurement indicated particles on 

filters MUF-58 and -28 ranged from submicron size to 50 �m. A histogram 

of particle sizes on Filter MUF-58 is shown in Figure 13, and cumulative 

distributions of particle sizes from filters MUF-58 and 2A are shown in 

Figure 14. The apparent mean particle diameter is 6 �m. The particle 

size measurements indicate that the majority (80S) of the particles 

deposited on the filters were less than 10 �m with a mean size of about 2 

to 6 �,�m. 

Coolant containing the reactor debris had to travel through the steam 

generator, the letdown coolers, and the block orifice before it reached the 

? 1 



Figure 12. Metallographic mount of the MUF-58 grab sample. 
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TABlE 4. :MISSION SPECTROSCOPIC ANALYSIS Of THE MUF-58 FILTER DEBRIS 

Elemental Composition of Debris 
�wtSl 

EN ICO 

Sample 1 

E lanent B&w' SIIIIP le 0104
1 

Sa!!!!le 0105
1 

0111
b 

c __ c 17. 5 18 __ c 

:1 
6 to 12 11. 1 13 12.2 

0. 6 0.55 0.43 '\o(). 5 
8 2 0.62 0.64 '\(). 1 

Ca 0. 2 
Cd 11 11.4 11.2 
Co 0. 08 
Cr 0. 4 1. 0 0. 8 2.1 

Cu 0. 5 0.22 0. 23 '\1().5 
Fe 7 5. 7 5.2 3. 9 
Gd <0.1 
In 5.7 5.5 4.5 

IC �. 5 
Mg <0.05 0.02 0. 02 '\o().Ol 
Mn o. 1 0. 10 0. 10 '\().06 
Mo 0.8 0.82 0.86 '\.().08 

Na 0. 06 
Nb 0.05 0.03 
Ni 6 4.9 4.5 '\�(). 9 
Pb <0.03 

Si 1.8 <0.3 <0.3 '\o(). 16 
Sn 3 2.3 2.2 
Tt 0.1 0.07 0.07 
u 6 "'5 "'5 7.27 

v <0. 05 
Zn <0 . 2 
lr >25 5.4 5. 7 17.6 

-. 
Total 7 7.2 7 72. 75 73.78 47.78 

a. Hoaogentzed sample that fell from the filter during a 1981 f i lter 
remov a 1 attempt. 

b. Specimen taken from the MUF-58 filter. This specimen was homogenized 
1n a plastic jar with AlzOJ milling pellets. 

c. Not measured. 

·----------.. --.---·-·---
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filters. These structural components may have limited the maximum particle 

size that would reach the filters and may also have provided surfaces for 

deposition of small particles. 

The sphericity of particles from the MUF-58 debris was determined from 

SEM photomicrographs. Sphericity is the ratio of the projected diameter to 

the diametera of a circle that just circumscribes the particle, and the 

overall sphericity of the particles is a gross indicator of the particle 

shape. A particle sphericity histogram of the debris examined on the SEM 

is illustrated in Figure 15. The mean sphericity of the particles was 

about 0.61, indicating quite irregular particles. 

Examinations of 47 particles in one sample and 28 particles in another 

sample show that occasionally the debris particles may contain essentially 

one metallic element, such as zirconium or uranium, but generally the 

particles have complex compositions containing a number of elements from 

the fuel, cladding, stainless steel, Inconel, and control materials 

(Table 5). Expected elemental ratios for the core components are compared 

with the ratios derived from the elemental measurements in Table 6. Based 

on the measured Ni/Fe and Mo/Fe ratios, it would appear that the debris 

likely contain material from both stainless steel and Inconel components, 

although a somewhat higher Cr/Fe r atio would be expected (from the Inconel 

source) than was measured. The very high Mo/Fe and the high Cu/Fe ratios 

are not understood, but suggest some partitioning of the Mo and Cu from 

their respective alloys. 

More than 70% of the particles containing Cd had essentially no Ag or 

In in them, but instead had steel, Inconel, and/or zirconium components. 

Cadmium and indium did not occur together in any zircaloy analyzed. 

Cadmium probably vaporized to a greater extent than did the silver or 

indium, because of its higher vapor pressure. Vaporization of cadmium from 

failed control rods has been observed experimentally at ORNL2 in 

simulated core-melt tests using light water reactor (LWR) type fuel and 

control rods. The ORNL tests indicate that cadmium volatilized, 

a. The projected particle diameter is the diameter of a circle whose area 
is equal to the area defined by the profile of the particle. 
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TABLE 5. SEM/EDS RESULTS OF PARTICLES REMOVED FROM FILTER MUF-58 

Particle Elemental Composition 

Zirconium 

Uraniuma 

Zirconium--uraniumb 
Zirconium--uranium--stainless steel/Inconel 

Zirconium--control materials--stainless steel/ 
Inconel 

Zirconium--uranium and/or control materials-­
stainless steel/Inconelc 

Control materiald 

A 1 umi num 

Frequency 
(Number of 
Particles ) 

2 
4 
2 
2 

12 

2 
3 

Total 
Particles 
Examined 

(%) 

7 

14 
7 

7 

4 

43 

7 

11 

a. Particle X-ray spectra 9enerally included small zirconium peaks. 

b. Particle X-ray spectra generally contained small peaks from elements 
associated with stainless steel or Inconel ( chromium, iron and nickel ) . 

c. Uranium L-series X-ray peaks were not observed. However, the counting 
statistics were not sufficient to rule out uranium. 

d. X-ray peaks are too broad to be the result of X-ray activation of one 
element. These particles probably contain Cd, In, and Ag elements from 
control rods. 
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TABLE 6. STRUCTURAL MATERIAL MASS RATIOSI 

Fe/Total 
Material Ni/Fe Cr/Fe Cu/Fe Mo/Fe Si/Fe Al/Fe Weight 

Stainless 
steel 0. 14 0.27 0 0 0 0 0. 65 to 

0. 76 

Inconel 2. 84 1.03 0. 01 0 . 19 0. 01 0. 03 o. 19 

Bulk filter 
debris 0.8 0.2 0.06 0. 1 o. 1 0. 09 0. 06 

LAftL 1. 7 0.2 2. 7 1. 1 0. 08 
•icroana lysis 

a. Based upon iron and compared with similar ratios of TMI-2 filter debris. 

• 
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left the control rods, and formed CdO when oxygen was available. In the 
absence of oxygen, vaporized cadmium formed small spherical particles which 

agglomerated, the agglomerates being <8.6 vm in diameter. The 
spherical particles and agglomerate structures in the ORNL tests were very 

similar in morphology to those found in the TMI filter debris. 

Energy dispersive X-ray analysis of different particles on 

Filter MUF-5B confirm the above findings. Round particles such as that 

located on a long fiber (presumed to be fiberglass because of geometry and 

silicon content) in Figure 16 were generally found to contain control 

materials (Ag, In, and Cd). Particles containing zirconium were angular 

and of varying sizes from 1 to 10 vm. The particles high in stainless 

steel components (Fe, Cr, and Ni) were small (1 to 5 vm) angular 
particles. The angular shape of the nickel, iron, and zirconium bearing 

particles indicate that these materials did not achieve melting 
temperatures, whereas the spherical control materials indicate that these 

materials did melt. 

Examination of Filter MUF-2A indicated that the size and shapes of the 

particles were similar to those seen in the sample from Filter MUF-58. Two 

uranium dioxide particles from this filter, identified from elemental 

chemistry and polyhedral shape, are shown in Figure 17. A rectangular 

particle below the uo2 particles was high in uranium, but also appeared 

to contain zirconium. This particle may have resulted from the reaction of 

fuel and cladding. High-magnification photographs of fuel grains 
(Figure 18) show that small particles (0. 1 to 0.5 vm) have been deposited 
on the fuel particles. Elements appearing in the X- ray spectra of the fuel 
particles may result from the deposition of these particles. 

Micro-Raman analysis was performed on a sample from Filter MUF-58 with 

the use of the molecular optical laser examiner microprobe (MOLE). Because 

the sample stage is a conventional light microscope, no special preparation 

was needed to examine the particles beyond mounting the sample on a glass 

slide. The Raman spectra of the particles reveal differences in the 
crystalline structure of the samples that may provide information about 

processes that occurred in the TMI-2 core. 

30 



• 

...., 
-

.. 

FULL rtiLD X-RAY SPECTRUM 

-RAY SPECTRUM--Ac.Cd,ln 

X-RAY SPECTRUM--Fe. I 

fiqure 16. Typical area of a sample from MUF-58 filter with X-ray spectra 
of some of the particles. 



w N 

FU L L  FIELD X-RAY SPECTRUM X-RAY SPECTRUM--URANIUM 

X-RAY SPECTRUM--AG,CD,IN X-RAY SPECTRUM--U AND ZR 

SECONDARY ELECTRON IMAGE 

X-RAY SPJ.o:CTRUM--ZJRCONIUI4 
X-RAY SPECTRUM --URANIU14 

Figure 17. Typical area of a sample from MUF-2A filter with X-ray 
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Four particles in the sample were identified as tetragonal zirconium 

oxide. One particle was a light gray, oval particle (6 �m x 8 �m) and 

was identified as Zr02, but not initially as a monoclinic Zr02. The 

first spectrum taken of the particle (Firure 19, top) displayed weak, broad 

lines at 256 cm-1, 465 cm-1, and 628 em- , suggesting a tetragonal 

-1 -1 1 . f th crystalline structure. The 180 em and 192 em 1nes o e 

monoclinic phase were missing. Subsequent spectra (Figure 19, middle and 

bottom) showed the particle undergoing a phase transformation to the 

monoclinic crystal structure that became more dominant with successive 

spectra. The final spectrum (Figure 19, bottom) was not entirely 

monoclinic but showed a disparity in the relative heights of the 337 

476 cm-1 lines (shifted to 332 and 471 cm-1), and a weak line at 

-1 216 em was not found in the standard spectrum. In addition, the major 

monoclinic lines of the intermediate spectrum (Figure 19, middle) were 

shifted to higher frequencies (lower wave numbers). The 180 cm-1 line 

was shifted to 173 cm-1, the 192 cm-1 line to 186 cm-1, and the 

476 cm-l line to 465 cm-1• The intermediate spectrum also showed a 

strong peak at 255 cm-1, not a monoclinic line. Sample heating from the 

laser caused the transformation from the metastable tetragonal to 

monoclinic crystalline structures. 

Because the tetragonal zirconia is only stable above 1373 to 1473 K, 

this crystalline structure suggests that the cladding temperature may have 

exceeded 1373 K.4•5 It is not normally expected that the tetragonal 

phase can be preserved at low temperatures by quenching.4•5 The 

transformation to the monoclinic phase induced by laser heating cannot be 

resolved with present information. Impurities could also stabilize the 

high-temperature phase at room temperature, but in this case subsequent 

heating with the laser would not be expected to induce the transformation 

to the monoclinic phase. 
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SUMMARY 

Materials from all of the core components were deposited in the 

purification/makeup filters at TMI including the stainless steel control 

rod, Inconel spacer grids, silver, indium cadmium control material, and the 

zircaloy cladding and uo2 fuel. 

The amounts of cesium and iodine present in the filter debris greatly 

exceeded the amount expected from the fuel and indicate that these 

materials were transported differently than the fuel. Vapor transport or a 

mechanism in which vapors are deposited on aerosols of other core 
components is possible. The cesium and iodine are apparently deposited in 
insoluble forms on or within particles in the debris. 

Antimony and ruthenium fission products were also found in the debris 

in greater proportions than can be accounted for from the fuel. 

The spherical shape of the Ag, In, and Cd bearing particles indicates 

that these control materials were molten during the TMI-2 accident. The 

angular shapes of the Fe, Ni, Zr, and U bearing particles indicate that 

these elements are probably in largely oxide forms that did not melt during 
the accident. 
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RESULTS FROM THE EXAMINATION OF THI-2 FILTER SAMPLES AT ANL-E 

1. Introduction 

Five samples of material from THI-2 makeup/letdown filters were received 

at the Alpha-Gamma Hot-Cell Facility ( ACHCF ) at ANL-E for examination. 

Material from three of these five samples was examined to characterize the 

debris from filters HUF-SB, HUF-2A and HUF-4A. Greatest emphasis was placed 

on the examination of material from the HUF-4A filter as material from this 

filter was not being examined elsewhere. Material from filter HUF-48 was not 

examined, and no examinations were performed on a second sample of material 

from filter HUF-SB, which had been homogenized by ball milling. The purpose 

of the examinations was to characterize the debris from the filters by size, 

shape, and chemical composition. The examinations or analyses that were 

performed on samples of material from each filter are listed in Table I. The 

results of each of the examinations or analyses listed in Table I are 

described and a short discussion of those results is provided in this report. 

2. Visual Examination 

Visual examination of debris samples from filters MUF-SB and HUF-2A in 

the hot-cell showed them to consist of irregular rectangular pieces of fibrous 

material and fine particles. The pieces of fibrous material were thin slabs 

that varied in size from -1/16 in. square to pieces 1/4 x 3 /4 in. Visual 

examination of a small piece of the fibrous material in a glovebox indicated 

that it was composed of layers of fine particles on an underlay of the fibrous 

filter material. The filter material itself appeared to be composed of 

fiberglass that was formed into a mat. The HUF-4A filter material was 

examined visually and determined to consist of irregular, rectangular pieces 

of -1/16 in. thickness of and fine particles. The HUF-4A filter material was 
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.uch leea ftbroua than the .. tertal fro. the other ftlter• and broke up quite 

easlly when handled . Thta ft lter .. terlal appeared to be co•poeed only of 

paper. 

l. C.... !pect roacopy 

TWo different typee of ... plea we re counted for radioacti� i ty to 

deter.!ae the types of radlonucltdea preaent and their relati¥e activity. 

S..l l places of the filter (chunks) as we l l  aa rando. s .. plel of the fine 

particles ( f lnea) fro. each of the three ftltera (MUP-51. MUP-2A. and MUP-4A) 
were counted to see tf the radlonucll dea were .. ,r .. ated on the fil te r  

.. tertal. The ,.._. acttvltlee for the ... plea as o f  April l. 1983 are &i�en 

tn Table tt. These data Indicate that the ca actl�ity Mal hiaher for the 

debris froa the HUF-2A filter than for debrla In the other two filters. 

