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ABSTRACT

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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INTRODUCTION

The 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 Commission, and Department of Energy- -called the GEND

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

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

vacuum cartridge filters from the TMI-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

examinations at INEL and LANL. The Nuclear Regulatory Commission funded the

examinations at Argonne-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 information on light

water reactor behavior under severe accident conditions. Specifically, the

goal of the filter examination is to assist in the reconstruction of the TMI-2

accident events by indicating which core components 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 concentrations. To accomplish this goal, the chemical

composition of the bulk material and individual particles was measured along

with the particle shape and size distributions.

Three long (0.6-m-long) and two short (0.3-m-long) filters from the

purification/makeup system were .elected for examination (Figure 1 shows

schematics for the primary coolant and pump seal coolant systems). The long

filters (MUF-SB, -2A, and -2B) were located upstream of the makeup tank. The

short filters (MUF-4A and -4B) preceded the Injection to the primary pump

seal. Each filter had a cylindrical perforated stainless steel backing

covered by pleated paper. The pleated paper on the larqe filters was composed

of a minimum of four layers of paper. The outer paper layer consisted of a

treated composite of cellulose and glass fiber cardboard type paper. The

smaller filters were composed of a perforated stainless steel backing covered

1
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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 Purification System Accident Operations

The makeup and purification system filters and deminerallzes a portion

of the reactor coolant on a continuous basis during reactor operation. A

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

coolant line at the suction side of RC-P-1A. 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

demineralizer filters (MUF-5A or MUF-5B), to the demineralizers (MUK-1A or

Mlfc-IB) and the makeup filters (MUF-2A or MUF-2B). Fresh makeup water is

added to the system 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). From the makeup tank the makeup flow passes through the

makeup pumps (MUP-1A, B, C) and the seal injection 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 time of the accident, the system was operating at 40 gpm with one set

of f ilters/demineralizers on-line. There 1s no record of which set of

f ilters/demineralizers were on-line at the time of the accident but past

accident examinations indicate that the *A train' was probably in

operation. After the accident, letdown flows fluctuated for a brief 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 a result of letdown

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

had been established with all system filters and the demineralizers

bypassed. The exact time of component bypassing is unknown and the

demineralizers were not totally isolated until the effluent stop/check

valves were closed on March 30, 1979. GPU Nuclear estimated 46,000 gallons

7



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 overpressurlzatlon 1n the makeup tanks. When

letdown flow was reestablished at 0631 hours on March 29, 1979 letdown was

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

th§ mkeup tank.
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FILTER CONOITION

Three large and two short purification filters, and eight vacuum

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

INEL In April ig82. The physical condition of filters MUF-5B, -2A, -2B, -4A,

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

Figures 4 through 8, respectively. Little filter 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 filter 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 during 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 Filter MUF-4B also was received intact. However, it was not

loaded with the dark debris found on all the other filters but the filter

paper was swollen (Figure 8).

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

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

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

deteriorated, still retained their debris in containment bags.

Although the high coolant temperatures, coupled with the pressure drops

across the filters, may have contributed to the filter deterioration, the

beta/gamma field from the entrapped particles Is probably the major

contributor to the filter degradation as evidenced from the Intactness of the

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

filters.

9
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Figure 7. Purification/makeup Filter MUF-4A.
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TABLE 1. NET WEIGHT OF DEBRIS COLLECTED FROM TMI-2 PURIFICATION FILTERS

Estimated

Content

Filter

Debris

Weight3
(S)

203.9

Uranium'3

Weight

(9)

10.2

Storage Drum

Identification

__c

Filter and

Debris Weight
(q)

MUF-5B __d

MUF-4A 82.7 4.1 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-1 340e 17.0 09 577.6

VAC-MUF-2A-2 x6e 0.3 09 245.7

VAC-MUF-2A-3 ■<.90e 4.5 03 330.5

VAC-MUF-2B %0 0 RCBTA 236

VAC-MUF-4A ->-80e iA.0 04 327

VAC-MUF-4B ■vO 0 04 242

VAC-MUF-5B ■^ 0 04 269

VAC-MUF-5A ■vO 0 14 242.5

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

a. Damp weights.

b. Estimate based on the assumption that 5% of the debris was UO2.

c. Metal filter frames were discarded as hot waste.

d. Not applicable.

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



RADIONUCLIDE DISTRIBUTION

Filters MUF-5B, MUF-4A, and -4B, and MUF-2A and -2B were examined to

determine the concentrations of radioactive Isotopes on the filters. A

gross gamma scan of Filter MUF-4A and -4B (Figure 9) shows that radioactive

debris were located preferentially at one end. Figure 10 shows a spectral

gamma scan of the filter at about midhelght that Indicates that the primary

species were Cs, Sb, Ru, Ce/Pr, Ag, Mn, and Co. Filter MUF-4B contained Cs

and Co, as indicated by the gamma spectrum shown in Figure 11. The gross

gamma scan of Filter MUF-4B 1s compared with the MUF-4A scan in Figure 9.

Because Filter 46 was not opened to the makeup tank during the accident,

the gamma field of Filter MUF-4B 1s much lower than that of Filter MUF-4A.

The results of gamma spectroscopy from Filter MUF-5B ire compared with

the other filters in Table 2. The chunks reported In Table 2 were pieces

of the filter that varied In size from tl/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 SB samples 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 0RIGEN2 code1

(see Table 3). The measured and calculated Ce activities are in good
144

agreement, which indicates that Ce has stayed with the fuel and 1s a

good Indicator for the presence of UO-. The measured activity of the Cs

isotopes is about eight times that expected from the calculated Inventory

In the fuel, and the ratio 1s about 9 for 90Sr, 20 to 70 for 125Sb, 60

for I, and 2 for ^u. The presence of those fission products 1n

the debris, in amounts greatly exceeding the inventory 1n the fuel,

strongly suggests that those Isotopes were released from the fuel during

the high- temperature portion of the accident and transported along with

nonfuel components. Cesium, iodine, and strontium generally tend to form

compounds that ire soluble In water such as halldes and hydroxides. The

presence of these fission products In the filter debris after washing with

pr\mry coolant suggests that they have chemically combined with the debris.

15
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TABLE 2. RADIOISOTOPES FROM FILTER MUF-5B

(a) Content

(wC1/gm

MUF-2A MUF-2A MUF-58 MUF-5B MUF-4A MUF-4A

Chunks Fines Chunks Fines Chunks Fines

Cs-137 31561.50 28025.66 16708.67 26286.27 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 1081.99 2449.60 4632.50 451.06 1696.6 5

Ru-106 2032.09 1132.18 ?071.57 4177.95 432.46 1645.24

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 Ratio

( based on Cs-137)

MUF-2A MUF-2A MUF-5B MUF-5B 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 0.07 0.07 0.07 0.07 0.07

Ce-144 0.06 0.04 0.15 0.18 0.07 0.08

Ru-106 0.06 0.04 0.12 0.16 0.07 0.07

Co-60 0.02 0.02 0.07 0.09 0.03 0.03

Ag-110 0.00 0.00 0.00 0.00 0.00 0.00

Mn-54 0.00 0.00 0.00 0.00 0.00 0.00

19



TABLE 3. FISSION PRODUCT ANALYSIS

Nuclide Filter

MUF-5B

Activity3 Calculated Activity0

Ration of

Measured to

Calculated

Activities

144Ce 18,400 (yCi/gU) 24,360 (uCi/gU) 0.76

137Cs MUF-5B 76,200 (wCi/gU) 9,740 (yCi/gU) 7.8

134cs MUF-5B 8,300 (wCi/gU) 840 (wCi/gU) 8.8

125Sb MUF-5B 53,000 (wCi/gU) 760 (pCi/gU) 70

106ru MUF-5B 12,400 (uCi/gU) 6,040 (uCi/gU) 2.1

90Sr MUF-5B 80,000° (uCi/gU) 8,500 (uCi/gU) 9.4

129! MUF-2A 1,180 (ppm) 16 (ppm) 73.8

129! MUF-2B 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 0RIGEN2 code calculations.

20



MATERIAL CHARACTERIZATION

Photomicrographs of cross sections of the filter show some

stratification 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 10X.

Results of emission spectroscopy used to determine the elemental

content of the debris from Filter MUF-5B are shown in Table 4. The amount

of uranium contained in the debris varies between 5 and 7% 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 (12X), Cd ( 1 IX), and In (5X); fuel rod

cladding materials, Zr (5 to 25X), and Sn (2 to 3%), and stainless steel

and Inconel, Fe (6X), NI (5X), Cr (IX), Mo (0.8X), and S1 (0.3X). Also,

large amounts of carbon (18X) 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-5B,

MUF-2A, and MUF-2B using metal lographically mounted filter sections.

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

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

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

to be as large as 50 um. Another measurement Indicated particles on

filters MUF-5B and -2B ranged from submicron size to 50 um. A histogram

of particle sizes on Filter MUF-5B is shown In Figure 13, and cumulative

distributions of particle sizes from filters MUF-5B and 2A are shown in

Figure 14. The apparent mean particle diameter 1s 6 pm. The particle

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

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

to 6 um.