Nor.allaatlon of the data for each of these s .. ples (aee Table Ill) to the 

activity of 137o. Indicates that the actl�tty rattoa of the reat of the 

radlonuclidea in the 2A chunks and both 4A a .. plea are si•llar . The ac tl� lty 

rattoa of the other radlonuclldea In the Sl aaaplea are about twice thoae of 

the 4A aad 2A chunka. Vhtle the ratloa for the 2A ftnea are atanlftcantly 

less. Theae variations tn � .... activity .. , be tndlcatlve of vartattona In 

q.antltlea of debris trapped b1 the 2A and sa filters. Another poaalblltty ,. 

that the variations are a result of the difficulty of obtalnlnc truly 

repreeentat l� . .. plea of the .. cartel. lt Is likely tha t the �arlatlon In 

actl�lty of the two typea of ... plea (chunka and ftnea )  fro. the 2A fil ter Is 

a reeul t of the type a of aaapllftl techalquea •plo,.d. 

4. Optical IUcro•copy 

At leaat two saaples of debris froa each of the three flltera exaalned 

were prepared for optical •lcroa copy by plactnc ... 11 ptecee tn epoxy resin 

aad.poltahiac the• accordlnl to standard procedurea. LDw-.acni ftcatton photos 
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indicate that the debris had collected on the filters in layers. The small 

size of the samples made it difficult to determine whether the debris was 

trapped as several layers within the filter or whether the multiple layers 

resulted from inclusion of several folds of the filter in the sample. typical 

areas of the filters at a magnification of 2 50X are shown in Figs. 1, 2, 

and J. From photos it is apparent that the quantity of reflective material 

varies significantly within each of the mounted samples. Stereology 

measurements show that 10% of the MUF-58 sample volume is occuppied by highly 

reflective material that is concentrated in bright-phase areas such as in the 

center of the upper left photograph in Fig. 1. Examination of optical 

photographs of the HUF-4A filter revealed that less than 1% of the area of 

this sample is represented by the highly reflective material as shown in the 

left photograph in Fig. 3. The highly reflective (bright) material in these 

optical micrographs is thought to be metallic since the oxides of uranium, 

iron, and Zircaloy are not this highly reflective. The large (10-50-um-long) 

particles appear to have collected on the outermost layer of the filters, 

particularly the HUF-58 filter. The smaller ( 1  to 5 um) particles are found 

in layers below the large particles in the two fiberglass filters, MUF-2A and 

HUF-58. The quantity of highly reflective material trapped by the paper 

filter MUF-4A was comparatively small and large particles were insufficient in 

number to form layers. The filter material itself and many of the ceramic 

particles do not appear as prominent features in the optical micrographs of 

these samples. Apparently the filter material, particularly the glass fibers, 

and zirconium oxide particles are transparent or translucent and have optical 

properties similar to the epoxy resin that was used as the mounting medium. 
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S!M ••..tnatlona w.re perforMed on two typea of •a•plea -- ... 11 ptecea 

of the filter .. tertal that w.re .ounted directly on ... ple atube and pollahed 

·•-plea that were ••-lfted tt, optical atcroecopy. 

5.1 NUP-51 

s .. tl aaeplea of .. terlal fro. the HUP-51 filter were �nted 

directly on a s .. ple stub for SEH ex .. tnatton. A typical area near the edl• 

of a piece of ftlter .. terlal Ia shown tn Fll• 4. The lar1e (aoeett .. a 

an1ular) plecea of .. tertal and the strand• ahown In the secondary electron 

(SI) ,..,. are believed to be the filter ltaelf. lnerKY dtaperstve X-ray 

analyall* show«� that the lafle, .. dtue-sray ptecea of .. terlal produce no 

characterlattc X-ray apectr�. They are aasu.ed to be .. tertala of low ato.tc 

n�ber and are probably the cellulose ln the fllter ltaelf . X-ray apectra of 

vartoua particle• ln the Mcondary electron t.aae are also ahovn tn rt1 . 4. 

Katertala eaatly tdeattf ted tn the full field apectrua are llated ln Table 

tV. the pr�ry conatttuent or conatttuents of Mveral parttclee are 

tdeatlfted tt, the capttona under the x-ray apecta tn rt1. 4. the broed peak. 

at -l keV h CGIIpoeed of Ac. Cd, tn, and poaetbly u. Urania can be 

ldentlfted., Ita L0 peak at 11.6 keY vtth uae of a 30 Y acceleratln1 

volt .. e. Howver , the urantu. � peak. vas not found tn a apectru. of thta 

fleld of vlev, and therefore, none of thesa particle• contain sl1nlftcant 

a.ounu of __ ,__ 1tM close proxt•tty of the x-ray peak.• for Ac. Cd, and ln 

.. tee tdenttftcetton of the tndlvldual al ... nts l.,rectae.  The preaence of 

certain el ... nta ln the particle• tn thta field of vlev tndtcatea that theae 

el .... ta aleo were preaent tn the reactor core •• the control .. terlala (AI, 

•oa11 el-ate vtth atOIItc no. ll (eodiua) .ad above can be ldenttfled ueiq 
... r., dlaperat .. x-ray aa•lylil. 
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Cd , In ) ,  and in componen ts such as the con t rol rod cladd ing ( s tainless steel ) ,  

the fue l  rod cladd ing ( Zr) , and the Incone l s t raps ( Cr ) . The clear 

identi fication of sil icon in the fibers and the st rong pre sence of sil icon in 

the full-field spectrum of the sample confi rmed that the filter was 

cons truc ted of fiberg lass .  

Figure 5 shows ano ther typical area of the HUF-5 B  sample along wi th 

the X-ray spectra of this field o f  view and o f  the ind ividual part icle s .  This 

area is adj acent to the area shown in Fig . 4 ,  but is closer to  t h e  edge of 

thi s  piece of filter.  The number of particles per uni t  area is greater in the 

area shown in Fig .  5 than that in Fig .  4, but the ma terials found are mos t ly 

the s ame. Agai n ,  the materials present represent the cont rol material ( Ag ,  

Cd ,  In ) ,  the fue l rod claddi ng ( Zr) , the cont ro l  rod cladd ing ( Fe ,  Cr ,  Ni ) ,  

and the sil icon in the glass f i l ter fibers . The lack o f  a s pect ral peak at 

1 3 . 6  keV ind icates that no uranium is present in this field of view; however ,  

uranium was found in other views o f  the HUF-5 B  sample but no pho tos were t aken 

of the part icles that contained uran ium .  The small round par t i c les , vi sible · 

in Fig . 5 ,  were generally found to contain cont rol materials ( Ag ,  Cd , In) . 

Zi rconium-containing particles gene ral ly we re found to be angular and of sizes 

varyi ng f rom 1- to 1 0-um acros s .  The part icles high in stainless s teel 

components ( Fe ,  Cr , Ni ) generally we re also smal l ( 1- to 5-� m ac ros s )  angular 

pa rt i cl e s . None of the l arge me tallic part icles seen t hrough opt ical 

microscopy of the mounted samples from HUF-5B we re obse rved dur i ng the SEH 

examination of this piece of fil ter ma terial . 

5 . 2  HUF-2A 

The SEH exami nation of a sample of t he HUF-2A fi lter revealed that 

the s i ze and shapes of the particles ( from the re ac tor core) we re s imi lar to 

those seen in the sample from HUF-5 B. Energy dispers ive x-ray analys is showed 
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that the .... .. cerlala ( l l eted la Table IV) we re preaent ••cepe t hat a � 
uraftl� peak �• alao preaent . A backacattered .. condary electron ( lSI)  baas• 

waa uaed to locate part icle•• contalninc urantu.. A tJpica l  area of the 

HUr-lA filter ...,1. that conta ined uran iua- rtch particle• ia ahovn in 
• 

rtc• 6. The full- f ie ld I-ra, apec t rua o f  t hi a  area ind icated the preaence of 

Si  • Zr ,  Ac ,  Ql ,  ln , � • Pe • Nt and u. The pa r t  ic l e a  in t he  cent• r o f  t hie 

f le ld of dew conta ined onlJ uuniua and appear to be a rataa o f  the uo2 fuel 

aa the pa r t ic le• are of the pol,bedral ahape that ia typical of uo2 araina . 

The rec t aftiUlar part icle be low the uo2 aratn wae hilh in uranlua content bu t  

alao appeared to contain Zr .  The preaence of Zr ind icate• that thia partic l e  

• •  c reated by a react ion betwen the fuel and cladd tq .  A third uran1..-r1ch 

part icle that appeared to be partlallJ covered by ... 1 1er par t icle• vaa 

located near the center of this field of view. Ptaure 6 a l ao ahowa the X-raJ 

epec t ra of a lara• Zr-rlch part icl e ,  a ... 11 particle of control .. t erial , and 

a c lasa f iber ( Si ) .  Add i t ional SEH exa.inat ion of thla HUP-2A aaaple ahowed 

the �ne•• of parti c le• t hat appear to be araina of fuel . Rl&her 

...-t f icat i oa  ( SOOOX) photograph& of fuel 1 rataa ( aee Pil• 7) ahov that ... 11 

parttc lea (0 . 1  to 0. S .,.) have been depoal ted on t he  fuel part icle• . tb la 

f t nd tnc •ucl••t• t hat other .. carlala appeartac tn the X-ra, apec t ra of the 

f � l  part lcl .. ..  , al ao extat aa ... 1 1  depoa i t ional part i c le• rathe r  than aa a 

t rae  tvo-phaae .. t e r l a l .  The .. hllh-ealn l f lcat ion photograph• alao ahov 

aur face fe a ture• that apparentlJ are 1a• bubble• that have fo� on the 1rain 

face. aa a re ault of the c..,.rature excuralon ia TMI-2. · Tranaient tea t lftl of 

*1be h!atae r at.tc ,...,.r .. tertala appear l taht tn ahade .ad the low atoaic 
n...;ber .. certa la dark ln ahade in the lSI tuae . 
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LWR fue l has shown that fi s s ion gas accumu lates in bubbles on grain boundaries 

and t hat agg lomerat ion o f  these bubbles is a pr imary mechani sm  of fission gas 

release . 

A polished sample from the MUF-2A f i l te r  was given a cur so ry SEM 

examination This examination i nd icated the presence o f  many more particles 

t han we re revealed through opt ical microscopy of the sampl e .  No correlat ion 

could be made , howeve r ,  between the optical image and the second a ry electron 

{ SE) image in order to find a specific par t icle location on t he sample ; 

t here fore.  a detailed examination was not perfo rmed . 

5 . 3  MUF-4A 

Examinat ion of a piece of the MUF-4A fi l t e r  revealed i t s  simi lari t y  

t o  t he MUF-2A f i l t e r ;  howeve r ,  no fibers containing s i l i con were presen t .  The 

number of par t ic les pe r  uni t  area was lower than in e i t her t he MUF-58 or -2A 

fil ter s amples .  Grains of fuel were found in an abundance s imilar to that i n  

t he MUF-2A sample . Th e  photographs i n  Figs . 8 1  9 1  and 1 0  show typical grains 

of fuel t hat were found in t he HUF-4A f i l ter s ample .  The backscat te red 

secondary elect ron { BSE ) images in Figs . 8 and 9 show debris sample s  

containing l ight -colored material of h igh atomic number that was identi fi ed a s  

uranium . Figure 8 shows a whole uo2 grain ( 5  o r  6 � m  across) and seve ral 

smaller { 0 . 1- to 0 . 5-um) pieces of material wit h  h igh con t en t s  of uran i um.  A 

U02 grain wi th gas bubbles on i t s  surface and a particle o f  high Zr content 

are visi ble in the cen ters and upper-r ight corners . respec t i ve ly ,  of the 

photographs in Fig . 9. Three uo2 grain s , a Zr-rich par t ic l e , and a sharply 

pointed Fe-rich part i cle are shown in Fig . 10. Figure 1 1  s hows particles wit h  

unique shapes and high contents of Z r  (a)  and Fe { b ) . Th e s e  photographs . 

t aken at relat ively high magnification,  again show the presence o f  a l arge 

number of very smal l (0 . 1- to 0 . 5-�m) particles on the fi l te r .  I t  was 
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d l f flcult to det e r•lne the eaae t e�poa i t lon of theae .. al l pa r t l e lea , but the 

ISP. ,..... lftdteate that el ... nta of a vlde ranse o f  a t o•lc n u.be re are 

repnMnta4 .  

1'to ...,.lea fro. t he  tiJP-4A f i l ter that we re .oun ted and pol hhecl 

for eaaaina t t on by opt teal aie roaeopy ware alao eaaatnecl tn so.e detail  by 

SOt . •eauee there waa only a aaal l  ..ount of .. te r ia l  ( part icularly the 

brtcht phase) aeve ral e pee i f tc shapea we re eaa t ly iden t i f ied in theee 

• ..,les . three area• ahovn in 2SOX opt ica l  aicroaraphs e n, .  12A-<: ) we re al so 

ea..tned at 2 SOX vi th the SEH . Spec i f ic areaa wi thin t he  theee fields of viev 

we re then eaaal necl at hiahe r  ... n l f icationa eo that the pr i .. ry conat i tuent e  

of i nd ividual part ielea could be ident i f ied . The f i re t  of t heee area s , area A 
in rta . 1 2 ,  ia a rec ion in Which opt ical .tc roaeopy al l owed ident i fica tion of 

four br iaht par t lclea ; howeve r ,  SEM ea .. i nat ion revealed t ha t  thi1 area 

ae t ua l ly cont a i n• s i a  or .. ven part iclea . rtaure 1 3  shows SE iaace • of area A 
at bieber aacnt f ica t lon ( Z SOOX) . The pr inc i pal cons t i t uent• o f  these 

part i c le• we re de terained f ro• the X-ray apec t rua of each par t i c le .  Al l  of 

the part icle• eacept the br taht par t i cle near the cente r  of the BSE iaaae we re 

co.poMd .. inly of z.r .  the brtaht particle in the IS! i .. se wae 1101t ly 

co.poaed of uraniua. No te that two of the Zr-r ich pa r t i c les and the U-r ich 

par t ic le we re not apparen t in the opt i c al �e . 

Ptcvre 1 4  ahow. the br lfht par t icle in Area 8 (of Fil• 1 2 ) at 2 SOOX 

alone vt th tu x-ray •pectr• tlhtch ehove it to conta in Cr ,  Ni , and Fe tn 

rat ioe t ha t  tdent l fy thla .. terlal aa Incone l fro. the f ue l  bund le et rape . 

rtaure 1 5  co.pr tae e  hiah-..ani f tc a t ion ( 2 SOOX )  Sl, BS! , and X-ray 

�· of area c. The l-ray i ... ea o f  thle area ehov that al l of the .. t e r i a l  

t het ia preaeat l n  1 rea t  abund ance in  the core i• alao preaent tn thta 

r .. lon . The Sl i ... ea reveal that althoUih ao.e of the Zr-rich part icle• 

A- 1 1  
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appear as br ight material in the optical image , not all of the Zr-rich 

particles are visible in the opt ical image . The Fe-rich pa r t ic le visi ble at 

the bottom of these photographs d id not appear as a br ight par t icle in the 

optical image and did not contain a signi fican t  amoun t  of Cr .  This particle 

appears to be composed of an iron oxide rather than s tainless s t ee l .  

A second area photographed at 250X contained a large (40-p .- long) 

br ight part icle and is shown in Fig. 16.  Again , the SE image revealed aany 

particles that were no t apparent in the opt ical image . Higher-magni fication 

( 2500X) photographs show that the very large bright part icle is s tainles s  

stee l .  

A third area that was examined wi th both optical microscopy and SEK 

i s  shown in Fig . 1 7 ,  which provides optical , SE,  BSE , and X-ray images (at 

2 50X) of an ext reme ly long ( 1 00-pm) stainless s teel par t icle . Several of the 

bright particles in the optical image do no t con tain Fe , and therefore , are 

no t stainless stee l .  The area near the top of the large stainless s teel 

particle i s  shown at higher magni fication ( l OOOX) in Fig . 1 8 .  I t  was found 

that Zr is the primary cons ti tuent of many of the bright particles ( i n  the 

optical image) in this area. The Zr-rich particle , located ( in Fig . 1 7) just 

above the large stainles s  steel particle exhibi t s  some pol i shing scratches 

that also ind icate i t s  me tallic nature .  The con t rol material ( Ag ,  c� , In) , 

the fuel cladding ( Zr ) , the fuel (U ) ,  and the cont rol rod claddi ng ( SST) are 

all represented by particles in this are a .  

6 .  Discussion 

Ini tial planning for the examination of material from these samples 

included examination of polished samples wi th an e lec t ron mic ro probe.  The 

elect ron mic roprobe can mo re posi tive ly identi fy the e leme n t s  Ag ,  Cd ,  In , and 

U by diffract ion of the X-ray beaa. However ,  t he much be t te r  resolution o f  

A-12 
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the 1--.•• that l a  p�oduced by the SIM, •• we l l  •• the qua l l t at ive ee parat lon 

of the e le .. n t a  � ato.lc nuabe r that  le prov lded by t he back -eca t tered 

aeconda ry  elec t �oa ,.., •• , .ada ea .. tna t lon vl th t he  S!M preferable to t he 

e lect �on -'c rop�obe . lvldence of dieaeaoc iation of t he co.ponen t1 of the 

coat rol .. t e r l a l  wae not read i ly obta ined froa the SEH analyeie ; howeve r ,  thi a 

de f l ci e ncy vee atoned for by t he  eharpneae of iaaaery of co.parable saaple 

a re•• t ha t  wae obta ined vt th both opt ical •lc roecopy and S EH . 

At teapt a  to quan t i f y  the ..aun t of the b�l&ht phase ( .. t a l l i c  .. te r la l )  

pre�ent in the po l l a hed e.-plea wa re uns ucces s f ul becauae of d i f f i cu l t lea l n  

de f l nlnc a re preae n ta t l ve araa .  The large var iat ion in the a i &e of the 

par t lc lee alao tended to .. ke a uch an analya ia d i f f icul t .  The l a rge par t icle• 

were overdetec ted when the detec t ion l t.l t waa se t to include the .. a l l  

pa r t lclea  and t he  ... 1 1  part icle• vent undetected when t he l a r«e par t icles 

were properly de tec t ed .  AI .. n t toned ea r l ie r ,  i t  vas ve r y  d i f f icul t to see 

•� o f  the cer..tc par t l c lee ln the opt ical  alcrographa , so no coapari aon o f  

the re lat ive aaoun t e  of ae t allic an d  ce r..tc .. t e r ia l  could be .. de . 

Ex .. l nat ion of  the opt ical and SEH reeul t s  i nd icated t hat  the par t i cle• 

could be grouped Into three di f fe rent e l ze range a ;  0. 1 to 0 . 5  �·• 1 to 5 � • .  

and S t o  1 00  �·· The par t ic l e •  t hat  fell into largest s i ze range vere a l l  

ae t al l lc pa r t i c l e •  t ha t  appe ared to be duc t i le ehard a . The e ial l ar i t y  of 

ahape be t ween the la rge par t lc le a  ident i f ied •• 1 t a i nle11 a t ee l  l n  the HUF-4A 

f i l te r  and the laraee t pa r t i c le• ln the other two f i l te r •  l nd lcatea tha t  al l 

of the .. l ara• particle• wa re e talnl••• • tee l .  Par t i c le• l n  t he aiddle a l ze 

ran,e could be ldentl f led accord l nc  to 1hape and re f lect i v i t y .  The round 

� r • l l l � pe r r t � l • •  ••"• r a l l y ._ re the con t rol .. t e r l a l e  Aa ,  Cd , and ( n .  The 

rec t ancular .. tal l lc part ic l e• in the .tdd le elae renee were gene r a l ly Zr and 

t he  nonre f l ec t ive part icle• wa re ••nera l ly e i ther fuel part icle• ( U-rich 

A- 1 3  
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1 1 d to be uo ) or zr- rich part icles ( ass umed to be Zr02 ) .  A few 
part c es asume 2 

Fe -rich par t ic les (assumed to be iron-oxide) also f l t  into this category . 

Al though the compos i t ion o f  t he small par t i cles was not speci fical ly 

determined , they appeared accord ing to the BSE images ,  to con tain the same 

elements as par t icles in the middle s i ze range . 

The ene rgy d i s pe r s i ve x-ray analyses pe rformed dur i ng thi s examination 

lnd ic a t ed that Z r ,  Ag , Cd , In , Fe , C r , U and Ni we re present as maj o r  

cons t i tuen t s  of pa r t i c l e s  t rapped i n  the f i l t e r .  Si li con was present i n  

s amples f rom t he MUF- 5 8  and MUF-2A fil ters as glass f i be rs f rom the f i l te r  

i t s e l f . X-ray spec t r a  o f  t he individual fue l grains i nd i cated that Ru o r  Rh 

was pre s e n t  in sma l l  quan t i t ie s  in the fue l .  During e xamination of the small 

piece of t he HUF-4A fi l t e r  tha t was mount ed on a sample stub , Ho was de tected 

in a few fi e lds o f  view . In each o f  t he s e  case s , no par ticle that was h igh i n  

Mo con t e n t  could b e  loca t ed , and X- ray images ind i cated n o  areas o f  h igh Ho 

concen t r a t io n .  Two Sn-rich part icles were found in t he pol i shed s ample (see 

Fig. 15) . Ot he r than t he few except ions above , the deb r i s  on the f i l t e r  was 

found to be composed o f  elemen t s  that were maj or components o f  t he materials 

presen t in t h e  reac t o r  core . 

The maj o r  unce r t a i n t y  in the examinat ion was whe t he r  the e xami n ed samples 

we re t ruly re presen t a t ive of the debris on the f i l t ers . The gamma-s pec t roscopy 

of the two sam p l e s  from the MUF-2A indicates that var i a t ions in the type of 

s ample t aken may a f fect the res ul t s .  If one as s ume s  that t he f i l te r  i t self , 

part i cularly the cellulose in the f i l te r ,  had been saturated wi t h  wate r 

con t a i n i ng di ssolved ces i um ,  then the data in Table I I I  i nd icate that the 

samp l e  of fines contained fewe r  partic les than the sample of chunks . However , 

i f  one as sumes that t he samples o f  chunks are re presentat ive s amples , then 

some addi t ional inferences can be drawn from these data . The gamma 
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apecc roacopy data t nd tcate t ha t  the MUP-51 ft l te r �on ta ined about tvtee •• 

aany pact ic lee .. the MUF-2A en d  -4A f i l t era , whleh it tn  sene r a l  .. re ... nt 

vlt� t he  r eaulte of the opc lcal and SIN ex .. ina t iona . The quanti ty of  

P.,act iclea per unit aau o f  the a .. ple appeare to  be about the .... for the 

HUF-2A and MUP-4A f i l te ra . Opttcal atcroacopy Ind icated that t here was leaa 

... tertal on the tiJP-4A fi l te r  than on e i t he r  of the other two fl l tere . It .. , 

be that the quan t i t y  o f  part lclea by we ilht ta a tai lar for the 4A and 2A 

fi l t e r s ,  but the part ic le •  on the 4A f i lter are aene r a l l y  saal ler in li&e and , 

therefore , we re not a1 apparent under ex..t na t ion by opt ical �1croacopy . 

7 .  Coftc lu1 iofta 

An ex .. inat ion of aa t e r l a l a  f roa three f l l tera of t he .. keup/ letdown 

ayatea of the TMt-2 reac tor hal 1hown t hat the debris ta coapoaed of part icle• 

of .. te r l a l a  that we re pre1ent ln the core 1n a re a t  abundan�e . The .a t e rtala 

t nc l udecl t he  fue l  (uo2 > ,  t he  fuel rod claddtnc ( Zr f r0111 t he  Zlrcaloy ) , the 

cont rol .. t e r i al ( Ac ,  Cd ,  In alloy ) ,  the cont rol  rod cladd l na (ata lnless 

lt-. 1 ) , and fuel r od  buad le t t rape ( Inconel 7 l 5 ) .  caa .. apect roacopy hat 

ahowo that f l 1a lon produc t a  and act i vat ion product s  vere preeent ,  but ln 

re l at l•e ly a.a ll quan t t t te a . The presence of Sl tn t he fiber• found in 

..-pl e a  of t he  HUF-51 and -lA fl ltera conf l r.ed that the1e fi l te rs we re 

re l n fo rc� vt t h  f t be ra l • • • ·  The a l &e of the par t l clea on t he f l l t erA ranaed 

froa abou t 0 . 1 to 1 00 ua . The laraeat partlc lea aene r a l ly appeared to be 

a t a l n leaa a t ee l .  � of the Zr-rtch part icle• a ppeared to be tn t he  fora o f  

Zc02 and we re di f f i cul t to .. e l n  t he  opt ical �·• ·  Many o f  t he  Zr-rtch 

part tc l  .. were br ilht l n  t be  opt ical taaaea and appeared to be .. t a l llc in 

na ture . Who l e  a ra in s  of fue l ,  ao-. vith 1aa bubble• on the i r  face1 , we re 
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common in the samples o f  the HUF-2A and -4A f i l te r s .  Opt ical microscopy 

indicated that the ['e we re fewe r la.rge me ta l l ic pa [' t icles in the deb['is frora 

t he  HUF-4A than in the debris f rom t he o t ber two f i l ters . 
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Table t. ta .. tnat lona or  Ana l1••• Pe r fo r  .. d on THl-2 
Naket�p/1At40Wft S,atM ft l u r  O. b r h  at AHL-1 

ru te r 

ICJP-SI 

MUP-4A 

laaainatlon deac r l pt l on 

Ylaual exaalnatloe 
c .... apect roacopy 
Opt ical .tc roacopy of .aunted ...,1•• 
S!M of ... 11 ... plea 

Ylaual exaalnet lon 
ca... apec t roacop, 
Opt i c a l  alc roacopy of -oun ted •••plea 
StH of ... 11 aaaplea 
SEH of aoun ted aaapla ( l lai ted )  

Yleual exaalnat loD 
Caaaa epect roacopy 
Opt ical alcroacopy of aounted a..,l•• 
StH o f  ... 1 1  • ..,lea 
StH of -oun ted a..,laa 

• 
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Ta ble I I .  Gamma Spe c t ro scopy Da t a* for Sample s  
f rom TMI-2 Ma ke up/ Le t d own Sy s t em Fi l te r s  

Ac t iv i t y , � Ci / g  

Sample Wt . • g 1 3 7 cs 1 2 5sb 1 34 c8 1 4 4 ce 1 06 Ru 6 0co 
1 1 0

Ag 
54Hn 

HUF-2A 0 . 1 8 7 0  5902 1 503 426 37 1 380 1 40 9 4 . 7  
Ch unks 

HUF-2A 0 . 1 7 9 3  502 5 7 76 367 1 94 203 7 1  5 2 . 8  
Pi ne s 

HUF-5B 0 . 1 984 3 3 1 5  1 6 7 8  2 3 1  486 4 1 1 234 1 3  7 . 2 
Olunks 

MUF-58 0 . 1034 2 7 1 8  1 4 1 1 1 92 4 7 9  4 3 2  2 5 1  9 6 . 4  
Pine s 

.... 

)> HUF-4A 0 . 4301 2 1 2 3  5 4 5  1 9 5  
V\ 

1 94 1 8 6  8 6  1 3 . 5  
I Olunks 

CD 
MIJF-4A 0 . 1 1 6 7  2 5 7 8  4 6 3  1 85 1 9 8  1 9 2 84 6 3 . 7  
Fine a 

*Decay cor rected to 4 / 1 /8 3 .  
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Ta�le I t t . c-. Specc roecopy Data 

54uiple l l 7
ea 

l Z SSb l l4
c. 

1 44
o. 

HUr- 2A 1 . Z S4 7  .07U . 0629 

�b 

ICJP-U . t S44 . 07 30 . 0386 

rt nea 

ICJP-5 1 1 . S06 2 . 069 7  . 1 466 
Q\UDk.a 

P«TP-s a 1 . 5 1 9 1  . 07 06 . 1 76 2  

rtnea 

PIJP-4.\ . 2001 . 07 1 6  . 07 1 2  

0\unk• 

'«1F-4A . 1 796 . 07 1 8  . 0768 

Ftnea 

A- 19 

No ru l l ced 

l 06
1tu 

. 0644 

.0404 

. 1 240 

. l  589 

. 0683 

.0745 

to l l7c. 