Coolant containing the reactor debris had to travel through the steam

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

21



Figure 12. Metal lographic mount of the MUF-5B grab sample.
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TABLE 4. {MISSION SPECTROSCOPIC ANALYSIS OF THE MUF-5B FILTER DEBRIS

Elemental Compos i t i

(wtX)

Ion of Debris

ENICO

Sample 1

Element B&W* Sample 01048 Sample 0105* 0111b

C

ii
B

—c

6 to 12

0.6

2

17.5

11.1

0.55

0.62

18

13

0.43

0.64

--C

12.2

-wO.l

Ca

Cd

Co

Cr

0.2

11

0.08

0.4

11.4

1.0

11.2

0.8 2.1

Cu

Fe

Gd

In

0.5

7

<0.1

0.22

5.7

5.7

0.23

5.2

5.5

%0.5

3.9

4.5

K

Mg
Mn

Mo

<0.05

0.1

0.8

0.02

0.10

0.82

0.02

0.10

0.86

v4.5

■vO.Ol

•wO.06

>O.08

Na

Nb

Ni

Pb

0.06

• m

6

<0.03

0.05

4.9

0.03

4.5 %0.9

Si

Sn

Tl

U

1.8

3

0.1

6

c0.3

2.3

0.07

■v5

<0.3

2.2

0.07

%5

•wO.16

7.27

V

Zn

Zr

<0.05

<0.2

>25 5.4 5.7 12.6

Total 77.27 72.75 73.78 47.78

a. Homogenized sample that fell from the filter during a 1981 filter

removal attempt.

b. Specimen taken from the MUF-5B filter. This specimen was homogenized
fo a plastic Jar with AI2O3 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-5B debris was determined from

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

the diameter3 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 ratio 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-5B

Total

Frequency Particles

(Number of Examined

Particle Elemental Composition Particles) (XJ—

2 7

4 14

Zirconium

Uranium3

Zirconium—uranium"
2

Zirconium—uranium-- stainless steel /Inconel 2 7

Zirconium—control materials—stainless steel/ 1 4

Inconel

Zirconium— uranium and/or control materials-- 12 43

stainless steel/Incone1c

Control material 2 7

Aluminum 3

a. Particle X-ray spectra generally 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 RATIOS*

Fe/Total

Material Ni/Fe Cr/Fe Cu/Fe Mo/Fe Si/Fe A1/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 0.19

Bulk filter

debris 0.8 0.2 0.06 0.1 0.1 0.09 0.06

LANL 1.7 0.2 -- 2.7 1.1 0.08

microanalysis

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 wh1Ch

agglomerated, the agglomerates being <8.6 w 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 w- The particles high in stainless

steel components (Fe, Cr, and Ni) were small (1 to 5 um) 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-5B. Two

uranium dioxide particles from this filter, identified from elemental

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

particle below the U0? 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 pm) 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-5B 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.
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Four particles in the sample were identified as tetragonal zirconium

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

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

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

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

crystalline structure. The 180 cm" and 192 cm' lines of the

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

216 cm" 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" line

was shifted to 173 cm" , the 192 cm line to 186 cm, and the

476 cm" line to 465 cm" . The intermediate spectrum also showed a

strong peak at 255 cm" , 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.
'

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 U0? 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 TMI-2 FILTER SAMPLES AT ANL-E

1. Introduction

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

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

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

debris from filters MUF-5B, MUF-2A and MUF-4A. Greatest emphasis was placed

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

filter was not being examined elsewhere. Material from filter MUF-4B was not

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

from filter MUF-5B, 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-5B and MUF-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 MUF-4A filter material was

examined visually and determined to consist of irregular, rectangular pieces

of -1/16 in. thickness of and fine particles. The MUF-4A filter material was
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much leas fibrous then Che Material fro* the other ftltera and broke up quits

easily when needled. This filter material appeared to be composed only of

peeer.

3. Cs—as Spectroscopy

Two different types of seaples were counted for radioactivity Co

determine Che types of radionuclides present and their relative activity.

Small pieces of the filter (chunks) as well — random samples of the fine

parttcles (fines) from each of the three filters (MUF-5B, MUF-2A, and MUP-4A)

were counted to see If the radionuclides were segregated on the filter

material. The gamma activities for the samples ss of April I, 1983 are given

In Table II. These data Indicate that the Cs activity was higher for the

debris from the MUF-2A filter than for debris In the other two filters.

Normalisation of the data for each of these seaples (see Table III) to the

activity of
*3

Cs indicates that the activity ratios of the rest of the

radionuclides In the 2A chunks and both 4A seaples sre similar. The activity

ratioe of the other radionuclides In the 5B ssaples sre about twice those of

the 4A and 2A chunks, trttlle the ratios for the ZA fines are significantly

less. These variations in gamma activity may be Indicative of variations in

quantities of debris trapped by the 2A end 5B filters. Another possibility Is

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

representetlve ssaples of the materiel. It Is likely thst the verlstion in

activity of the two typee of seaples (chunks and fines) froa the 2A filter la

■

s result of the types of ssapllng techniques employed.

4. Optical Microscopy

At lessc two saaplea of debris froa each of the three filters examined

were prepared for optical mlcroacopy by placing small pieces in epoxy resin

and.polishing thea according to standard procedures. Low-magnlf Icatlon 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 250X are shown in Figs. 1, 2,

and 3. From photos it is apparent that the quantity of reflective material

varies significantly within each of the mounted samples. Stereology

measurements show that 10Z of the MUF-5B 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 MUF-4A filter revealed that less than 1Z 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 MUF-5B filter. The smaller (1 to 5 urn) particles are found

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

MUF-5B. 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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** SEM Examinations

SEN examinations ware performed on two types of ssaples — small pieces

of ths filter aacertsl thst wore mounted directly on seaple stubs sod polished

•ssaples thst were exaained by optleel microscopy.

5.1 HUT- SB

Saall ssaples of material froa the NUP-5B filter were mounted

directly on a seaple stub for SEM examination. A typical area neer the edge

of a piece of filter material Is shown In Fig. 4. The lsrge (soastlaes

angular) pieces of material and the strands shown In the secondary electron

(SE) laage are believed to be the filter Itself. Energy dispersive X-ray

analysis* showed that the lsrge, medium-gray plscee of material produce no

characteristic X-ray spectrum. They sre assumed to be materials of low stoalc

number and are probably the cellulose In the filter Itself. X-ray spectrs of

various particles In the secondary electron laage are also shown In Pig. 4.

Materials easily Identified In the full field spectrias are listed In Tsble

IV. The prlaary eonat leuent or constituents of several particles are

Identified by the captions under the X-rsy specte in Pig. 4. The broed peak

at ~3 keV is coapoeed of Ag, Cd, In, end possibly U. Uranium can be

identified by its Lfl peak st 13.6 keV with use of s 30 V accelerating

voltage. However, the uranium t^ peak was not found In a spectrua of this

field of view, sod therefore, none of these particles contain significant

amounts of uranium. The cloae proximity of ths X-ray peaks for Ag, Cd, and In

makes Identification of the Individual eleaents iapreclse. The presence of

certain eleaents In ths particlea In this field of view lndicetes thst thess

eleaents eleo were prssene In the reactor cors ss ths control aeterlels (Ag,

•Only eleaents with stoalc no. 11 (sodlua) end ebove csn be Identified using

energy dispersive X-ray analysis.
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Cd, In), and In components such as the control rod cladding (stainless steel),

the fuel rod cladding (Zr), and the Inconel straps (Cr). The clear

Identification of silicon in the fibers and the strong presence of silicon in

the full-field spectrum of the sample confirmed that the filter was

constructed of fiberglass.

Figure 5 shows another typical area of the MUF-5B sample along with

the X-ray spectra of this field of view and of the individual particles. This

area is adjacent to the area shown in Fig. 4, but is closer to the edge of

this piece of filter. The number of particles per unit area is greater in the

area shown in Fig. 5 than that in Fig. 4, but the materials found are mostly

the same. Again, the materials present represent the control material (Ag,

Cd, In), the fuel rod cladding (Zr) , the control rod cladding (Fe, Cr, Ni),

and the silicon in the glass filter fibers. The lack of a spectral peak at

13.6 keV indicates that no uranium is present in this field of view; however,

uranium was found in other views of the MUF-5B sample but no photos were taken

of the particles that contained uranium. The small round particles, visible

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

Zirconium-containing particles generally were found to be angular and of sizes

varying from 1- to 10-um across. The particles high in stainless steel

components (Fe, Cr, Ni) generally were also small (1- to 5-um across) angular

particles. None of the large metallic particles seen through optical

microscopy of the mounted samples from MUF-5B were observed during the SBM

examination of this piece of filter material.

5.2 MUF-2A

The SEM examination of a sample of the MUP-2A filter revealed that

the size and shapes of the particles (from the reactor core) were similar to

those seen In the sample froa MUF-5B. Energy dispersive X-ray analysis showed
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that the same asterlele (Hated in Teble IV) wars present except that a l^

uranium peak wee also present. A beckscsttsred secondary electron (BSE) laage

was weed to locate particles* containing uranium. A typical aree of the

MUP-2A filter eeaple that contained uranlua-rich particles is shown la
»

Pig. 6. The full-f Isld X-rey spectrum of this sres indicated the presence of

Si, Zr, Ag, 04, in, Cr, Fe, Ni and U. The particles In the center of this

field of view contained only uranium and appear to be grains of the 00* fuel

aa the particles are of the polyhedral shape that Is typlcsl of U02 gralna.