60
eo 

. 02 3 7  

.0 1 5 3 

. 0706 

. 09 2 3  

. 03 1 6 

. 0326 

-

Ac t hl c y  

I I OAI S4Hn 

.oou .ooo8 

. 00 1 0  . 0006 

. 0039 . 002 2 

.0033 . 002 4 

. 002 6  . 00 1 3 

. 0023 . 00 1 4  
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Table IV . Ele��ents Present in the Ful l-Field X-Ray Spec t rum Shown in Figure 4 

Characte ris t i c  X-ray Energ ies , keV 

Element Ka Ka Ks l L� La Ls i I 2 1 2 

Sil icon 1 .  740 I .  739 I . 8 3 2  

Chromi um 5 . 4 1 4  5 .405 5 . 94 6 

Iron 6 . 403 6 . 390 7 . 0 5 7  

Nickel 7 .4 7 7  7 . 460 8 . 26 4  

Zi rconium 2 . 04 2  2 . 04 0  2 . 1 24 

Silver 2 . 984 2 . 9 7 8  3 . 1 5 1  

Cadmium 3 . 1 3 3 3 . 1 2 7  3 . 3 1 6  

Ind i um  3 . 2 8 7  3 . 2 7 9  3 . 4 8 7  

Uranium 3 . 1 7 I *  3 . 3 3 7 *  1 3 . 6 1 3  1 3 . 4 38 

*M
0

, and Ma Line s .  
2 
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-...tu e1 a-n, ftuonaceACe MalJ•la of Dlltda 
fro. ..,...u 

a_.t vt • I* 

AI IIA 

Cl' 0.3 

,. l . l 

• o.t 

II." ' · '  

Cd l . S  

ta 4.9 
u 2.8 

*1be nalathe ernr of the analyad vt .  Z la tlOI • 

• 
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F.i g . 3 . Op t i c a l  image s  o f  a sampl e o f  ma te r ia l  from the MU F-4 A f i l t e r  tha t 

wa moun t ed i n  e po xy and p o l i shed . 
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Pig . 7. Secondary elee tton image showing two fuel part telee 

IIUP-2A fUtet". Ro te the gas "bubble s  on the JP"a1a .... !'t9a.-
1ower Pf1r't1ele . 
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SU*ARY 

Core debri s of the TM I -2 reactor , which was col l ected on the 
MUF•2A, MUF-28 and MUF-58 pur i fication/makeup water system fi lters , 
vaa analysed to deteraine some o f  ita phys ical and chemical 
characteri stics . Thi s vas done to as s i st in recovery from the 
acci dent and to provide knowledge o f  vhat events occurred during 
the accident and in what sequence . 

The debri s particle size was determined by image analys i s . 

The aean di ameter for particles > 0 . 9  �· was 1 . 5  to 1 . 9  � m .  The 

particles were generally either spherical or very irregular in 

shape . 

The elements found in the samples of debris include those 

froa al l o f  the maj or core components ; fuel , fuel cl adding , 

control rod al loy , i nconel and stainless steel . Many instances 

of aepa�ation o f  the elements from the parent alloy were found in 

the .-isaion spectroscopy and ele�ori microproble analysis 

reaul ts . For example , the Ag , Cd and In of the control rod alloy 

separated to give particles with a wide variety of elemental 

concentrati ons . Al s o , the fi l ter debri s contained rel atively 

bigb concentrations o f  tin which was released ' from the Zircaloy 

fuel cl adding at some tiae in the accident . 

The princ ipal gamma emitting radionuclides in the debri s 

vere ca- 1 3 7 , ca- 1 34 , Sb- 12 5 ,  Ru-1 06/Rh-106 , Ag� 1 1 0m , ce- 144/Pr-1 44 ,  

co- 60 and Mn- 54 . The cs-137 was the maj or gamma emi tter at the 

tiae of the ana lys is compris ing > 49% o f  the activi ty in all of 

tbe a.-plea . The activi t i es of cs-137 correspond to a concentra­

tion ranqe o f  32 to 65 ppm . Cerium - 1 44 activity was found to 

corre l a te wi th the urani um concentration in the debris . 
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I odine - 1 2 9  was determined by neutron activation analys i s  to 

have a minimum concentrati on o f  - s o  ppm in deb r i s  c o l lected on 

the MUF-2A and MUF-2B fi l ters . 

I nformation on the sequence o f  events that took p l ace i n  the 

reactor during the acci dent was l ooked for in s trati fication o f  

materi als i n  the debri s  col l ected o n  the fi l ters u s i ng the e l ectron 

mi croprobe . No evidence o f  strati fication o f  mater i a l s  was 

found . The materials were general ly intimatel y  mixed i n  the 

regions examined . 

Analys i s  o f  i ndividual deb ris particles by e lectron micro­

probe revealed a wide range o f  compos i tions . Several p artic l e s  

were found t o  contain U ,  F e  and Cr and other part i c l e s  contained 

Zr , Cr and Fe . Some , but not a l arge number , o f parti c l e s  contained 

U,  Fe , Cr and Zr . At p resent , i t  i s  not known i f  the formation 

of thes e materials with unusual compos i ti ons i s  l imited to sma l l  

parti cl es . Pure uranium oxide and z irconium· oxi de p articles were 

al so abundant . 

The uranium and plutonium i s otopi c  analyses done by mass 

spectroscopy showed a l l  three fi l ters col lected fue l  of  i dentical 

is otopic compos i ti on . The U-2 3 5  content was 2 . 3 0 ± 0 . 0 1 weight 

percent o f  the uranium present . 

The debris col l ected on the three s eparate fi l ters was 

qual i tatively the s ame in compos i ti on . 

I .  INTRODUCT I ON 

Thi s report comp i l e s  al l o f  the information obtained during 

the phys ical and chemical characteriz ation o f  debri s col l ected on 
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;, 1:M 'lm•2,��ioaU� Mkeup water ayatea .filters . The data " ·�rtac� iD two pnvioua reporta to Ba&c is repeated to provide a 
• < 

• 

COIIple'bt dea�iptioo ill a aingle final report of the vorl doDe by 
tbe Loa Ala110a ••tiOil&l. Laboratory . 

..tariala froa tbe MUF-58,  MUF-2A and MUF-28 filters were 

&DalJ&ecl. '!'be priDCipal •tbods �oyed. in the analysis of the 

debris iDclude � ac•naing, particle sizing by iaage analysis , 

,_a ray 11pectroscopy, neutron activation analysis , electron 

�croprobe. &Dalyais ,  aaaa apec;troscopy, carbon analyais , and 
<< ' '[! ;,,, 
e.iaaion aPectroacopy . Application of these methods and the end 

reaulta are preaentect in tbis report. 

I I . DPDliiEftAL 

'Ibis aection cleacribea the aetboda used in preparing the 

pu:ifioatioa;' aakeup water syst• filter aaples for analyais by 
. ·� ,. ' ' 

YU'ioua -t.hod.a . A large part of tbe work was done in hot cells . 
....:� � <� 

'file sa.ple identification used. in this report corresponds to 

tile apec:t.en cJeac:ription sent to Los Aluoa Rational Laboratory 

with tbe 8aJIPles . 

A. t.oa4!:99 of SU!Rlea for a-a Scanning 

two aeta of g� acana were run on the filter debris . The 

fint aet of acana wu run on the DII-0104 aa.ple and the second 
. 

Mt of scana vas run on seveo sUIJ)les of the ICUF-2A, •MUF-28 and 
·4 

...--sa debris . 

�l -0104 ( •250 � of boeOgeniaed. debris ) was received in on 

-1-- ti-ter by -2-c:a high plastic vial . To mount the vial for 
• . , 

97778 .cannift9, tbe container vial vas placed in a longer plastic 
J < 

•· ; w �� vial which was then placed. in a stainless steel tube 
> ,  

tbat vas COIIJPatible vi th the ,_. &CUU\er asounts . 
' . • 1-7 
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The seven s amp les from the MUF- 2A , MUF- 2 B  and MUF- 5 8  fi l t �rs 

were first pl aced in 1 5 -mm o . d .  x 5 8 -mm long p l as ti c  vi a l s  witt1 

screw caps . These vial s were then loaded into p l astic s crew cap 

bottles with dimens i ons o f  3 2 -mm o . d . x 9 1 -mm long . The s even 

bottles were stacked in a - 1 -m long aluminum tube whi ch had an 

o . d . o f  50 . 8  mm and i . d . o f  47 . 6  mm . The c ap s  o f  the p l astic 

bottles were 44 mm in di ameter , which limi ted the l ateral movement 

of the samples within the tube to < 5  mm . A bras s sp acer was 

p l aced on top of the seven bottles to hol d  them i n  p l ace i n  the 

tube . Figure 1 di agrams the s ample loading . 

Some o f  the s amp l e s  were too bulky for the gamma s c ann i ng 

contai ners to hol d  all of  the material without crushing the 

intact p i eces of fil ter . An estimated 1 0  to 2 0% o f  the MUF-2A , 

MUF-28 , and MUF-58 Grab s amp les were analyzed . The percentage of 

material analyzed for the other s amp l e s  was e stimate d  > 8 0% . 

B .  Preparati on of S amples for Electron Microprobe and I mage 

Analys es 

Two methods of s ample preparation were used on the fi l ter 

debris samples . The homogeni zed TMI - 0 1 04 s ample was di spensed 

onto a metallographically mounted and pol i shed p iece of graphi te . 

Dispers i on o f  the powder with an insuffl ator was adopted after 

several unsucces s ful attempts to disperse the materi al with 

solvents . A grab s amp l e , vi sual ly e s timated to be - 2 5  mg , was 

taken from the - 2 5 0  �g of homogeni z ed debri s and p l aced in a 

DeVi lbi s s - 1 1 9  powder insuffl ator which. had most o f  the s amp le 

reservoi r  fi l led with epoxy to reduce the volume to an appropri ate 

size for the small  sample .  Graphi te mounts were coated w i th a 
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r- so . s---1 
-

� Brass Spacer 

11 KUF•2B 

12 HUF-SB Crab 

13 KUF-SB· Homo (lat  Cut )  

14 KUF-58 Homo ( 1 st Cut )  

1 5  KUF-58 Center No . 2 

16 HUF-58 Bo t tom No . 1 

• 

17 !1•2A Ktl 

fi q .  1 .  Saaple loadinq di agram for gamma acanninq . 
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thin film o f  a solution o f  TEM rep l icating tape dissolved in 

xylene . After drying , the mounts were pl aced on the bottom o£ a 
., 

s-cm wide x 2 5 -cm high x 3 0 . 5-cm long enclosure . Al l the moUdts 

were pl aced near one end of the box . At the opposite end o f  the 

box , the outlet o f  the insu ffl ator was placed in a small hole 

near the top oOf the box . S ample materi al was dispersed from the 

insuffl ator into the box . The cloud o f  powder settled td the · 

bottom o f  the box and onto the mounts . 
L 

For the fi l ter s amples , MUF-SB Grab , MUF-SB Top No . 3 ,  

and MUF-2B , the s ample was examined and portions o f  fi lter 

had remained intact were selec1;ed> from s everal samples ; 

selected pieces were then secti oned perpendicular to the 

line at two points with a razor bl ade ( see Fig .  2 ) .  The sections 

were mounted with epoxy cement in metallographic molds in such a 

way as to expose the cut surfaces . The s amples were vacuum 
f • 

potted in Epon-815 with 1 to 10 diethylenetri amine hardener and 
then pressurized to 2 0 0 0  p s i  with N2 . After curing, the s amples 

were ground with 1 8 0  to 6 00 mesh s i l icon carbide p�per using 

kerosene as a cool ant . Poli shing o f  the ground samples was done 

with a 3 - � m  Texmet mat us ing ethylene glycbl cool ant . The MUF-58 

Homo s ample powder was handled the s ame ··way a s  the fi l ter pieces 

except for s ecti oning . .  

For electron microprobe work " the s amples were vacuum ca�on 
• 

coated to provide electrical conductivi ty whi ch i s  neces sary for' ': :> .. 
:·, ;- ', 

electron beam s tab i l i ty .  A metal lographical ly mounted and polis� 
sample i s  shown in Fig .  3 

• 
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Fig .  3 .  Metal l o graphi cally mounted section o f  MUF- 2 8  fil ter rea 
examinati on . 
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C .  Divis ion of Boaoqenized Fi l ter Debris s amples Ua inq a Spinning 
Ri ffler 

' 

Divi s ion of tbe ha.ogenized fil ter debris samples into 

fractions that were of appropriate mas s  for analysis was done 

U& l ng a spinning ri ffler . A spinnin9• r i ffler was chosen because 

it s ati sfi ed the two principal requi rements for sampling powders , 

i . e .  sa.ple a aoving s tream and sample frequently for short 

intervals to obtain a composi te s ample ( 1 )  • 

Using the spinning ri ffler , the -225 mq o f  s ample TMI -0104 

vas divided into ten fractions . 

The division o f  the 13 . 5  g o f  MUF-58 homogenized sample was 

done using the same spinning ri ffler . The sample was divided 

first into 10 parts ( first cut ) ;  one of the 10 parts was selected 

at randoa and further subdivided into 1 0  parts ( second cuts ) .  

The initial divi. s ion proved d1 fficult because of sample clumping 

and requ i red enl argement of the sample bolder tip . The exact 

nu.ber of revolutions during the first divis ion were not counted . 

The second cut requi red 52 revolutions for distribution of the 

entire cut .  A cut o f  the second cuts was divided to give ten 

third cuts . Less than 10 revolutions of the spinning ri ffler 

were requi red to di spense all of the material i nto the ten vials . 

D .  01ssol ution of Fi l ter Debr i s  Samples for Radiochemical and 

Mass Spectroscopy Analys is 

Two di ssolution procedures were used to prepare the fi l ter 

debri s  saaples for analys i s . Three of the 10 sample cuts o f  

sample TM I -0104 were di sso l ved in concentr ated BC l us i ng the 

8- 1 3  
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sealed-tube di sso lution method described i n  Re f .  2 .  After dis solu·  

tion , examination of the sealed tubes showed only p i eces o f  

fi l ter paper and crystals o f  s i lver chloride . After trans fer o f  

each so lution to 1 0 0 -mL volumetric flasks s ome very sma l l  b l ack 

parti cles could be seen . These may be carbon contamination from 

the dissolution procedure . The amount o f  b l ack material i n  each 

flask was estimated to be less  than a tenth o f  a mi l l igram . 