The rectangular particle below the UOj grain was high in uranium content but

also appeared to contain Zr. The presence of Zr Indicates that thla particle

was created by a reaction between the fuel and cladding. A third uranlua-rich

particle thet appeared to be partially covered by smaller particles was

located near the center of this field of view. Figure 6 also shows the X-rey

spectra of s large Zr-rlch particle, a email particle of control aster ial, and

a glaas fiber (Si). Additional SEM exsalnation of this MUP-2A seaple showed

the coaaoness of particles thst appear to be grelns of fuel. Higher

magnification (S0O0X) photographs of fuel gralna (see Pig. 7) show Chat saall

particles (0.1 to 0.5 wa) have been deposited on the fuel particles. This

finding suggests that other materials appearing in the X-ray epectre of the

fuel particles asy also exist ma sasll depositions! particles rather than as s

true two-phase material. These high-magnl fleat ion photographs also show

surface features Chat spparently are gee bubbles that havs formed on the grain

faces se e resale of ths ceapereture excursion In TMI-2.' Trsnslsnt testing of

•The higher stoalc nuaber asterlsls appear light in shade and the low atoalc

nuaber aeteriala dark in shade In the BSE laags.
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LWR fuel has shown that fission gas accumulates in bubbles on grain boundaries

and that agglomeration of these bubbles is a primary mechanism of fission gas

release.

A polished sample from the MUF-2A filter was given a cursory SEM

examination This examination indicated the presence of many more particles

than were revealed through optical microscopy of the sample. NO correlation

could be made, however, between the optical image and the secondary electron

(SE) image in order to find a specific particle location on the sample;

therefore, a detailed examination was not performed.

5.3 MUF-4A

Examination of a piece of the MUF-4A filter revealed its similarity

to the MUF-2A filter; however, no fibers containing silicon were present. The

number of particles per unit area was lower than in either the MUF-5B or -2A

filter samples. Grains of fuel were found in an abundance similar to that in

the MUF-2A sample. The photographs in Figs. 8, 9, and 10 show typical grains

of fuel that were found in the MUF-4A filter sample. The backseat tered

secondary electron (BSE) images in Figs. 8 and 9 show debris samples

containing light-colored material of high atomic number that was Identified as

uranium. Figure 8 shows a whole UO* grain (5 or 6 um across) and several

smaller (0.1- to 0.5-um) pieces of material with high contents of uranium. A

UOj grain with gas bubbles on its surface and a particle of high Zr content

are visible in the centers and upper-right corners, respectively, of the

photographs in Fig. 9. Three UOj grains, a Zr-rlch particle, and a sharply

pointed Fe-rlch particle are shown in Fig. 10. Plgure 11 shows particles with

unique shapes and high contents of Zr (a) and Fe (b) . These photographs,

taken at relatively high magnification, again show the presence of a large

number of very small (0.1- to 0.5-um) particles on the filter. It was
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difficult to deceralne the exact composition of these eaall particle*, but the

BSP. Images lndlcete that eleaencs of e wide range of atomic niasbers ere

represented .

TVo seaplee froa the MDP-4A filter that were mounted and polished

for examination by optical alcroecopy were aleo exealned in soae detail by

SEN. shcaaee there was only s eaall aaounc of aaterlal (particularly the

bright phase) several specific shapee were easily Identified In these

aaaalee. Three sreae ehown In 2S0X optical alcrogrsphs (Pig. 12A-C) were elso

exealned at 2S0X with the SEM. Specific areaa within the these fields of view

were then exealned at higher aegnl fleet Ions so chat the prlaary constituents

of Individual particles could be identified. The first of these erees, sree A

In Pig. 12, la a region In which optlcel alcroecopy allowed identification of

four bright pert Idea; however, SEM examination reveeled that thie aree

actually contalna ala or eeven particle*. Figure 13 shows SE images of sree A

et higher magnification (2500X). The principal constituents of these

particle* were determined froa the X-ray spectrum of each particle. All of

the particlee except the bright particle near the center of the BSE laage were

coaposed mainly of Zr. The bright particle in the BSE laage wse aostly

eoapoeed of urealua. Note that two of the Zr-rich particle* end the O-rich

particle were not apparent la the optlcel image.

Figure 14 enow* th* bright particle in Area B (of Pig. 12) at 2500X

along with it* X-ray spectrum which shows it to contain Cr, Nl, and Pe In

ratio* Chat identify this aatsrlal ee Inconel froa the fuel bundle straps.

Figure IS coaprises high-asgnif lcstlon (2SO0X) SE, BSE, and X-ray

laages of aree C. The X-ray iaeges of this eree show thee sll of the aeterlel

that 1* present la great abundance in th* core le elso preeent in this

region. Th* SE laages reveal that Although eoae of the Zr-rlch particle*
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appear as bright material in the optical image, not all of the Zr-rich

particles are visible in Che optical image. The Fe-rich particle visible at

the bottom of these photographs did not appear as a bright particle In the

optical image and did not contain a significant amount of Cr. Thia particle

appears to be composed of an iron oxide rather than stainless steel.

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

bright particle and is shown in Pig. 16. Again, the SE image revealed aany

particles that were not apparent in the optical image. Hlgher-magnlfIcation

(2500X) photographs show that the very large bright particle is stainless

steel.

A third area that was examined with both optical microscopy and SEM

is shown in Fig. 17, which provides optical, SE, BSE, and X-ray laages (at

250X) of an extremely long (100-um) stainless steel particle. Several of the

bright particles in the optical image do not contain Pe, and therefore, are

not stainless steel. The area near the top of the large stainless steel

particle is shown at higher magnification (1000X) in Fig. 18. It was found

that Zr is the primary constituent of many of the bright particles (In the

optical image) in this area. The Zr-rich particle, located (in Fig. 17) just

above the large stainless steel particle exhibits some polishing scratches

that also indicate its metallic nature. The control material (Ag, Cd, In),

the fuel cladding (Zr), the fuel (U), and the control rod cladding (SST) are

all represented by particles in this area.

6. Discussion

Initial planning for the examination of material from these samples

included examination of polished samples with an electron mlcroprobe. The

electron mlcroprobe can more positively identify the elements Ag, Cd, In, and

U by diffraction of the X-ray beam. However, the much better resolution of
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the Images that is produced by Che SEN, as well ss ths qualitative sepsrstlon

of the eleasnte ay etoalc nuaber thet Is provided by Che beck-scattered

secondery electron laagee, aede exealnatlon with the SEM prefereble to the

electron aicroprobe. Evidence of dlaaeaoclatlon of the coaponents of the

control aeterlsi was not readily obtained froa Che SEM analysis; however, chit

deficiency was atoned for by the eharpoess of laagery of coaperable ssaple

areas that was obtained with both optical alcroecopy and SEM.

Atteapts to quantify Che amount of the bright phase (metallic material)

present la the polished saaplea ware unsuccessful becauee of difficulties in

defining s representative area. The large variation in the else of the

particles also tended to make such an analysis difficult. The lerge particles

were overdo tec ted when the detection Halt wes set to Include the eaall

particles and the eaell particles want undetected when the large particles

were properly detected. As asntloncd earlier. It was very difficult to see

some of ths cerealc particles In the optlcel micrographs, so no coapsrlson of

the relet Ive amounts of metallic and ceramic asterlsl could be asde.

Exealnatlon of the optical and SEM results Indicated thst Che particles

could be grouped into three different size ranges; 0.1 to 0.5 um, 1 to 5 um,

and 5 to 100 um. The particles that fell into largest size range were all

eetalllc particles that appeared to be ductile shards. The similarity of

shape between the large particles identified ea stainless steel In the MUF-4A

filter end the largest partlclca in the other two filters indicates thst sll

of these lerge particles were stelnleee ateel. Particles in the middle sice

range could be identified according to shape snd reflectivity. The round

•rcalllr parctr!#a generally ware the control aeterlsls Ag, Cd, and In. The

rectangular metallic particles in ths middle site rsngs were generally Zr and

the nonreflectlve particles were generally either fuel pardclss (U-rich
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particles asumed to be U02) or Zr-rich particles (assumed to be Zr02). A few

Fe-rich particles (assumed to be Iron-oxide) also fit into this category.

Although the composition of the small particles was not speciflcslly

determined, they appeared according to the BSE laages, to contain the same

elements as particles in the middle size range.

The energy dispersive X-ray analyses performed during this examination

Indicated that Zr, Ag, Cd, In, Fe, Cr, U and Ni were present as major

constituents of particles trapped in the filter. Silicon was present in

samples from the MUF-5B and MUF-2A filters as glass fibers from the filter

itself. X-ray spectra of the individual fuel grains Indicated that Ru or Rh

was present in small quantities in the fuel. During examination of the small

piece of the MUF-4A filter that was mounted on a sample stub, Mo was detected

in a few fields of view. In each of these cases, no particle that was high in

Mo content could be located, and X-ray images indicated no areas of high Mo

concentration. Two Sn-rlch particles were found in the polished sample (see

Fig. 15). Other than the few exceptions above, the debris on the filter was

found to be composed of elements that were major components of the materials

present in the reactor core.