One s ample from each o f  the MUF-2A , MUF-2B , and MUF - S B  Homo 

fi l ters was dissolved in - 1 0  hours in a mixture o f  di l ute HN03 
and HCl at temperatures between 6 5 ° C  and 9 5 ° C . As the s o l uti on 

evaporated more acid was added . A coupl e  o f  drop s o f  concentrated 

HF was added to the samples initi ally . The solutions were fil tered 

through 0 . 4 5 - � m  Mi l l ipore fi l ters . The fi l ter and c o l lected 

material was fused with K2 s2o7 and the s a l t  cake , was di s s olved 

in dilute HN03 , and was trans ferred to the flask hol ding the acid 

solution from the ini tial s tep . 

E .  Preparation of S amples for I - 1 2 9  Analys i s  by Neutron Activatio 

To determine I - 1 2 9  content by neutron activation analys i s , 

samples o f  fil ter and debris from MUF-2A and MUF- 2B were wei ghed 

and p l aced in a -4-mm i . d .  by 1 5 0-mm l ong quartz tubes whi ch were 

sealed at one end . A p lug o f  quartz woo l  was p l aced in the tube 

-2 em away from the s ample at the sealed end o f  the tube . The 

end o f  the tube containing s ample was heated for - 1  hr at tempera­

tures estimated to be - 7 50 ° C . The wal l s  o f  the tubes were then 

he ated with a driven Bunsen burner for a few minutes . The quartz 

wool now persumed to contain I from the s amp l e s , was removed from 

the tubes , sealed in cl ean quartz tubes o f  - 4 -mm i . d . by 1 0 0-mm 
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long , and activated for 7 hr at a neutron flux of - 1 . 6  X 1 0 1 3  n/cm2/s� 

Approxiaate1y 24 hr later the samples were counted with an appro­

priate s tandard using high-resolution gamma ray spectrometer 

aystea . 

I I I . RESULTS AND D I SCUS S I ON 

This section provides the results o f  a l l  analyses , and 

discusses some of the observation . 

A .  Gamaa Scanning 

All o f  sample TM I -0104 was qamma scanned except for a sma l l  

gr ab  sa.ple . The scan was done to determine i f  any gross inhomo­

gene i ties exi s ted in the dis tr ibution of qamma emittinq isotopes . 

A d� a.etral and an axial gross qamma scan were taken usinq a 1 . 27 

.. prima ry col l iaator with a 7 . 62 mm secondary col limator takinq 

0 . 0 5 1 -ma s teps . *  The results o f  the scans are shown in Fiqs . 4 

and 5 .  No qross inhoaogenei ties are evident in the sample . 

An axial· multielement gamma scan o f  the sample was taken 

using a 1 . 27 .. primary col l iaator with a 7 . 62 mm secondary 

col l �.ator takinq 1 .  2 7  mm s teps at 2 hours per increment . This 

scan provided the di stributions o f  the qamma-emitting isotopes 

cs- 1 3 7 , co-60 , Sb- 1 2 5  and cs-134 . No unusual distribution of 

these isotopes were found . 

*Tbe g...a scanning systea i s  described in Re f .  3 .  

8- 1 5  



N 
0 

N 
L/1 

> .  LJ'") 
P-I (T")  
� 
u 
a: 

w 
> .  
.......... r-
� 
cr 
_J 
w 
0:: 

-

- 1 2 -

• 

T M I 0 1 0 4 . 0 0 2 " / 9 0  S .  D I R M E T R R L  G R O S S  S C A N  

I I I 
- - - - - - - - - - - , - - - - - - - - - - - - r - - - - - - - - - r - - - - - - - - - - -

I 1 

I I 
- - - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - L - - - - - - - - - - -

1 
I 
I 
I 
I 
I 

I 
I - - - - - - - - - - - , - - - -

1 
I 
I 
I 

- - - - - - - r - - - - - - - - - - - , - - - - - - - - - - - - r - - - - - - - - - - -

1 I . 
I I 

CJ�-------------------r-----------------�------------------+-------------------+-----------------� 
2 . 4 0 0  2 . 5 6 0  2 . 7 2 0  

P CJ S I T I CJ N 
2 . 8 8 0  

( I  N C H E � J  
3 . 0 4 0  

H C =  6 3 7 4 . 0  

Fi g .  4 .  Di ametral gro s s  gamma scan o f  s amp l e  TM I - 0 1 04 . 

B -16 

3 . 2 



• 
0 
CD 

N 
0 
-

X 

>­
..... 
...... 
> ·  � 0  
t­
u 
a: 

('I') 

LLI 
> ·  
...,..II' 
..... 
cr 
-l 
LLJ 
a: 

-

. -13-

.jj . 

T M I  O l Q ij . 0 0 2 � / 3 0  S .  
• 
I 
• 
' 
• 
t 
• 
• 
' 
I 

- - - - - - - - - - - , - - - - - - - - -

I 
• 
I 

A X I RL GRO S S  G R M M A  S C R N  

- · - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - J - - - - - - - - - - - � - - - - - - - - - - -1 
I 
I 
I 
I 
• 
I 
I 
I 
I 
I 
• 

· - - - - - - - - - - - - - - - - - - - · - - r - - - - - - - - - - - , - - - · - - - · - - - - - - - - - - - - - -

• 
I 
I 
I 
• 

• 
• 
• 
' 

. ..... --
0�--------�---------+---------+---------+--------� 5 . 3 0 0  5 . 3ij9 5 . 399 S . ll ij 8  S . li 9 E  5 . 2 5 0  

P CJ S I T I O N l i N C H E S l  HC • 5 1 05 . 0 

r19. s .  AXial gro•• g-. •can of •uaple TMI -0104 . 
• 

• 
• 1·1 7  

• 



- 14-

An i sotopic gamma spectrum was taken for 30 minute s using a 

1 5 . 34 0-mm primary col l imator with a 7 . 62 0-mm secondary col l imator . 

The gamma energy peaks that were identi fied and the i sotope to 

which they are attributed are given in Table I .  The uranium 

x-ray peaks were not evident in thi s sma l l  s amp l e , but are present 

in other samp les that were scanned . 

Seven samples were gamma scanned in the second run . Five of 

the samples were sections of  fi l ter paper and debris .  Two o f  the 

s amples were first cuts from the divided MUF- 5B Homo . s amp l e . An 

initial axi al gross gamma scan was taken in 0 . 2 54-mm steps at 

1 s econd per step using a 1 5 . 340 -mm high x 1 2 . 7 -mm wide primary 

co l l imator with 7 . 620 -mm high by 1 2 . 7-mm wide secondary col l imator . 

Figure 6 i s  a plot o f  the sample activity versus the vertical 

position of  the s ample in the tube . 

After locating the s amp les , a total o f  2 1  gamma spectra were 

taken on the 7 samples , us ing the same col l imators as des cribed 

above . Table I I  gives the axial location of each spectra,  the 

s ample identi fication and the counting time for each s ample . 

Fi gure 7 i s  a typ ical spectra col lected in the analys i s . The 

energy peaks identi fied in the spectra are the same as given in 

Table I .  The Ka 1 , Ka 2 , and K� 2  x-ray peaks o f  uranium were 

present in most of the sampl es . 

X-tay peaks for uranium were easly identi fied in a l l  the 

spectra except that of the MUF-5B Center No . 2  s amp l e  and the 

TM I - 0 1 04 sample . Both of  these were relatively sma l l  s amples . 

The x-rays of  uranium are the result o f  beta particle excitation 
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TABLE I 

ENERGY PEAKS AND ASSOC IATED I SOTOPES IDENTI F I ED  
I N  TM I  F I LTER DEBRI S  

Energy ( keY) Radionuc1ide 

1 3 3 . 5  Ce - 144 + Pr - 144 
696 . 5  

1 76 . 3 Sb - 12 5 
208 . 1  
380 . 4  
427 . 9  
463 . 4 
600 . 6a 

606 . 7a 

6 3 5 . 9  
671 . 4  

51 1 . 8 • Ru - 1 06 + Rh - 106 
6 2 1 . 9  

• 

563 . 3  Cs - 134 
5 6 9 . 4a 604 . 7  
7 95 . 8  
801 . 9  

1365 . 2  

6 6 1 . 6b Cs - 1 3 7 

834 . 8  Mn - 54 

6 5 7 . � Ag - 1 1 0m 
884 . 7 
937 . 5  

1 1 73 . 2  Co - 60 
1 3 32 . 5 

94 . 6  ( KD 2 )� u 
98 . 4  ( KD 1 )  

1 1 1 . 3 ( K� 1 ) c 

�he Sb- 1 2 5  peaks at 600 . 6  keV and 606 . 7  keV are 
combined wi th the Cs- 1 34 peak at 604 . 7 keV . 

bThe A9- 1 1 0.  peak at  6 5 7 . 7  fa l l s  under the Cs- 137 
peak at 66 1 . 7  keV . 

c The•e three peaks are urani um x-ray• resu l t 1 ng f rom 
excitation o f  urani ua  by the radioactivity o f  the s amp l 1  
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TABLE I I  

SAMPLE IDENT I F I CATION ,  LOCATI ON ,  AND COUNTING TIME 

• FOR DIE GAJIMA SPECTRA TAKEN ON THE SEVEN TMI DEBRI S  SAMPLES 

Sample I denti fication Ax i a l  Posi tion-mm Counting Time , s .  

0 1 - 'l'IU MUF-28 982 . 98 900 s .  
02- TMI MUF-28 998 . 22 900 s .  
03- nn MUF-28 1013 . 46 900 s .  
04- 'l'Ml MUF-28 1028 . 70 900 s .  
os- '1111 MUF-58 Grab 1075 . 69 900 s .  
06- TM I  MUF-58 Grab 1090 . 93 900 s .  
07- TMI MUF-58 Grab 1106 . 17 900 s .  

08- '1111 MUF- SB Gra.b 1 1 2 1 . 41 900 s .  

09- TM I  MUF-58 8oao ( 1 )  
* 

1203 . 96 900 s .  

10- TM I  MUF-SB 8omo ( 1 )  1219 . 20 900 s .  

11- TMI MUF-58 8a.o ( 2 )  1293 . 37 900 s .  

12- TM I  MUF-58 80110( 2 )  1308 . 61 900 s .  

13- TMI MUF-58 Center ( l2 ) 1350 . 01 1800 s .  
14- TM I  MUF-58 Center ( l2 )  1365 . 25 1800 s .  

15- 'l'MI MUF-58 center( l2 )  1380 . 49 1800 s .  

1 6 - 'l'MI MUF-58 Center ( l2 )  1395 . 7 3 1800 s .  
1 1 - nn MUF-58 Bottoa ( l1 ) 1476 . 76 900 s .  
1 8 - '1'1111 MUF-58 Botto. ( l1 ) 1492 . 00 900 s .  

1 9- 'l'MI MUF-2A 1551 . 94 900 s .  
20- TM I  MUF-2A 1567 . 18 900 s .  

2 1 - nn MUF-2A 1582 . 42 900 s .  

*
TWo 1 s t  cuts of the MUF-58 homo sample were counted . 
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o f  the fuel present in the sample . Th1 a  e f fect might be use ful 

1n getting sem1quanti tat1ve data on the amount of fuel present in 

the debris .  

None o f  the gamma scan spectra showed any unexpected radio­

nucli des . Soae di f ferences were obvious in cs- 1 3 7  concentration 

between samples when compared with the other radionuclides ; 

however ,  thi s  i s  not unexpected since ces ium i s  a water soluble 

element . 

S ince the detection e fficiency of the qamma scanning system 

could not be readi ly estab l ished, only quali tative resul ts have 

been obtained froa the qu111u1 scans . Quantitative dis tributions 

o f  the radionucl ide s  i s  found in the Gamma Ray Spectroscopy 

section ( I I I . C ) . 

8 .  Particle S iz i ng by Image Analysis 

P article s i ze analysi s  was done on MUF-58 Grab , MUF- 58 Top 
. 

No . 3 ,  MUF-2A ,  MUF- 28, and TMI -0104 . All p article s i z inq was 

done on metallographically mounted fi lter sections except the 

TMI -0104 saaple vhich was dispensed with an insufflator as described 

1n the Exper�ntal section . Particle sizinq was done vith a 

Zeiss IM- 3 5  aeta l loqraph coupled to a Bamamatza imaqe analyzer . 

Particle s 1 ze results are o f  liai ted value for the TMI -0104 

sa.ple s ince i t  was hoaoqenized . The mean particle s ize for that 

aaterial vas 4 . 04 �· vith a s tandard deviation of 2 . 61 � m . A 

total o f  3645 p articles were s ized . 

Table I I I  qives the results o f  particle s i z inq on fou r  other 

saap l es � Data col l ected by the 1maqe ana l yze r were eva luated 

us 1 n9 the Sal tykov type procedure which takes into account the 

1·23 
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TABLE I I I  

RESULTS OF COMPUTER ANALYS I S  OF PARTI CLE S I Z I NG DATA 

S amp l e Number o f  Total Number Average Geometric Mean Es timated Number 
I denti fication Areas S i zed1 of Pprticles Diamete r ,  lim Di ameter , lJm o f  Part i c l e sjcm3 ( x 

MUF-5B 6 1 2 3 4  1 . 6 1 ± 1 . 2 2 1 . 2 1 ± 2 . 1 3 
Grab 

MUF- 5 B2 
14 2 092 1 .  55  ± 1 . 02 1 . 2 5  ± 1 . 93 

Top No . 3 

MUF-5B2 
1 0  9 3 5  1 . 50 ± 1 . 02 1 .  2 0  ± 1 .  97  

Top No . 3 

MUF-2B 15  1 3 2 9  1 . 8 6 ± 1 . 5 5 1 . 3 1 ± 2 . 3 0 

MUF- 2A 5 1 0 0 5  1 . 48 ± 1 . 10 1 . 1 2 ± 2 . 1 1 

1The s ize o f  each area was � 1 5 5  li m  on a s i de . 

2Two separate si zings were done on thi s filter secti on . S ix regions with 14 area s  
make up one s ample and a seventh region wi th 1 0  areas make up the s econd s amp l e . 

1 9 . 1  

5 . 2  

4 . 1  

2 . 8 

1 0 . 5  

1 0 - 6 ) 

I N 0 I 
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sectioning o f  particles and subsequent s i z 1 ng at poi nts other 

than tbe maxi mum or real di ameter ( 4 ) .  Data ana l ys i s was done 

assuming a log-noraal di stribution . 