The major uncertainty in the examination was whether the examined samples

were truly representative of the debris on the filters. The gamma-spec troscopy

of the two samples from the MUF-2A Indicates that variations in the type of

sample taken may affect the results. If one assumes that the filter Itself,

particularly the cellulose in the filter, had been saturated with water

containing dissolved cesium', then the data In Table III indicate that the

sample of fines contained fewer particles than the sample of chunks. However,

if one assumes that the samples of chunks are representative samples, then

some additional inferences can be drawn from these dsts. The gamma
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spectroscopy dote Indicate that the MUP-5B filter contained about twice ss

aany particles ae the MVP-2A end -4A filters, which Is In general agreeaent

with the reeulte of Che optical and SEM examinations. Ths quantity of

particles per wait aaee of the aaaple appears Co be about the eeae for the

MUP-2A end NUP-4A filters. Optlcel alcroscopy lndlceced that there was lsss

asterlel on the MUP-4A filter then on either of the other two filters. It say

be thet the quantity of particles by weight Is siallsr for the 4A end 2A

filters, but the particles on the *A filter sre generally smaller in else and,

therefore, were not es spperent under exealnatlon by optical alcroecopy.

7. Conclusions

An exealnatlon of materials froa three filters of the askeup/letdown

systsa of the TMI-2 reactor has shown chat ths debris Is coaposed of particles

of materials that were present In the core In greet abundance. The materials

Included the fuel (OOj) . the fuel rod clodding (Zr froa the Zlrcaloy), Che

control eaterlel (Ag, Cd, In alloy), the control rod cladding (stainless

steel), and fuel rod boodle strspe (Inconel 715). Gamma spectroscopy has

shown thst fission products and activation products were present, but In

relatively sasll quantities. The presence of SI in the fibers found in

ssaples of the MDT-5B end -2A filters confirmed that these filters were

reinforced with fiberglass. The site of the particles on the filters ranged

froa shout 0.1 to 100 um. The largest particles generally appeared to be

staialeaa steel. Soas of ths Zr-rich perticlee eppesred to be In the form of

ZrO. mad were difficult to see In the optlcel laages. Msny of ths Zr-rlch

perticlee were bright in the optical laagee and appeared to be metallic In

nature, whole grains of fuel, soas with gss bubbles on their feces, were
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common in the samples of the MUF-2A and -4A filters. Optical microscopy

indicated that there were fewer large metallic particles in the debris from

the MUF-4A than in the debris from the other two filters.
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Teble 1* Exeaiaetlone or Analyse* Perforaed *n TMl-i

Makamp/Letdowa System Pi leer Debris sc AML-B

Filter Examination description

NDP-SB Usual exealnatlon

Coaaa epec troscopy

Optical alcroecopy Of mounted samples

SO( of eaell samples

NUP-2A VI seal examination

Cs—■ spectroscopy

Optlcel alcroecopy of mounted ssaples
SEM of eaell eamplee
SEM of aounted eeaale (Halted)

NUF-4A Visual examination

Comma speetroecopy

Optlcel alcroecopy of aounted eaaplas
SEM of smell ssjsplss
SEM of aounted eeaalee
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Table II. Gamma Spectroscopy Data* for Samples
from TMI-2 Makeup/ Letdown System Filters

Activity, uCi/g

Sample wt., g 137Cs 125Sb l34Cs "♦c. 106Ru 60Co ll0Ag 5<Mn

MUF-2A

Chunks

0.1870 5902 1503 426 371 380 140 9 4.7

MUF-2A

Fines

0.1793 5025 776 367 194 203 77 5 2.8

MUF-5B

Chunks

0.1984 3315 1678 231 486 411 234 13 7.2

MUF-5B

Fines

0.1034 2718 1411 192 479 432 251 9 6.4

MUF-4A

Chunks

0.4301 2723 545 195 194 186 86 7 3.5

MUF-4A 0.1167 2578 463 185 198 192 84 6 3.7

Fines

♦Decay corrected to 4/1/83.



16

Table III.

Seamle >>70s l,5Sb

M0P-2A I1 .254 7

Chuaka

NDP-U 1 .1344

Plane

MUP-5B 1 .5062

Chuaka

N0P-5B 1 .5191

Ploee

nW-4A 1 .2001

Chuaka

N0P-4A I .1796

Space roecopy Date Normal 1

I3*C »44C* ,0*Eu

.0722 .0629 .0644

.0730 .0386 .0404

.0697 .1466 .1240

.0706 .1762 .1589

.0716 .0712 .0683

.0718 .0768 .0745

Co "'Cs Activity

MCo ll0Ag J4MB

.0237 .0015 .0008

.0153 .0010 .0006

.0706 .0039 .0022

.0923 .0033 .0024

.0316 .0026 .0013

.0326 .0023 .0014
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Table IV. Elements Present In the Full-Field X-Ray Spectrum Shown In Figure 4

Characteristic X-ray Energl es, keV

Element

al \ \ al a2 \

Silicon 1.740 1.739 1.832

Chromium 5.414 5.405 5.946

Iron 6.403 6.390 7.057

Nickel 7.477 7.460 8.264

Zirconium 2.042 2.040 2.124

Silver
2.984 2.978 3.151

Cadmi um
3.133 3.127 3.316

Indium
3.287 3.279 3.487

Uranium 3.171* 3.337* 13.613 13.438

*Ma, and

MQ2
Lines .
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Reeulta of X-ray Fluorescence Anelysls of Debris

froa MUP- 2A

Element wt. X*

Ag NA

Cr 0.3

Pe l.l

Ni 0.9

Zr 5.5

Cd 3.5

In 4.9

U 2.8

•The relet lve error of the analysed wt. X Is tlOZ.
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Fig. 3. Optical images of a sample of material from the MUF-4A filter that

was mounted in epoxy and polished.
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SUMMARY

Core debris of the TMI-2 reactor, which was collected on the

MUF-2A, MUF-2B and MUF-5B purification/makeup water system filters,

was analyzed to determine some of its physical and chemical

characteristics . This was done to assist in recovery from the

accident and to provide knowledge of what events occurred during

the accident and in what sequence.

The debris particle size was determined by image analysis.

The mean diameter for particles > 0.9 pm was 1.5 to 1.9 pm. The

particles were generally either spherical or very irregular in

shape.

The elements found in the samples of debris include those

from all of the major core components; fuel, fuel cladding,

control rod alloy, inconel and stainless steel. Many instances

of separation of the elements from the parent alloy were found in

the emission spectroscopy and electron microproble analysis

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

separated to give particles with a wide variety of elemental

concentrations. Also, the filter debris contained relatively

high concentrations of tin which was released' from the Zircaloy

fuel cladding at some time in the accident.

The principal gamma emitting radionuclides in the debris

were Cs-137, Cs-134, Sb-125, Ru-106/Rh-106, Ag-llOm, Ce-144/Pr-144,

Co-60 and Mn-54. The Cs-137 was the major gamma emitter at the

time of the analysis comprising >49% of the activity in all of

the samples. The activities of Cs-137 correspond to a concentra

tion range of 32 to 65 ppm. Cerium -144 activity was found to

correlate with the uranium concentration in the debris.
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Iodine -129 was determined by neutron activation analysis to

have a minimum concentration of -50 ppm in debris collected on

the MUF-2A and MUF-2B filters.

Information on the sequence of events that took place in the

reactor during the accident was looked for in stratification of

materials in the debris collected on the filters using the electron

microprobe. No evidence of stratification of materials was

found. The materials were generally intimately mixed in the

regions examined.

Analysis of individual debris particles by electron micro-

probe revealed a wide range of compositions. Several particles

were found to contain U, Fe and Cr and other particles contained

Zr, Cr and Fe. Some, but not a large number, of particles contained

U, Fe, Cr and Zr. At present, it is not known if the formation

of these materials with unusual compositions is limited to small

particles. Pure uranium oxide and zirconium oxide particles were

also abundant.

The uranium and plutonium isotopic analyses done by mass

spectroscopy showed all three filters collected fuel of identical

isotopic composition. The U-235 content was 2.30 ± 0.01 weight

percent of the uranium present.

The debris collected on the three separate filters was

qualitatively the same in composition.

I . INTRODUCTION

This report compiles all of the information obtained during

the physical and chemical characterization of debris collected on
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the TMI-2 purification/ makeup water system filters. The data

reported in two previous reports to EG&G is repeated to provide a

complete description in a single final report of the work done by

the Los Alamos National Laboratory.

Materials from the MUF-5B, MUF-2A and MUF-2B filters were

analyzed. The principal methods employed in the analysis of the

debris include gamma scanning, particle sizing by image analysis,

gamma ray spectroscopy, neutron activation analysis, electron

microprobe analysis, mass spectroscopy, carbon analysis, and

emission spectroscopy. Application of these methods and the end

results are presented in this report.

II. EXPERIMENTAL

This section describes the methods used in preparing the

purification/ makeup water system filter samples for analysis by

various methods. A large part of the work was done in hot cells.

The sample identification used in this report corresponds to

the specimen description sent to Los Alamos National Laboratory

with the samples.

A. Loading of Samples for Gamma Scanning

Two sets of gamma scans were run on the filter debris. The

first set of scans was run on the TMI -0104 sample and the second

set of scans was run on seven samples of the MUF-2A, 'MUF-2B and

MUF-SB debris.

TMI-0104 (-250 mg of homogenized debris) was received in on

-1-cm diameter by ~2-cm high plastic vial. To mount the vial for

gamma scanning, the container vial was placed in a longer plastic

snap-cap vial which was then placed in a stainless steel tube

that was compatible with the gamma scanner mounts.
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The seven samples from the MUF-2A, MUF-2B and MUF-5B filters

were first placed in 15-mm o.d. * 58-mm long plastic vials with

screw caps. These vials were then loaded into plastic screw cap

bottles with dimensions of 32-mm o.d. * 91-mm long. The seven

bottles were stacked in a ~l-m long aluminum tube which had an

o.d. of 50.8 mm and i.d. of 47.6 mm. The caps of the plastic

bottles were 44 mm in diameter, which limited the lateral movement

of the samples within the tube to < 5 mm. A brass spacer was

placed on top of the seven bottles to hold them in place in the

tube. Figure 1 diagrams the sample loading.

Some of the samples were too bulky for the gamma scanning

containers to hold all of the material without crushing the

intact pieces of filter. An estimated 10 to 20% of the MUF-2A,

MUF-2B, and MUF-5B Grab samples were analyzed. The percentage of

material analyzed for the other samples was estimated >80%.

B. Preparation of Samples for Electron Microprobe and Image

Analyses

Two methods of sample preparation were used on the filter

debris samples. The homogenized TMI-0104 sample was dispensed

onto a metallographically mounted and polished piece of graphite.

Dispersion of the powder with an insufflator was adopted after

several unsuccessful attempts to disperse the material with

solvents. A grab sample, visually estimated to be -25 mg, was

taken from the -250 mg of homogenized debris and placed in a

DeVilbiss-119 powder insufflator which had most of the sample

reservoir filled with epoxy to reduce the volume to an appropriate

size for the small sample. Graphite mounts were coated with a
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HUF-5B Homo (1st Cut)

HUF-SB Homo (1st Cut)

MUF-5B Center No. 2

MUF-5B Bottom No. 1

KUF-2A

fig. 1. Sample loading diagram for gamma scanning.
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thin film of a solution of TEM replicating tape dissolved in

xylene. After drying, the mounts were placed on the bottom of a

5-cm wide x 25-cm high x 30.5-cm long enclosure. All the mounts

were placed near one end of the box. At the opposite end of the 4

box, the outlet of the insufflator was placed in a small hole

near the top of the box. Sample material was dispersed from the

insufflator into the box. The cloud of powder settled to the ,«

bottom of the box and onto the mounts.

For the filter samples, MUF-5B Grab,MUF-5B Top No. 3, MUF-2A,

and MUF-2B, the sample was examined and portions of filter that

had remained intact were selected from several samples. The

selected pieces were then sectioned perpendicular to the vertical

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

were mounted with epoxy cement in metal lographic molds in such a

way as to expose the cut surfaces. The samples were vacuum

potted in Epon-815 with 1 to 10 diethylenetri amine hardener and

then pressurized to 2000 psi with N_ . After curing, the samples

were ground with 180 to 600 mesh silicon carbide paper using

kerosene as a coolant. Polishing of the ground samples was done

with a 3-|jm Texmet mat using ethylene glycol coolant. The MUF-5B

Homo sample powder was handled the same way as the filter pieces

except for sectioning.

For electron microprobe work the samples were vacuum carbon

coated to provide electrical conductivity which is necessary for

electron beam stability. A metallographically mounted and polished

sample is shown in Fig. 3 .
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fig. 2. WUF-2B filter sectioned for metal lographic mounting.
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Fig. 3. Metallographically mounted section of MUF-2B filter ready fo:

examination .
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C. Division of Homogenized Filter Debris Samples Using a Spinning

Riffler

Division of the homogenized filter debris samples into

fractions that were of appropriate mass for analysis was done

using a spinning riffler. A spinning' riffler was chosen because

it satisfied the two principal requirements for sampling powders,

i.e. sample a moving stream and sample frequently for short

intervals to obtain a composite sample (1).

Using the spinning riffler, the -225 mg of sample TMI-0104

was divided into ten fractions.

The division of the 13.5 g of MUF-SB homogenized sample was

done using the same spinning riffler. The sample was divided

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

at random and further subdivided into 10 parts (second cuts).

The initial division proved difficult because
of sample clumping

and required enlargement of the sample holder tip. The exact

number of revolutions during the first division were not counted.

The second cut required 52 revolutions for distribution of the

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

third cuts. Less then 10 revolutions of the spinning riffler

were required to dispense all of the material into the ten vials.

n n,afiQlutior -' rnter Debris Simple, for Radiochemical and

Mass Spectroscopy Analysis

Two dissolution procedures were used to prepare the filter

debris samples for analysis. Three of the 10 sample cuts of

sample TMI-0104 were dissolved in concentrated HC1 using the
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sealed-tube dissolution method described in Ref. 2. After dissolu

tion, examination of the sealed tubes showed only pieces of

filter paper and crystals of silver chloride. After transfer of

each solution to 100-mL volumetric flasks some very small black

particles could be seen. These may be carbon contamination from

the dissolution procedure. The amount of black material in each

flask was estimated to be less than a tenth of a milligram.

One sample from each of the MUF-2A, MUF-2B, and MUF-5B Homo

filters was dissolved in -10 hours in a mixture of dilute HN03

and HC1 at temperatures between 65 °C and 95 °C. As the solution

evaporated more acid was added. A couple of drops of concentrated

HF was added to the samples initially. The solutions were filtered

through 0.45-Mm Millipore filters. The filter and collected

material was fused with K2S20_ and the salt cake, was dissolved

in dilute HN03, and was transferred to the flask holding the acid

solution from the initial step.

E. Preparation of Samples for 1-129 Analysis by Neutron Activatio

To determine 1-129 content by neutron activation analysis,

samples of filter and debris from MUF-2A and MUF-2B were weighed

and placed in a ~4-mm i.d. by 150-mm long quartz tubes which were

sealed at one end. A plug of quartz wool was placed in the tube

-2 cm away from the sample at the sealed end of the tube. The

end of the tube containing sample was heated for -1 hr at tempera

tures estimated to be ~750°C. The walls of the tubes were then

heated with a driven Bunsen burner for a few minutes. The quartz

wool now persumed to contain I from the samples, was removed from

the tubes, sealed in clean quartz tubes of ~4-mm i.d. by 100-mm
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long, and activated for 7 hr at a neutron flux of -1.6 x IO13 n/cm2/s«

Approximately 24 hr later the samples were counted with an appro

priate standard using high-resolution gamma ray spectrometer

system .

III. RESULTS AND DISCUSSION

This section provides the results of all analyses, and

discusses some of the observation.

A. Gamma Scanning

All of sample TMI-0104 was gamma scanned except for a small

grab sample. The scan was done to determine if any gross inhomo-

geneities existed in the distribution of gamma emitting isotopes.

A diametral and an axial gross gamma scan were taken using a 1.27

mm primary collimator with a 7.62 mm secondary collimator taking

0.051 -mm steps.* The results of the scans are shown in Figs. 4

and 5. No gross inhomogeneities are evident in the sample.

An axial multielement gamma scan of the sample was taken

using a 1.27 mm primary collimator with a 7.62 mm secondary

collimator taking 1.27 ram steps at 2 hours per increment. This

scan provided the distributions of the gamma-emitting isotopes

Cs-137, Co-60, Sb-125 and Cs-134. No unusual distribution of

these isotopes were found.

•The gamma scanning system is described in Ref. 3.
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TMI 0104 .002"/90 S. DIAMETRAL GROSS SCAN

2.400 2.560 2.720 2.880

POSITION (INCHES)

3.040 3.2

HC= 6374.0

Fig. 4. Diametral gross gamma scan of sample TMI-0104.
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TMI 0104 .002V30 S RXIflL GROSS GAMMR SCAN

5.250 5.300 5.349 5.399

POSITION (INCHES)

5.448 5.49E

HC= 5105.0

Pig. 5. Axial gross gamma scan of sample TMI-0104.
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An isotopic gamma spectrum was taken for 30 minutes using a

15.340-mm primary collimator with a 7.620-mm secondary collimator.

The gamma energy peaks that were identified and the isotope to

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

x-ray peaks were not evident in this small sample, but are present

in other samples that were scanned.

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

the samples were sections of filter paper and debris. Two of the

samples were first cuts from the divided MUF-5B Homo, sample. An

initial axial gross gamma scan was taken in 0.254-mm steps at

1 second per step using a 15.340-mm high x 12.7-mm wide primary

collimator with 7.620-mm high by 12.7-mm wide secondary collimator.

Figure 6 is a plot of the sample activity versus the vertical

position of the sample in the tube.

After locating the samples, a total of 21 gamma spectra were

taken on the 7 samples, using the same collimators as described

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

sample identification and the counting time for each sample.

Figure 7 is a typical spectra collected in the analysis. The

energy peaks identified in the spectra are the same as given in

Table I. The Ko^, Ka2, and Kg2 x-ray peaks of uranium were

present in most of the samples.

X-fay peaks for uranium were easly identified in all the

spectra except that of the MUF-5B Center No. 2 sample and the

TMI-0104 sample. Both of these were relatively small samples.

The x-rays of uranium are the result of beta particle excitation

B-18
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TABLE I

ENERGY PEAKS AND ASSOCIATED ISOTOPES IDENTIFIED

IN TMI FILTER DEBRIS

Energy (keV) Radionuclide

133.5 Ce - 144 + Pr - 144

696.5

176.3 Sb - 125

208.1

380.4

427.9

463. 4a
600.6*
606.7*
635.9

671.4

511.8
.