Several regions of each fi l ter section were exami ned . 

Figure 8 i s  an example showing the regions analyzed . In each 

region one or aore 1 5 5-�m x 1 5 5  � m  areas were exami ned . Onl y  

particles > 0 . 9  �· were s i zed . I t  i s known that l arge numbers o f  

particles less than 0 .  9 � m  exi s t  in a l l  the samples ; however ,  the 

iaage ana lys i s  a s  used did not permi t  s i z ing o f  these particles . 

Resul ts o f  a typical ana l ys i s  are shown in Fig . 9 .  The hi stogram 

is the result o f  s iz i ngs from 1 5  areas with a total of 1 32 9  particles 

in the MUF-2B s ample . 

The estimated number o f  part i c l es per cm3 is based on a 

j udgeaent of how auch o f an area under examination was actual l y  

debris and how much was empty space . Many of the areas were 

j udged to be < 50% debris wi th only a few bei ng j udged 1 0 0% .  

The di fference between the particle s ize means i s  s i gni ficant 

for the MUF-2B sample and the other s amples as determined by 

fol lowing equation expl a i ned i n  Re f .  5 :  

t = 

vbere i is the mean par t i c l e d i ame ter 

s is the s tandard dev i a t i on 

n 1 s  the number o f  par t 1 c l es s i zed 
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Hi s to9ram o f  the p rti c l e  S l Z l ng data co l l ected on the 
MUF- S B · s amp l e . The rang co l umn g i v  s the p a r t i c l e  

i z e  i n te rv a l  mu l ti p l i ed by 1 0  s o  the f i r s t  i n te rva l i s  
0 . 9  to 1 . 1  � m . The count co l umn g i ves the numb e r  o f  
p rti c l e s  i n  th r ange . 

s . .. 2 7 
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For· t > 2 the di fference between parti cle s iz e  means is cons idered 

s i gni.fi cant . When the MUF-2B and MUF-SB Grab s amp les are compared, 

we find t = 4 . 6 .  A comparison between MUF-SB Grab and MUF- SB Top 

No . 3 gives t = 2 . 2 7 which mus t also be cons idered s i gni ficant 

even though the s amples are from the s ame fi l ter . Thi s may be 

due to the location on the fi l ter from whi ch the s amples were 

collected . 

C .  Gamma Ray Spectroscopy Analyses 

Three cuts from the TMI - 0 1 04 s ample and one e ach from of 

MUF-2A , MUF-2 B ,  and MUF-SB Homo . were analyz ed for gamma emitting 

nucl i de s . A Ge ( Li )  detector and a mul ti channel analyzer were 

used to record the data . The analyzer system was calib rated with 

a mixed i s otope s tandard prepared by Arnersham ( p roduct code 

QCY . 44 ) . Both the energy calibration and e fficiency were deter­

mined . For cal cul ati ons , gamma-ray yields were taken from the 

Nuclear Data Tables , Vol . 8 ,  Sec . A ,  No . 5 - 6  January 1 9 7 1 . 

The results o f  the analyses are given in Tab l e  I V .  The 

energy pe aks used in calculating the � Ci/g activities were : Mn-54 

( 8 3 5  keV ) , Co-60 ( 1 3 3 2  keV ) , Ru- 1 0 6  ( 51 2  keV ) , Sb , 12 5  ( 428 keV ) , 

Cs -134 ( 796  keV ) , C s - 1 3 7  ( 662 keV ) , Ce- 144 ( 13 3  keV ) , and Ag-110m 

( 8 8 5  keV ) . The Ag- 1 1 0m resul ts are not cons idered re l i able 

values s ince s i gni ficant precip� tation of AgCl o ccurred in the 

samp l e  solutions . 

The C s - 1 3 7  activity constitutes > 4 9% o f  the me asured gamma 

activity for al l s amples as o f  March 2 5 ,  1 9 8 3 . The value will 

increase with time s ince C s - 1 3 7  is  the longe s t  l ived i s otope 

detected in the s e  materials . The C s - 13 7 mas s concentrati on , as 
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TABLE IV 

GAMMA SPECTROSCOPY ANALYS I S  OF 

PURI FI CATI ONIMAJ(EUP F I LTER SYSTEM SAMPLES 

Radionucl i de
a 

MN- 54 
( 3 1 2 . Sd )  

co-60 
( 5 . 27 y )  

Ru- 10 6  
( 3 68 d )  

Sb- 1 2 5  
( 2 . 73 y )  

ca- 1 3 4  
( 2 . 06 y )  

Cs- 1 3 7  
( 30 . 2  y )  

ce-144 
( 284 . 4 d )  

Ag- 1 1 0  • 
( 2 5 2  d )  

Identi ficationb 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I - 0 104 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I -0104 

MUF-2A 
MUF-28 
MUF- 58 Homo 
TM I -0 104 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I -0104 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I -0 104 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I -0104 

MUF-2A 
MUF-28 
MUF-58 Homo 
TM I -0104 

MUF-2A 
MUF-28 
MU'F-58 Homo 
TM I -0104 

Activity, p Ci/gc , d 

4 . 8  
3 . 5  
6 . 3  
6 . 5  

145 
1 1 1  
2 1 9  
2 1 7  

388 
280 
400 
238 

1528 
970 

1 5 1 9  
575 

3 10 
367 
179 
2 3 3  

4829 
5641 
2808 
3 57 3  

420 
287 
540 
385 

9 . 2  
4 . 9  

10 . 1  
4 . 9  

'rbe val ue& in parenthea i a  are the nuc l ide hal f- l i fe values . The 
hal f- l i fe value• were taken from the "Chart o f  Nucl i des "  p repare 

bY r .  w. wal ker , et al . ,  12th edi tion , Apri l 1 979 . 
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TABLE I V  ( CONT INUED ) 

bThe MUF- S B Homo and TM I - 0 1 04 were homogenized deb r i s  o f  the MUF-SB 
fi l ter . Homogenization was done by EG&G and B&W , respectively . 

cThe speci fi c  activity values are for March 2 5 , 1983 . 

dS i lver chloride precipi tated from the solution ; consequently ,  the 
Ag- 1 1 0  m resul ts are not cons i dered accurate . 

B-30 
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determined from the activi ty , ranges from 65 ppm for sample 

MUF- 28 to 32 ppm for MUF-58 Homo . While the ces ium activity is 

bigbest in the MUF-28 sa.ple , the other radionuclides have the ir 

highest concentration in other samples . This l ack of correlation 

between ces ium and other radionucl ides may be due to association 

of the cesi um  primari ly with the fil ter medium and not the core 

debris .  

When the ce- 1 44 activity in the four s amples is divided by 

the uranium concentration a good correlation between the values 

is found . The value is 7 . 1 6  ± 0 . 50 m Ci/g . The uranium concen­

trations are taken from the mass spectrometri cly determined value 

9iven in Table V except the TMI -0104 value which was taken from 

eai s s ion spectroscopy resul ts of Babcock and Wi lcox given in Ref .  

6 .  

The co-60 and Mn-54 activi ti es in al l samples correlate �� 
expected indicating the material s  are associated . The Co-60 

activity divi ded by the corresponding Mn-54 activity for the four 

sa.pl es gives 3 2 . 52 with a standard devi ation of 1 . 98 .  Correl ation 

i s  found for the Sb- 1 2 5  and co-60 activities except for the 

TM I - 0 1 04 samp l e  which i s  s igni ficantly di fferent for reason 

unknown . 

D .  Mass Spectrometry Analyses 

solutions of MUF-2A , MUF-2 8 ,  and MUF-5B · Bomo * were analyzed 

by i sotope-di lution mass spectrometry for Pu and U contents us i ng 

calibrated 2 4 2 pu and 2 3 3 U spikes . To obtain a measured instead 

*These same solutions were analyzed by qamma ray spectroscopy . 
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o f  an estimated value for the 2 4 2 Pu contents , the smal l  amount of 

each o f  the three s amples , which remained a fter the ini ti al 

analyses , were combined to do an unspi ked determination o f  the 

2 4 2 Pu content . Thi s approach was cons i dered val i d  since all o f  

the s amples have essenti al ly the s ame i sotopic �· compos ition . The 

results of the analyses are given in Table V .  

The fuel col lected on the three fi lters i s  cons i s tent in 

i sotop ic abundances indi cating a common source . The U-2 3 5 content 

o f  2 . 3 0% by weight i s  in the middle o f  the enr ichment range for 

the maj or porti on o f  the core which i s  1 . 98% to 2 . 64% ( see Ref .  6 ) .  
E .  Emi ss ion Spectroscopy Analyses 

A sample of  each of  the MUF-2A , MUF-2B , MUF-5B Homo ( 3rd 

cut ) and TMI -0104 samples was analyzed by emi s s i on spectroscopy . 

The results for el ements pres ent in amounts exceeding thei r  

detection l imits are given i n  Table VI . Matrix e f fects and 

l imited amount of sample that could be handled due to the � - � 

aci tivity make the estimated error a factor o f  2 .  Therefore , a 

reported value of 5% should be interpreted as a range o f  2 . 5  to 

1 0% .  

The MUF-2A and MUF-2B samples were shipped to LANL in aluminum 

containers which may account for the particularly high Al value 

for MUF-2A sample ; however , the Al may be from burnable poison 

shap ing rods . 

The tin concentration i s  high in all of  the s amples with 

value of  0 . 9  to 1 . 5% .  The tin concentration in Zircaloy i s  < 2% ;  

consequently the tin has at l east partical ly separated from the 

z i rconium . 
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TABLE V 

PLUTONIUM AND URANIUM MASS SPECTROSCOPY ANALYSES 
FROM MUF-2A , MUF-28 , AND MUF-58 HOMO 

I sotope 

234u 
235u 
236u 
238u 

238Pu 
239Pu 
240Pu 
2 41Pu 
2•2Pu 

Element 
Uranium 
Plutonium 

I sotopic Analyses 

Concentration, wt& 
MUF-2A MUF-28 

0 . 02 3  0 . 02 5  

2 . 30 2 . 2 9 

0 . 07 0 . 08 

97 . 6 1 97 . 6 1 

0 . 034 0 . 03 4  

90 . 95 90 . 83 

7 . 55 7 . 66 

1 . 39 1 . 4 1  

0 . 072 0 . 072 

Analytical Results 

Col\centration, mg/g 
MUF-2A MUF-28 

54 . 1  43 . 8  

0 . 1 18 0 . 101 

8-33 

MUF-58 Homo 

0 . 02 6  

2 . 3 1 

0 . 08 

97 . 5 9 

0 . 03 5  

90 . 87 

7 . 62 

1 . 40 

0 . 07 2  

of Sample 

MUF-58 Homo 
76 . 5  

0 . 1 74 
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TABLE VI  

EMI S S I ON SPECTROSCOP I C  ANALYS I S  OF MUF-2A 

MUF- 2 B , MUF - 5 B  HOMO AND TM I - 0 1 04 

Elemental COmJ20 S i tion , wt%a , b  

Element MUF-2A MUF-2B MUF- 5B Homo TMI -01 04 

Ag 4 . 2  3 . 0  3 . 0  4 . 8  
Al 3 . 0 0 . 9  0 . 3  0 . 4  
B 0 . 9  1 . 2  0 . 5  0 . 9  
Ba 0 . 2  0 . 2  0 . 2  0 . 2  
Ca 0 . 3  0 . 3  0 . 1  0 . 2  
Cd 1 . 8  1 . 2  2 . 4 3 . 6  
Co 0 . 02 < 0 . 02 0 . 03 0 . 03 
Cr 0 . 6  0 . 4  0 . 5  0 . 7  
Cu 0 . 2  0 . 2  0 . 9  0 . 2  
Fe 2 . 4 1 . 5  0 . 9  1 . 8  
I n  3 . 0  1 . 8  1 . 5  2 . 4 
Mg 0 . 3  0 . 1  0 . 0 7 0 . 1  
Mn 0 . 2  0 . 1  0 . 0 9 0 . 1  
Mo 0 . 7  0 . 3  0 . 5  0 . 9  
Nb 0 . 04 0 . 03 0 . 04 0 . 06 
Ni 2 . 4 1 . 2  0 . 9  1 . 8  
S i  0 . 9  0 . 9  0 . 4  0 . 9  
sn 1 . 5  1 . 2  0 . 9  1 . 2  
S r  0 . 0 9 0 . 0 9 0 . 04 0 . 03 
Ti 0 . 07 0 . 03 0 . 06 0 . 09 
Zr 9 . 0  7 . 2  4 . 8  6 . 0  

aThe values given are for the element not the oxide . 

bThe accuracy o f  thes e  analyses i s  a factor o f  - 2 . I f  an analysis 
i s  l i s ted as 5% then the e s timated range i s  2 . 5  to 1 0% . This is 
due to the smal l amount of material that cou l d  be worked with and 
the matrix effects . 
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The cadmium-to-si lver ratio found in the fi l ter debris 

ranged from - -o . s  to 0 . 8 ,  which i s cons iderably hi9her than the 

0 . 06 ratio i n  the control rod alloy . The cadmium and si lver have 

separated as may have been expected since the cadmium is a vol ati le 

.. tal . 

Copper i s  a third e l ement that has apparently separated from 

i ts parent mater i al , I nconel 7 18 , since the copper- to-nickel 

ratio in the debris is much h�gher than that present in the 

parent material . The copper-to-nickel ratios i n  the debris range 

from 0 . 1  to 1 whereas the ratio is 0 . 003 in I nconel 718 . 

Manganese , which i s  a trace element i n  CF- 3M grade stainless 

steel ,  i s  also p resent in s igni fic ant concentrations . 

The above five e l ements , ( I n ,  Cd , Cu , Sn , and Mn )  all have 

.. lti ng points below 1 3 5 6 ° K  and the me l ting points are s igni fi­

cantly below the mel ting of the principal elements of the parent 

al loy which may or may not account for the separations observed . 

F .  Electron Microprobe Analyses 

Electron microprobe& were used for e l emental mapp ing of 

rel atively l arge areas ( generally -400 � m2 ) and for s ingl e particle 

analys e s . The e l ementa l mapping was used in an attempt to identi fy 

s trati fication o f  core deb r i s  on the fi l ters and the analyses 

were run on metal lographical ly mounted fi l ter secti ons . One 

piece o f  fi l ter from each the MUF- 5 8  Grab , MUF- 58 Top No . 3 ,  and 

MUF-2B were mapped . 