'

Ru - 106 ♦ Rh - 106

621.9

563.3 Cs - 134

569.4,
604. 7a
795.8

801.9

1365.2

661. 6b

834.8

657. 7*
884.7

937.5

1173.2

1332.5

94.6 (Ko2)£
98.4 (Kol)^
111.3 (KB1)C

Cs - 137

Mn - 54

Ag
- 110m

Co - 60

U

*The Sb-125 peaks at 600.6 keV and 606.7 keV are

combined with the Cs-134 peak at 604.7 keV.

bThe Ag-llOm peak at 657.7 falls under the Cs-137

peak at 661.7 keV.

cThese three peaks are uranium x-rays resulting from

excitation of uranium by the radioactivity of the sampl
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Fig. 6. Results of axial gross gamma scan of seven selected TMI filter debris
samples .
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TABLE II

SAMPLE IDENTIFICATION, LOCATION, AND COUNTING TIME

FOR THE GAMMA SPECTRA TAKEN ON THE SEVEN TMI DEBRIS SAMPLES

Sample Identification Axial Position-mm Counting Time, s.

01- TMI MUF-2B 982.96 900 s.

02- TMI MUF-2B 998.22 900 s.

03- TMI MUF-2B 1013.46 900 s.

04- TMI MUF-2B 1028.70 900 s.

05- TMI MUF-5B Grab 1075.69 900 S.

06- TMI MUF-5B Grab 1090.93 900 s.

07- TMI MUF-5B Grab 1106.17 900 s.

08- TMI MUF-5B Grab 1121.41 900 s.

09- TMI MUF-5B Homo(l)* 1203.96 900 s.

10- TMI MUF-5B Homo(l) 1219.20 900 s.

11- TMI MUF-5B Homo(2) 1293.37 900 s.

12- TMI MUF-5B Homo(2) 1308.61 900 s.

13- TMI MUF-5B Center (#2) 1350.01 1800 s.

14- TMI MUF-5B Center (#2) 1365.25 1800 s.

15- TMI MUF-5B Center (#2) 1380.49 1800 s.

16- TMI MUF-5B Center (#2) 1395.73 1800 s.

17- TMI MUF-5B Bottom (tl) 1476.76 900 s.

18- TMI MUF-5B Bottom(#l) 1492.00 900 s.

19- TMI MUF-2A 1551.94 900 s.

20- TMI MUF-2A 1567.18 900 s.

21- TMI MUF-2A 1582.42 900 s.

*Two 1st cuts of the MUF-5B homo sample were counted.
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Energy, keV

Fig. 7. Typical gamma spectrum obtained with the gamma scanning
system. The sample Is MUF-2B.
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of the fuel present in the sample. This effect might be useful

in getting semiquantitative data on the amount of fuel present in

the debris.

None of the gamma scan spectra showed any unexpected radio

nuclides. Some differences were obvious in Cs-137 concentration

between samples when compared with the other radionuclides;

however, this is not unexpected since cesium is a water soluble

element.

Since the detection efficiency of the gamma scanning system

could not be readily established, only qualitative results have

been obtained from the gamma scans. Quantitative distributions

of the radionuclides is found in the Gamma Ray Spectroscopy

section ( 1 1 1 . C ) .

B. Particle Sizing by Image Analysis

Particle size analysis was done on MUF-5B Grab, MUF-5B Top

No. 3, MUF-2A, MUF-2B, and TMI-0104. All particle sizing was

done on metallographically mounted filter sections except the

TMI-0104 sample which was dispensed with an insufflator as described

in the Experimental section. Particle sizing was done with a

Zeiss IM-35 metallograph coupled to a Hamamatza image analyzer.

Particle size results are of limited value for the TMI-0104

sample since it was homogenized. The mean particle size for that

.aterial was 4.04 pm with a standard deviation of 2.61 Mn. A

total of 3645 particles were sized.

Table III gives the results of particle sizing on four other

samples. Data collected by the image analyzer were evaluated

using the Saltykov type procedure which takes into account the
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TABLE III

RESULTS OF COMPUTER ANALYSIS OF PARTICLE SIZING DATA

Sample Number of Total Number Average Geometric Mean Estimated Number

jjm Diameter, urn of Particles/cm3 (x io-6 )

19.1

5.2

4.1

2.8 i
to

o

10.5
'

The size of each area was -155 urn on a side.

2
Two separate si zings were done on this filter section. Six regions with 14 areas

make up one sample and a seventh region with 10 areas make up the second sample.

MUF-5B

Grab

6 1234 1.61 ± 1.22 1.21 ± 2.13

-

MUF-5B2
Top No. 3

14 2092 1.55 ± 1.02 1.25 ± 1.93

MUF-5B2
Top No. 3

10 935 1.50 ± 1.02 1.20 ± 1.97

CO

1

MUF-2B 15 1329 1.86 ± 1.55 1.31 ± 2.30

ro

MUF-2A 5 1005 1.48 ± 1.10 1.12 ± 2.11
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sectioning of particles and subsequent sizing at points other

than the maximum or real diameter (4). Data analysis was done

assuming a log-normal distribution.

Several regions of each filter section were examined.

Figure 8 is an example showing the regions analyzed. In each

region one or more 155-um x 155 Mm areas were examined. Only

particles >0.9 pm were sized. It is known that large numbers of

particles less than 0.9 pm exist in all the samples; however, the

image analysis as used did not permit sizing of these particles.

Results of a typical analysis are shown in Fig. 9. The histogram

is the result of sizings from 15 areas with a total of 1329 particles

in the MUF-2B sample.

3
The estimated number of particles per cm is based on a

judgement of how much of an area under examination was actually

debris and how much was empty space. Many of the areas were

judged to be <50% debris with only a few being judged 100%.

The difference between the particle size means is significant

for the MUF-2B sample and the other samples as determined by

following equation explained in Ref. 5:

'*!
*

*2[

S
2

s
2

_!_ ♦ -1-

al °2

where x is the mean particle diameter

S is the standard deviation

n is the number of particles sized
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Fig. 5. A eeceod typical area of a piece of the MIF-58 filter with X-ray

spectra of some of the particles.
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Fig. 9. Histogram of the particle sizing data collected on the
MUF-SB sample. The range column gives the particle
size interval multiplied by 10 so the first interval is
0.9 to 1.1 pm. The count column gives the number of

particles in the range.
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For t > 2 the difference between particle size means is considered

significant. When the MUF-2B and MUF-5B Grab samples are compared,

we find t = 4.6. A comparison between MUF-5B Grab and MUF-5B Top

No. 3 gives t = 2.27 which must also be considered significant

even though the samples are from the same filter. This may be

due to the location on the filter from which the samples were

collected.

C. Gamma Ray Spectroscopy Analyses

Three cuts from the TMI-0104 sample and one each from of

MUF-2A, MUF-2B, and MUF-5B Homo, were analyzed for gamma emitting

nuclides. A Ge(Li) detector and a multichannel analyzer were

used to record the data. The analyzer system was calibrated with

a mixed isotope standard prepared by Amersham (product code

QCY.44). Both the energy calibration and efficiency were deter

mined. For calculations, gamma-ray yields were taken from the

Nuclear Data Tables, Vol. 8, Sec. A, No. 5-6 January 1971.

The results of the analyses are given in Table IV. The

energy peaks used in calculating the MCi/g activities were: Mn-54

(835 keV), Co-60 (1332 keV), Ru-106 (512 keV), Sb,125 (428 keV),

Cs-134 (796 keV), Cs-137 (662 keV), Ce-144 (133 keV), and Ag-llOm

(885 keV). The Ag-llOm results are not considered reliable

values since significant precipitation of AgCl occurred in the

sample solutions.

The Cs-137 activity constitutes >49% of the measured gamma

activity for all samples as of March 25, 1983. The value will

increase with time since Cs-137 is the longest lived isotope

detected in these materials. The Cs-137 mass concentration, as
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TABLE IV

GAMMA SPECTROSCOPY ANALYSIS OF

PURIFICATION/MAKEUP FILTER SYSTEM SAMPLES

Radionuclide*

MN-54

(312.5d)

Co-60

(5.27 y)

Ru-106

(368 d)

Sb-125

(2.73 y)

Cs-134

(2.06 y)

Cs-137

(30.2 y)

Ce-144

(284.4 d)

Ag-110 n

(252 d)

Identification

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

MUF-2A

MUF-2B

MUF-5B Homo

TMI-0104

Activity, u Ci/g
c,d

4.8

3.5

6.3

6.5

145

111

219

217

388

280

400

238

1528

970

1519

575

310

367

179

233

4829

5641

2808

3573

420

287

540

385

9

4

10

2

.9

.1

4.9

"

«-*„«< a are the nuclide half-life values. Th«

*The values in P*"*^""!
*

fr0m the "Chart of Nuclides" prepari

half-life values *£" ^^edition, April 1979.

by F. W. Walker, et al.,
a<«*
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TABLE IV (CONTINUED)

The MUF-5B Homo and TMI-0104 were homogenized debris of the MUF-5B

filter. Homogenization was done by EG&G and B&W, respectively.

The specific activity values are for March 25, 1983.

dSilver chloride precipitated from the solution; consequently, the

Ag-110 m results are not considered accurate.
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determined from the activity, ranges from 65 ppm for sample

MUF-2B to 32 ppm for MUF-5B Homo. While the cesium activity is

highest in the MUF-2B sample, the other radionuclides have their

highest concentration in other samples. This lack of correlation

between cesium and other radionuclides may be due to association

of the cesium primarily with the filter medium and not the core

debris .