Figure 10 is a picture o f the me ta l l ographically mounted 

MUF-SB Grab s ample and Fig . 1 1  is a photomosaic o f  the region o f  

th e  cu t  f l l te r  section examined show ing the re l a t i ve pos i t i ons o f  

8-35 



F l g . 1 0  M t a l l o r ap h i c m o u n  

B - 36 





-34-

• 

the various areas examined by electrofi microprobe . Many areas 

were chos en s o  the l ayer o f  debris on the filter would be scanned 

acros s  its �ntire width . Other areas were chosen because they 

visually appeared to be di fferent . The x-ray dot maps of Area 3 

in Fig . 1 1  are reproduced in Fig . 1 2  as an example o f  the type 

information obtained . 

several observations were made from the data collected on 

the MUF-SB Grab s ample : 

1 .  The elements U ,  Fe , Ni , Cr , Ag , Cd , In and Zr were 

found in all areas examined . 

2 .  The control rod materi als ( Ag ,  Cd and I n )  generally 

showed s imil ar distribution patterns ; however the ratio 
-�-;·,": 

o f  the rel ative concentrations varied a great deal . 

This indicates the control rod materials have sA�-y·s�-�� . 

at some point in the accident . 

3 .  The zirconium . from the fuel cl adding was widely dispersed 

in the areas examined ; however ,  the z i rconiUM was 

obvious ly not phys ically or chemically associ ated to 

any other element in l arge quantities . For example the 

di stributions of uranium and z irconium did not match 
extens ively in any o f  the areas . I n  one area large 

zirconium bearing particles ( 30-50 �m ) were found 

surrounded by much smaller particles containing all the 

other maj or elements . 

4 .  The stainless steel a�d inconel maj or elements o f  Fe , 

Ni and Cr had similar distribution patterns . Th� 
ratios o f  the rel ative concentrations varied from area 
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to area or in parts of areas . I n  aome areas or parts 

of areu the a-ray signal strength waa stronger for 

i� than for nickel and presuaably these placea contained 

particles from stainless steel . In other places tbe 

Dickel x-ray signal strength was stronter than the iron 

�cb indicates the origin of the particles was inconel . 

llqlybdenua wu found in one area where the nickel 

sigDal vas stronter than iron. 

!he uraniua beari119 particles were present in all 

areu . The concentrations varied by an estimated order 

of MgD.itude or aore . Plutoniua was found with the 

uraniua in soae iDStances . 

All of the Mjor elaents (U,  Fe , Ni , Cr, Cd, Ag , and In ) 
aboved aa.e intense aignal spots indicating relatively large 

particlM ; bouever, the x-ray dot patterns were frequently diffuse 

9iviD9 the iDClication of a b0110ge11eous distribution of that 

el-.lt. Daia ie a&IP&rently due to a wide distribution of very 

.all particles .  

Tbe data col lected on MUF-58 Top No . 3 and MUF-28 did not 

differ aignificutly froa tbe data on MUF-58 Grab . The eleaental 

uppiDc) of the filter sections showed intiaate llixture of essen­

tially all core aaterial s  and fai led to show any strati fication 

of debris on the filters . • 

•article aaal,.ea by electron aicroprobe were run on MUF-58 Homo , 

IIUF-58 Top •o. 3 ,. aDd Tlll -0104 . The 'l'MI -0104 sample was mounted 

u dese&"ibecl in the Bxperiaental section ( I I . B )  . The other two 

s..,lee were poliabed .. tallographically mounted samplea . 
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Forty-seven particles of TM I - 0 1 04 greater than 1 � m  in 

diameter were analyzed for �etal l i c  element compos i ti on and size . 

The results of the analyses are presented in Table VI I .  The data 

on parti cle diameter is given in units of mi crometers ( �m ) . The 

e lemental composition i s  given as a normali zed intensi ty ,  and is  

semiquantitative with an estimated accuracy o f  ±20% . As an 

example , consider particl e 2 0 . The results give the metal l i c  

compos i tion of the particle a s  being 3 1 . 2% Mg , 3 4 . 3% S i , and 

34 . 4% Mo by weight . These results do not mean the particle con­

tains only those elements ; indeed the p article i s  probably l argely 

carbon based material as indi cated by the weak s i gnal obtained . 

Consequently ,  drawing conclus ions about the overa l l  compos i ti on 

o f  the sample  TMI-0104 from these data should be done with care . 

Table VI I I  shows a hi stogram of the particle s ize distribution 

and Table IX provides breakdown of the data in Table VI I according 

to element , number o f  particles , and compo s i tion . 

Zirconium occurs with a wide variety of elements including 

the elements o_f the control rod alloy ,  the elements o f  the 3 04 SS 

c ladding , the elements of I nconel and uranium fue l .  I nteres tingly,  

z i rconium does not occur as pure z i rconium oxide or metal , which 

would give an intensity of � 1 0 0% .  The highes t  intens i ty l i sted 

in Table VI I for zirconium is only 60 . 4% 
S ix parti cles were analyzed that contained urani um . Three 

of the particles appear to be pure urani um oxide . The other 

three particles contain uranium with various other elements ; but 

a l l  three parti cles contain ,  U ,  Zr , Fe , and Ni . These data are 

no t suffici ent to confirm or rej ect the formation of a eutectic 

between the Zircaloy cl addi ng and the uranium fuel . 
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TABLE VI I 

ELECTRON M I CROPROBE ANALYS I S  OF TM I -0104a 

Nor.al i zed l ntenaitX Ratios in 1 Di-ter , 
Pa rticle � Al si ...1£_ . Mo � Cd _!!L ....£!:._ 1!._ Ni __JL il!•! 

1 2 . 9  3 . 8  18 . 1  34 . 3  23 . 5  17 . 5  -- 12 . 3  
2 0 . 8  1 . 5  97 . 6  3 . 1  
3 37 . 8  2 7 . 4  34 . 7  7 . 7  
4 0 . 4  0 . 2  0 . 2  4 . 7  59 . 1  3 2 . 2  0 . 6  2 . 6  9 . 2b 5 3 8 . 0  18 . 4  43 . 5  1 2 . 6  
6 1 . 7  2·. o 30 . 6  1 . 2 26 . 3  1 . 4 20 . 7  16 . 1  1 4 . 8  
7 1 . 2 0 . 5  4 . 8  9 . 4 3 1 . 8  1 . 0 2 3 . 1  28 . 2  1 6 . 7  
8 2 . 6  86 . 3  1 . 0  2 . 6  7 . 4 5 . 1  
9 0 . 3  97 . 6  1 . 2  0 . 9  4 . 3  

- 1 0  0 . 1  0 . 2  0 . 2  0 . 5  5 . 4  52 . 8  1 . 6  1 1 . 6  2 7 . 6  1 8 . 0  I • 1 1  0 . 3  0 . 6  2 . 0  2 . 8 44 . 2  0 . 7  7 . 9  41 . 4  1 6 . 0  w • 'f w 12 0 . 4  0 . 3  1 7 . 6  76 . 1  1 . 6  4 . 0  6 . 6  
13 2 . 2 2 . 6  44 . 3  43 . 1  4 . 6  3 . 1  6 . 2b 14 7 . 0  1 8 . 8  43 . 2  6 . 1  14 . 1  1 9 . 2b 

• 1 5  1 1 . 3  14 . 4  23 . 4  3 9 . 0  1 1 . 9 2 0 . 3 c 1 6  99 . 9  - - 1 .  7c 1 7  99 . 9  -- 1 0 . 2  
• 18 0 . 4 0 . 2  47 . 0  43 . 1  2 . 2  5 . 4  1 . 7  5 . 6b 1 9  7 : 0 6 . 4  2 2 . 4  28 . 8  1 7 . 7  1 7 . 7  4 . 2b 2 0  3 1 . 2  34 . 3  34 . 4  1 2 . 0  

2 1  0 . 5  0 . 4  1 1 . 2  1 9 . 4  18 . 3  6 . 2  1 1 . 4  32 . 5  3 . 1  
2 2  0 . 1  0 . 7  20 . 8  78 . 4  6 . 7b 2 3  4 1 . 51 2 . 4  46 . 1  1 0 . 7c 24 99 . 9  1 . 7 
2 5  0 . 3  0 . 2  0 . 9  2 . 5  1 3 . 9  67 . 8  1 . 0  4 . 1  9 . 4  24 . 8  
2 6  0 . 4  0 . 7  1 5 . 6  81 . 7  0 . 4  1 . 1  6 . 4 
2 7  0 . 1  1 . 7  2 . 7  0 . 6  84 . 0  1 0 . 9  6 . 7  
2 8  1 . 6  0 . 6  0 . 8  1 9 . 7  65 . 5  2 . 3  8 . 1  1 . 4 9 . 4  
2 9  0 . 2  60 . 4  1 6 . 8  6 . 5  0 . 7  4 . 1  9 . 4 7 . 0  
3 0  0 . 2  99 . 8  4 . 9  
3 1  0 . 3  0 . 1  6 . 0  1 . 3  1 4 . 1  73 . 8  0 . 8  2 . 1  1 . 5  6 . 4  
32 -- 2 . 1  1 . 0 8 . 8  1 8 . 6  3 7 . 4  1 . 0 2 0 . 6  1 0 . 4  2 . 0  



Particle 
33  
34 
35 
36 
3 7  
3 8  
3 9  
40  
41 
42 
43 
44 
45 
46 
47  

Normal ized 
_!1g_ _g_ 

1 . 2  
5 . 1  
1 . 2 

S i  
D:7 
4 . 0  
1 . 4 

Zr Mo 
18 . 5  

7 . 4 1 5 . 3  
1 . 5  14 . 2  

3 3 . 0  

2 6 . 6  
3 5 . 2  

1 . 3 
60 . 9  

0 . 7  
73 . 4  
59 . 8  

3 . 1  8 . 3  

0 . 4  0 . 3  14 . 6  0 . 7  
3 2 . 2  17 . 0  50 . 9  

3 . 4 13 . 1  
0 . 7  1 . 9  7 . 9  

2 . 8  
54 . 7  --45 . 3  

3 . 6 2 . 3 1 5 . 5  

TABLE VI I ( CONTI NUED ) 

Intens ity 
� �  

5 1 . 8  
3 0 . 7  
2 7 . 3  

54 . 2  

46 . 4  
9 0 . 7  

3 6 . 2  

Rati os i n  
I n  Cr 

1.8 
3 . 3  
1 . 5  

2 7 . 0  4 . 8  

2 . 1  

0 . 7  

3 . 4 

% 
Fe 

7"":6 
15 . 6  
2 8 . 1  

6 . 1  
3 5 . 4  

4 . 9  

Ni U 
1 2 . 5  
18 . 6  
24 . 8  

7 . 8  1 1 . 5  

9 9 . 9  
6 . 6  5 . 9  1 5 . 1  

5 . 2  3 . 8 74 . 5  
1 0 . 7  3 1 . 8  

1 . 6  4 . 9  

1 6 . 2  2 2 . 8  

aPartic l e s  less than one micrometer were i gnored in thi s  analys i s . 

bLow yi e l d ,  filter medi a .  

cPartic l e  moved during chemical analys i s . 

Particles 3 , 5 , 8 , 2 3 ,  and 42 contained l ow concentrations o f  C a . 

Partic l e s  8 and 1 3  contained l ow concentrati ons o f  Na . 

Di ameter 
( tJm ) 

4 . 0  
5 . 6  
9 . 0  
9 . 4  
4 . 4b 1 0 . 0  

1 0 . 0  
4 . 0  
8 . 5b lO . Ob 9 . 0  

1 2 . 9  
7 . 1b 1 5 . 0  

1 0 . 0  
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TABLE V I I I 

PART I CLE- S I ZED DI STR I BUT I ON FROM ELECTRON MI CROPROBE ANALYSES 

Range in 
Micrometers 

1 - 5  

5 - 1 0  

1 0 - 1 5  

1 5- 2 0  

2 0 - 2 5  

Number o f  Particles 

* * * * * * * * * * * * * ( 1 3 )  

* * * * * * * * * * * * * * * * * * ( 18 )  

* * * * * * * * * * ( 1 0 ) 

* * * * ( 4 ) 

* * ( 2 )  

Aver age di ame ter o f  a l l 47 p articles = 9 . 0  � m . Range 1 . 7  
to 24 . 8 . only parti c l es greater than 1 - � m  di ameter were 
selected for microprobe anal ys i s . 
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TABLE I X  

BREAKDOWN O F  ELECTRON MI CROPROBE ANALYS I S  ACCORD I NG TO 
ELEMENT , INTENS I TY ,  AND NUMBER OF PARTI CLES 

Normali zed I ntens ity 
Ratios in % 

Element : Mg 
< 2 0  

2 0-40 
40-50 

Element : Al 
< 2 0 

Element : Si  
< 2 0 

2 0-40 
40-60 
60-80 

> 8 0 

Element : Zr 
< 2 0  

2 0 -40 
40-60 
60-80 

El ement : Mo 
< 2 0  

2 0 -40 
40-60 

Element : Ag 
< 2 0 

2 0 -40 
40-60 
60-80 

Element : Cd 
< 2 0 

2 0 -40 
40-60 
60-80 

> 8 0 

Element : Iri 
< 2 0 

20 -40 
40-60 
60-80 

> 8 0 

B-46 

Number o f  P articles 

* ( 1 )  
* * * * * * * ( 7 ) 
* * ( 2 )  

* * * * * * * * * * * * * * * * * * * * * ( 2 1 ) 

* * * * * * * * * * * * * * * * * ( 1 7 )  
* * ( 2 )  
* * ( 2 )  
* * ( 2 )  
* * * * ( 4 )  

* * * * * * * * * * * * * ( 1 3 ) 
* ( 1 )  
* ( 1 )  
* ( 1 )  

* * * * * * * * * * * * * * * * * * * * * * ( 2 2 ) 
* * * * * ( 5 )  
* * * * ( 4 )  

* * * * ( 4 )  
* * ( 2 )  
* * * ( 3 )  
* ( 1 )  

* *  ( 2 )  
* * * * * * * ( 7 )  
* * * * ( 4 )  
* * * * * ( 5 )  
* * ( 2 )  

* * ( 2 }  
* * ( 2 )  
* ( 1 )  

* ( 1 )  



• 

-43 -

TABLE IX ( CONT I NUED ) 

lloraaliaed I ntenai ty 
a&tioa in � 

Eleaent : Fe 
< 20 

20-40 
40-60 
60-80 

> 80 

Eleaent : lli 
< 20 

2 0-40 

Element : u 
< 2 0  

20-40 
40-60 
60-80 

> 80 

Number of Parti cles 

* * * * * * * * * * * * * * * * ( 16 )  

* * * * * * * * * * * * * * * * * * * * * * * * ( 24 ) 
* * * * ( 4 ) 

* ( 1 ) 

* * * * * * * * * * * * * * * * * * * * * * * * * * ( 26 ) 
* * * * * * ( 6 ) 

** ( 2 ) 

* ( 1 )  
*** ( 3 )  
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Aluminum i s  pres ent in 2 1 o f  the 47 p arti c l e s  ana l yzed ; 

however , it  never has an intens i ty > 5 . 1% except on fi l ter medi a 

parti cles .  I f  pieces o f  the burnab l e  poi s on ( p e l letized Al2o3 -B4c )  

were present in the s ample , there should be p articles with near 

1 0 0% intens i ty for aluminum . Thi s  l ack of p articles with hi gh 

aluminum content could be due to the l imi ted s ample examined or 

reflect the l imited amount of burnab l e  p o i son material in the 

reactor core . I t  could also indicate that thermal shock and 

mechanical shock during the acci dent were not sufficient to 

fracture the material to produce micrometer- s iz e  p artic l es . 

Several particles of what may be ion exchange medi a were 

present in the s amp l e . These p arti cles gave l ow yields o f  x-rays 

and generally contain l arge amounts of magnes i um ,  s i l i con and 

molybdenum . Magnes ium i s  present in the cone as MgO an insul ating 

material . S i l icon i s  present in I ncone l and s tainl e s s  s te e l . The 

molybdenum , whi ch i s  app arently solub l e , i s  from I nconel in the 

core . 

S ince only particles of > 1  � m  were s ized , the data presented 

in Tab l e  V I I I  is  obviously shi fted toward higher average di ameter ; 

however , thi s information may be useful in determining i f  certain 

el ements occur more frequently in certain parti cle s i z e s . From 

the l imited data of thi s  analys i s , there is no obvious comp o si ti on­

s ize correlation . 

The MUF-SB Homo sample was examined with an optical micro­

scope to sel ect the particles for microprobe analys i s . The 

parti cles were selected because o f  some unusual fe ature s uch as 

color or apparent mul tiphase compos i ti on . Each p arti cle was 
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analyzed with the enerqy dispens ive analyzer moni toring the 

eleaents Na through Am .  Counts for the elements present were 

then taken on the wavel ength di spers ive analyzer to e l iminate 

interferences and to obtain intens ity ratios from pure t�lement 

standards . An example of the kind o f  information gathered is 

shown in Fiqure 1 3 . The area outl ined on the photomicrograph 

correaponda to the area scanned by the specimen current image and 

x-ray dot maps . 

Seven particles were analyzed . The first particle was 

selected because of a darker colored band around the perimeter of 

the i rregul arly shape . The particle contai ned mos tl y  Zr with 

lesser amounts 0 ,  cu , Fe , Ni , Aq , I n ,  Th and u .  I niti al anal yses 

showed no di fferences be tween the darker colored band and the 

center portion o f  the particle ; however ,  closer examination 

shoved a aucb hi qher oxyqen concentration in the band than in the 

center o f  the parti c l e . 

Particle 2 was spherical and bad a meta l l i c  luster . I t  was 

tbouqbt that this p article was control rod materi al . Microprobe 

analys i s  confi rmed that the particle was Aq , I n ,  and Cd wi th the 

surrounding area having Mo , Cd , and O .  The Cd was spread uniformly 

over the are a  and was not concentrated in the particle as the Aq 

and In were ; there fore 1 t  is di ffi cu l t  to determine how the Cd 

beca.e assoc i a ted wi th the particle . 

Particle 3 appeared to be an aqq l ome rate o f  sma l l  particles ; 

howeve r .  t he . .. ,:-onda ry e l ttct ron ima9e fa i l e d to con f i rm t h i s  

observation ( see Fi gure 1 3 ) .  The particle conta i ned mos t l y  c r ,  

re , zr , and U wi th l e s s ,· r amounts o f  0 ,  Al , S i , Mn ,  Ni , Cd , and 

I n .  
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P hotomi crograph 600X 
Seconda ry e l e c t ron  i mage  G SOOX 

u C r  

F i g . 1 3 . El ectron mi croprobe analys i s  o f  an indi v i du a l  p arti c l e  i n  the 
MUF- S B  Homo s amp l e . 
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Particle 4 was reddi sh under the l i ght opti cs . The maj or 

consti tuent was Zr with lower concentrations of 0,  Al , S i , Fe , 

Ni , Ag , Cd , I n ,  and U .  

Parti cles 5 ,  6 ,  and 7 contained only z irconium and oxygen . 

The intensi ties were i n  agreement with thos e  from a zro2 s tandard . 

One of the particles was - 2 0 0 - � m  l ong by 6 0 - � m  wide . What appeared 

to be tiny bubb les could be seen in thi s p arti c l e . 

The MUF- 5B Top No . 3 s ample was examined with the i ntent o f  

looking at p articles containing U and Z r  a s  the maj or consti tuents . 

Seven areas were examined as de scribed for the s even previous 

parti cles . The samp le � - y  activi ty , whi ch measured 6R/hr , lowered 

the sens i tivi ty of the analys i s  and preclude - oxygen anal ys e s . 

Seven areas ( each - 2 5  x 2 0  � m ) were examined . 

Area 1 contained two Zr particles . One p article contained a 

high concentrati on of Ni with no C� pres�nt and l i ttle i f  any Fe . 

The other particle appeared to contai n  Ag ; however , Ag , Cd , and 

In dominated the area . Consequently ,  i t  i s  not c l e ar how the Zr 

and Ag are assoc i ated . 

Area 2 contained several p articles high in Zr or U .  Fe , Ni , 

and Cr were present with the Zr in one p arti c l e  and ab s ent i n  

another . One U p article contained Cr and Fe , but others did not 

contain the Cr and Fe . 

A large Zr particle was found in Area 3 .  I t  did not contai n  

any other element . A small U parti cle in the area contai ned cr 

and Fe . Thi s area also contained a pure Ti particle . 

The fourth area contained three U particles . The l arge s t  

particle contained Zr , Cr , and Fe . 
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Area S contained tvo U particles . The larger particle 

contained s i gni ficant quanti ties of cr , re , and some zr . The 

other particle vas relatively pure . 

Area 6 included one particle containing u , Cr, and Fe . 

The seventh area contained a relatively pure U particle . 

Zirconium vas present , but vas not associated vith any elements . 

There vas evidence in some of the seven areas analyzed of 

Stl9r&gation of Cr froa Fe and Ni and segragation of Ni from Fe 

and cr . Evidence o f  control rod aaterials segragation was found , 

also . 

The presence o f  uranium particles containing cr and Fe in 

NUF-SB Boao and NUF-SB Top No . 3 is consistent with the observation 

of two o f  s ix particles in tbe TMI -0104 sample containing U ,  cu ,  

Fe , and Zr . However ,  the particles o f  'l'IU -0104 contained signi fi ­

cant quanti ties o f  nickel . The uranium bearing particles o f  the 

MUF-SB saaples did not contain s igni ficant amounts �f nickel . 

TWo o f  the �I -0104 uranium particles contained control rod 

aaterial s ; tbe uranium bearing particles of MUF-SB samples did 

not contain control rod alloy elements as maj or conati tuents . 

Tbese di screpancies are believed to be due to the incomplete 

dispers ion o f  the particles in preparing the TM I -0104 sample for 

ana�yses , i . e .  the particles aay have been aggloaerates . Where 

the a.-plea vere aetallographically aounted the agglomeration was 

not a problea . Another piece o f  evidence that agglomeration was 

a problem with the TM I -0104 a.-plea is the lack of essenti ally 

pure z irconium on z irconium oxide particles . Of the 17 particles 

containing z i rconi um in sample TM I -0104 not one has greater than 

• 
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61% zi rconium . I n  the MUF- 5B samples s everal parti c l e s  o f  pure 

zirconium or zirconium oxide were found . 

The TM I - 0 1 04 s ample had no particles containing Cd and I n  

together whereas the MUF- 5B s amples apparently did have these 

elements together in s everal particles . The reason for thi s  

difference i s  not known . 

G .  Neutron Activation Analys is for I - 1 2 9 . 

The I - 12 9  concentration determined in s amples MUF-2A and 

MUF-2B are approximate minimum concentrations . Thi s i s  due to 

several causes . First the fraction o f  the total iodine in the 

s amp l e  that was driven o ff and collected i s  unknown . Second , the 

standard used to determine the counting e fficiency o f  the detector 

was a solution of a somewhat di fferent geometry than the activated 

samples . Third , the neutron flux in the reactor was not me asure d , 

but was estimated from previ ous experience . 

The values determined for the I - 12 9 concentration were 

50  ppm for the MUF- 2B  sample and 59 ppm for the MUF-2A s amp l e . A 

minimum value o f  - s o  ppm for each s ample i s  cons idered reasonab l e . 

The heating o f  the debri s to drive off the i odine e ffected a 

good separation o f  the iodine from the o ther e l ements and i s  

cons i dered a promis ing method for thi s analys i s . 

H .  Carbon Analys is . 

A s ingle carbon analysis was run on a s amp l e  o f  the MUF- 5B 

Homo sample ( 3 rd cut ) . The s ample was heated to - 1 3 0 0 ° C  in an 

oxygen atmosphere and the rel eased co2 was determined wi th an 

infrared detector . The carbon content was 1 0% by we ight . 
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The physical and chemical character of the debris collected 

on the MUF-2A , MUF-28 and MUF- 58 fil ters ia ea aenti ally the same 

for al l three fi l ters . The debris consist o f  an inti.Jaate mixture 

of .oat o f  the major materials found in the reactor core , i . e . , 

fue l , fuel cladding , control rod materi al s ,  Inconel and stainless 

steel . soae di fferences were found when data from analys i s  o f  

debris o n  th e  f i lters was coapared . Di fferences were found in 

particle s ize di s tribution , radionucli�e content and the percentage 

eleaental co.poa i ti on .  

Particle s izing results i ndicate a statistical ly signi fica �t 

di fference in the mean size o f  particles cql lected on the fi l te cs .  

The MUF-2 8  fi l ter baa a mean particle size of 1 . 86 �· compared to 

1 . 61 to 1 . 50 � ·  for MUF-58 sa.ples and 1 . 48  �· for the MUF-2A 

saaple . The s iqni ficanee o f  these di fferences is questioned 

s ince the 1 .  61 �· mean diaaeter and the 1 .  50 �m mean diameter 

determined for the MUF-58 filter sa.ples are also statistically 

di fferent . Thi s di fference in particle s ize on a s ingle fi l ter 

aay be due to where the particles were collected on the fi lter . 

consequently , the di fference in mean particle size between fi l ters 

aay be of s iai l ar origin even though the di fference between the 

MUF-2B and the other fil ters is greater . 

The qamaa emi tting radionucl ide concentrations vary from 

fi lter to fi lter . Particularly , the Cs-137 concentration varies 

vhen co.pared to the other radionaclides . Thi s vari ation may 

s t.ply re flect the percentage of fi lter aaterial in the analyzed 

saaple si nce ces s i um  is water sol uble and evaporation o f  absorbed 

water wou ld leave ces i um  on the f i l ter materi al . 
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The elemental concentrations o n  the MUF-2A and MUF- 2 B  fi l ters 

appears to be s imi l ar . For examp l e , i f  the elemental concentration 

o f  Fe , Ni , Ag , Cd and Zr are ratioed to the uranium content , the 

differences in ratios for a p articular element on the two fi l ters 

are within experimental error . However , when a s im i l ar calculati on 

is made for the MUF-5B s amp l e , the uranium content i s  found to be 

a factor o f  3 or 4 higher when comp ared to Fe , N i  and Zr . The Ag 

and _ Cd are within experimental error . 

The mass spectrometry results whi ch give the i so topi c  abundances 

show the fue l  on all the fil ters to have a U-2 3 5  concentration o f  

2 . 3 0% by we i ght and to b e  identical i n  all other i so topi c  concen­

trations ( see Table V ) . The 2 . 3 0% U-2 3 5  i s  what might be expected 

from the core of the reactor ( 6 ) .  

Gamma ray spectroscopy revealed the expected gamma emi tting 

radionuclides . Ces ium-13 7 is the dominate activity with l eve l s  

a s  high a s  5641 � C i/g of debris a s  o f  March 2 5 , 1 983. . Thi s  

corresponds to a concentration o f  6 5  ppm . Thi s i s  in the range 

of the I - 129 concentration whi ch was es timated to have a minimum 

concentration on the MUF-2A and MUF-2B fi l ters o f  5 0  ppm . Thes e  

s imi l ar numbers mi ght b e  taken t o  indicate that i odine and ces ium 

are associ ated;  however , cauti on should be exerci s ed in drawing 

thi s  conclusion since s i gni ficant quantitie s  o f  Ag , Cd and I n  are 

present whi ch may have reacted with the iodine . 

The emi s s ion spectroscopy resul ts indicate a broad s ep aration 

of elements from the parent alloys as does the e lectron microp robe 

analyses . The control rod al l oy elements s ep arated , tin separated 

from zirconium , manganese separated from iron in stainl e s s  s teel , 
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and copper s eparated from nickel in I ncone l . All of these •!l ements 

tha t  separated from the parent material have relatively low 

me l ti ng points compared to the princ ipal element in the parent 

material . 

Electron microprobe analyses indicate segregation o f  some o f  

th e  aaj or e lements such as nickel separating from Cu and Fe . 

A l so . chromium apparently separates from Fe and Ni in some ins tances . 

The e lectron microprobe also gives evidence for a materi al 

formed of U, Cu, Fe and sometimes Zr . Some o f  particles o f  this 
.. 

aater i al appear to be roughly spherical which might indicate the 

particle was formed from mol ten materi al . Zi rconium appears to 

be all i t!d  with Cr and Fe in some parti cles . The nature of the 

aateri a l s  i s  not unders tood at thi s time . 

• 
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