When the Ce-144 activity in the four samples is divided by

the uranium concentration a good correlation between the values

is found. The value is 7.16 ± 0.50 m Ci/g. The uranium concen

trations are taken from the mass spectrometricly determined value

given in Table V except the TMI-0104 value which was taken from

emission spectroscopy results of Babcock and Wilcox given in Ref .

6.

The Co-60 and Mn-54 activities in all samples correlate as

expected indicating the materials are associated. The Co-60

activity divided by the corresponding Mn-54 activity for the four

samples gives 32.52 with a standard deviation of 1.98. Correlation

is found for the Sb-125 and Co-60 activities except for the

TMI-0104 sample which is significantly different for reason

unknown.

P. Mass Spectrometry Analyses

Solutions of MUF-2A, MUF-2B, and MUF-5B Homo* were analyzed

by isotope-dilution mass spectrometry for Pu and U contents using

calibrated 242Pu and 233U spikes. To obtain a measured instead

•These same solutions were analyzed by gamma ray spectroscopy.

8-31



-28-

of an estimated value for the 242Pu contents, the small amount of

each of the three samples, which remained after the initial

analyses, were combined to do an unspiked determination of the

242Pu content. This approach was considered valid since all of

the samples have essentially the same isotopic composition. The

results of the analyses are given in Table V.

The fuel collected on the three filters is consistent in

isotopic abundances indicating a common source. The U-235 content

of 2.30% by weight is in the middle of the enrichment range for

the major portion of the core which is 1.98% to 2.64% (see Ref. 6).

E. Emission Spectroscopy Analyses

A sample of each of the MUF-2A, MUF-2B, MUF-5B Homo (3rd

cut) and TMI-0104 samples was analyzed by emission spectroscopy.

The results for elements present in amounts exceeding their

detection limits are given in Table VI. Matrix effects and

limited amount of sample that could be handled due to the B-y

acitivity make the estimated error a factor of 2. Therefore, a

reported value of 5% should be interpreted as a range of 2.5 to

10%.

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

shaping rods .

The tin concentration is high in all of the samples with

value of 0.9 to 1.5%. The tin concentration in Zircaloy is <2%;

consequently the tin has at least partically separated from the

zirconium.
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TABLE V

PLUTONIUM AND URANIUM MASS SPECTROSCOPY ANALYSES
FROM MUF-2A, MUF-2B, AND MUF-5B HOMO

Isotopic Analyses

Concentration , wt%
Isotope MUF-2A MUF-2B MUF-5B Homo

235u
0.023

2.30

0.025

2.29

0.026

2.31

236u 0.07 0.08 0.08

238w 97.61 97.61 97.59

238PU 0.034 0.034 0.035

239Pu 90.95 90.83 90.87

240Pu 7.55 7.66 7.62

241PU 1.39 1.41 1.40

242Pu 0.072 0.072 0.072

Analytical Results

Concentration, niq/q of Sample

Element MUF-2A MUF-2B MUF-5B Homo

Uranium 54.1 43.8 76.5

Plutonium 0.118 0.101 0.174

B-33



-30-

TABLE VI

EMISSION SPECTROSCOPIC ANALYSIS OF MUF-2A

MUF-2B, MUF-5B HOMO AND TMI-0104

Elemental Composition, wt%
'

Element MUF-2A MUF-2B MUF-5B Homo TMI-0104

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

In 3.0 1.8 1.5 2.4

Mg 0.3 0.1 0.07 0.1

Mn 0.2 0.1 0.09 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

Si 0.9 0.9 0.4 0.9

Sn 1.5 1.2 0.9 1.2

Sr 0.09 0.09 0.04 0.03

Ti 0.07 0.03 0.06 0.09

Zr 9.0 7.2 4.8 6.0

The values given are for the element not the oxide.

The accuracy of these analyses is a factor of ~2 . If an analysis
is listed as 5% then the estimated range is 2.5 to 10%. This is

due to the small amount of material that could be worked with and

the matrix effects .
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The cadmium-to-silver ratio found in the filter debris

ranged from -0.5 to 0.8, which is considerably higher than the

0.06 ratio in the control rod alloy. The cadmium and silver have

separated as may have been expected since the cadmium is a volatile

metal.

Copper is a third element that has apparently separated from

its parent material, Inconel 718, since the copper-to-nickel

ratio in the debris is much higher than that present in the

parent material. The copper-to-nickel ratios in the debris range

from 0.1 to 1 whereas the ratio is 0.003 in Inconel 718.

Manganese, which is a trace element in CF-3M grade stainless

steel, is also present in significant concentrations.

The above five elements, (In, Cd, Cu, Sn, and Mn) all have

melting points below 1356°K and the melting points are signifi

cantly below the melting of the principal elements of the parent

alloy which may or may not account for the separations observed.

F. Electron Microprobe Analyses

Electron microprobes were used for elemental mapping of

2

relatively large areas (generally -400 um ) and for single particle

analyses. The elemental mapping was used in an attempt to identify

stratification of core debris on the filters and the analyses

were run on metal lographically mounted filter sections. One

piece of filter from each the MUF-5B Grab, MUF-5B Top No. 3, and

MUF-2B were mapped.

Figure 10 is a picture of the metallographically mounted

MUF-5B Grab sample and Fig. 11 is a photomosaic of the region of

the cut filter section examined showing the relative positions of

B-35



I
.

'

1t,

Fig. 10 Metal loqraphic mount of the MUF-5B Grab sample
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The areas examined are outlined. 32X.
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the various areas examined by electron microprobe. Many areas

were chosen so the layer of debris on the filter would be scanned

across its entire width. Other areas were chosen because they

visually appeared to be different. The x-ray dot maps of Area 3

in Fig. 11 are reproduced in Fig. 12 as an example of the type of

information obtained.

Several observations were made from the data collected on

the MUF-5B Grab sample:

1. The elements U, Fe, Ni, Cr, Ag, Cd, In and Zr were

found in all areas examined.

2. The control rod materials (Ag, Cd and In) generally

showed similar distribu£ion patterns; however the ratio

of the relative concentrations varied a great deal.

This indicates the control rod materials have segerated

at some point in the accident.

3. The zirconium from the fuel cladding was widely dispersed

in the areas examined; however, the zirconium was

obviously not physically or chemically associated to

any other element in large quantities. For example the

distributions of uranium and zirconium did not match

extensively in any of the areas. In one area large

zirconium bearing particles (30-50 um) were found

surrounded by much smaller particles containing all the

other major elements.

4. The stainless steel and inconel major elements of Fe,

Ni and Cr had similar distribution patterns. The

ratios of the relative concentrations varied from area
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Fig. 12. Two-dimensional distributions of U, Fe, Ni, Cr, Ag, Cd,

In, and Zr over Area 3 outlined in Fig. 11.
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Fig. 12. (Concluded)
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to area or in parts of areas. In some areas or parts

of areas the x-ray signal strength was stronger for

iron than for nickel and presumably these places contained

particles from stainless steel. In other places the

nickel x-ray signal strength was stronger than the iron

which indicates the origin of the particles was inconel.

Molybdenum was found in one area where the nickel

signal was stronger than iron.

5. The uranium bearing particles were present in all

areas. The concentrations varied by an estimated order

of magnitude or more. Plutonium was found with the

uranium in some instance's.

All of the major elements (U, Fe, Ni, Cr, Cd, Ag, and In)

showed some intense signal spots indicating relatively large

particles; however, the x-ray dot patterns were frequently diffuse

giving the indication of a homogeneous distribution of that

element. This is apparently due to a wide distribution of very

small particles.

The data collected on MUF-5B Top No. 3 and MUF-2B did not

differ significantly from the data on MUF-5B Grab. The elemental

mapping of the filter sections showed intimate mixture of essen

tially all core materials and failed to show any stratification

of debris on the filters.

Particle analyses by electron microprobe were run on MUF-5B Homo,

HUF-SB Top No. 3, and TMI-0104. The TMI-0104 sample was mounted

as described in the Experimental section (II. B). The other two

samples were polished metal lographically mounted samples.
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Forty-seven particles of TMI-0104 greater than 1 pm in

diameter were analyzed for metallic element composition and size.

The results of the analyses are presented in Table VII. The data

on particle diameter is given in units of micrometers (um). The

elemental composition is given as a normalized intensity, and is

semiquantitative with an estimated accuracy of ±20%. As an

example, consider particle 20. The results give the metallic

composition of the particle as being 31.2% Mg, 34.3% Si, and

34.4% Mo by weight. These results do not mean the particle con

tains only those elements; indeed the particle is probably largely

carbon based material as indicated by the weak signal obtained.

Consequently, drawing conclusions about the overall composition

of the sample TMI-0104 from these data should be done with care.

Table VIII shows a histogram of the particle size distribution

and Table IX provides breakdown of the data in Table VII according

to element, number of particles, and composition.

Zirconium occurs with a wide variety of elements including

the elements of the control rod alloy, the elements of the 304 SS

cladding, the elements of Inconel and uranium fuel. Interestingly,

zirconium does not occur as pure zirconium oxide or metal, which

would give an intensity of -100%. The highest intensity listed

in Table VII for zirconium is only 60.4%

Six particles were analyzed that contained uranium. Three

of the particles appear to be pure uranium oxide. The other

three particles contain uranium with various other elements; but

all three particles contain, U, Zr, Fe, and Ni. These data are

not sufficient to confirm or reject the formation of a eutectic

between the Zircaloy cladding and the uranium fuel.
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TABLE VII

ELECTRON MICROPROBE ANALYSIS OF TMI-0104'

Particle

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

.

Normalized Intensity Ratios in X

JJSL _*!_ _Si_ Zr Mo Ag cd In Cr Pe Ni"tT

2.9 3.8 — 18.1 — 34.3 — — 23.5 17.5 —

"" — "

- — 0.8 1.5 — 97.6
37.8 — 27.4 — 34.7

0.4 0.2 0.2 — 4.7 59.1 — 32.2 — 0.6 2.6 —

38.0 — 18.4 — 43.5

1.7 2.0 30.6 1.2 — 26.3 — 1.4 20.7 16.1 —

1.2 0.5 4.8 9.4 — 31.8 — 1.0 23.1 28.2 —

2.6 86.3 1.0 2.6 7.4 —

— 0.3 — — — — 97.6 — 1.2 0.9 —

0.1 0.2 0.2 0.5 5.4 52.8 — — 1.6 11.6 27.6 —

0.3 0.6 2.0 2.8 — 44.2 — 0.7 7.9 41.4 —

0.4 0.3 17.6 — — 76.1 — — 1.6 4.0 —

2.2 2.6 — 44.3 — 43.1 — — 4.6 3.1 —

— 7.0 — 18.8 — — 43.2 6.1 14.1 —

— 11.3 14.4 — 23.4 39.0 — — — — 11.9 —

99.9 —

99.9 —

0.4 0.2 47.0 — 43.1 2.2 — — 5.4 1.7 —

7:0 6.4 — 22.4 — 28.8 — — 17.7 17.7 —

31.2 — 34.3 — 34.4 —
-

0.5 0.4 — 11.2 19.4 — 18.3 6.2 11.4 32.5 —

— 0.1 — 0.7 20.8 78.4 —

41.512.4 — — 46.1 —

— 99.9

0.3 0.2 0.9 2.5 13.9 67.8 — 1.0 4.1 9.4 —

0.4 0.7 15.6 81.7 — — 0.4 1.1 —

0.1 — — 1.7 — 2.7 — 0.6 84.0 10.9 —

1.6 0.6 0.8 19.7 — 65.5 — 2.3 8.1 1.4 —

0.2 — 60.4 — 16.8 — 6.5 0.7 4.1 9.4 —

-— — — — — —— — — — - -- — _ __ q 2 — — 99 8
-- 0.3 0.1 6.0 1.3 14.1 73.8 — 0.8 2!l 1.5 --

2.1 1.0 8.8 18.6 — 37.4 — 1.0 20.6 10.4 —

Diameter,

(H»)

12.3

3.1

7.7

9.2K
12. 6b
14.8

16.7

5.1

4.3

18.0

16.0

6.6

6.2.

19.2*
20.3°
1.7C
10

5

4

12

3

6

10.7

1.7

24.8

6.4

6.7

9.4

7.0

4.9

6.4

2.0



TABLE VII (CONTINUED)

OD

I

Normalized Intensity Ratios in % Diameter
Particle Mg Al Si Zr Mo Ag Cd In Cr Fe Ni U (Mm)

H
" 1-2 0.7 — 18.5 — 51.8 — 1.8 7.6 12.5 ~^~ 4.0

34 ~ 5.1 4.0 7.4 15.3 — 30.7 — 3.3 15.6 18.6 — 5.6
35 — 1.2 1.4 1.5 14.2 ~ 27.3 — 1.5 28.1 24.8 — 9.0
36 33.0 — 60.9 — — — — — — 6.1 -- -- 9.4
37 — 1.3 0.7 3.1 8.3 — — 27.0 4.8 35^ 7.8 11.5 4.4.
38 26.6 — 73.4 — — — — — — __ __ __ 10 0b
39 35.2 — 59.8 — — — — — — 4.9 ._ __ 10!o
40 — -- -_ __ __ __ __ __ __ __ __ 9g g 4 Q

il
— °'4 °-3 14.6 0.7 — 54.2 — 2.1 6.6 5.9 15.1 8 . 5U

42 32.2 ~ 17.0 — 50.9 — — — — — — — 10 0b
43 — " 3.4 13.1 — — — -_ _- 5.2 3.8 74.5 9.0b
44 — 0.7 1.9 — 7.9 ~ 46.4 — 0.7 10.7 31.8 — 12.9

A cl%
"' "" "' 2-8 — 90-7 — ~ 1-6 4-9 —

7-1k
46 54.7 —45.3 — — — — — „ __ __ __ 15 Qh
47 ~ 3.6 2.3 — 15.5 — 36.2 — 3.4 16.2 22.8 — lolo

Particles less than one micrometer were ignored in this analysis.

Low yield, filter media.

c
Particle moved during chemical analysis.

Particles 3,5,8,23, and 42 contained low concentrations of Ca.

Particles 8 and 13 contained low concentrations of Na.
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TABLE VIII

PART ICLE-SI ZED DISTRIBUTION FROM ELECTRON MICROPROBE ANALYSES

Range in

Micrometers Number of Particles

1-5 *************( 13 )

5-10 ******************(18)

10-15 **********
(iQ)

15-20 ****(4)

20-25 **(2)

Average diameter of all 47 particles =9.0 pm. Range 1.7

to 24.8. Only particles greater than 1-um diameter were

selected for microprobe analysis.
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TABLE IX

BREAKDOWN OF ELECTRON MICROPROBE ANALYSIS ACCORDING TO

ELEMENT, INTENSITY, AND NUMBER OF PARTICLES

Normalized Intensity
Ratios in %

Element: Mg
<20

20-40

40-50

Element: Al

<20

Element: Si

<20

20-40

40-60

60-80

>80

Element: Zr

<20

20-40

40-60

60-80

Element: Mo

<20

20-40

40-60

Element: Ag
<20

20-40

40-60

60-80

Element: Cd

<20

20-40

40-60

60-80

>80

Element: In

<20

20-40

40-60

60-80

>80

Number of Particles

******* (7 )

**(2)

********************* (21)

***************** (17)

**(2)

**(2)

**(2)

****(4 j

************* (23 )

*(D

*(D

*(D

*****(5 \

****(4 \

****
(4

\

**(2)

***(3)
*(1)

**(2)
*******( n \

****(4 \

*****
( 5

\

**(2)

**(2)
**(2)

*(1)

(D
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TABLE IX (CONTINUED)

Normalized Intensity
Ratios in X Number of Particles

Element: Cr

<20 ****************/ 16 )

Element : Fe

<20 ************************(24)
20-40 ****(4)
40-60

60-80

>80 *(1)

Element: Ni

<20 ************************** (26)
20-40 ******($)

Element : U

<20 **(2)
20-40

40-60

60-80 Ml)

>80 ***(3)
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Aluminum is present in 21 of the 47 particles analyzed;
a

however, it never has an intensity >5.1% except on filter media

particles. If pieces of the burnable poison (pelletized A1203~B4C)

were present in the sample, there should be particles with near

100% intensity for aluminum. This lack of particles with high

aluminum content could be due to the limited sample examined or

reflect the limited amount of burnable poison material in the

reactor core. It could also indicate that thermal shock and

mechanical shock during the accident were not sufficient to

fracture the material to produce micrometer-size particles.

Several particles of what may be ion exchange media were

present in the sample. These particles gave low yields of x-rays

and generally contain large amounts of magnesium, silicon and

molybdenum. Magnesium is present in the cone as MgO an insulating

material. Silicon is present in Inconel and stainless steel. The

molybdenum, which is apparently soluble, is from Inconel in the

core.

Since only particles of >1 pm were sized, the data presented

in Table VIII is obviously shifted toward higher average diameter;

however, this information may be useful in determining if certain

elements occur more frequently in certain particle sizes. From

the limited data of this analysis, there is no obvious composition-

size correlation.

The MUF-5B Homo sample was examined with an optical micro

scope to select the particles for microprobe analysis. The

particles were selected because of some unusual feature such as

color or apparent multiphase composition. Each particle was

B-48
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analysed with the energy dispensive analyzer monitoring the

elements Na through Am. Counts for the elements present were

then taken on the wavelength dispersive analyzer to eliminate

interferences and to obtain intensity ratios from pure element

standards. An example of the kind of information gathered is

shown in Figure 13. The area outlined on the photomicrograph

corresponds 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 irregularly shape. The particle contained mostly Zr with

lesser amounts O, Cu, Fe, Ni, Ag, In, Th and U. Initial analyses

showed no differences between the darker colored band and the

center portion of the particle; however, closer examination

showed a much higher oxygen concentration in the band than in the

center of the particle.

Particle 2 was spherical and had a metallic luster. It was

thought that this particle was control rod material. Microprobe

analysis confirmed that the particle was Ag, In, and Cd with the

surrounding area having Mo, Cd, and 0. The Cd was spread uniformly

over the area and was not concentrated in the particle as the Ag

and In were; therefore it is difficult to determine how the Cd
i

became associated with the particle.

Particle 3 appeared to be an agglomerate of small particles;

however, the nfeondery electron image failed to confirm this

observation (see Figure 13). The particle contained mostly Cr,

Fe, Zr, and U with lessor amounts of 0, Al, Si, Mn, Ni, Cd, and

In.
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Photomicrograph 600X Secondary electron image G500X

Cr

Fig" 13*
S;f;CHon micr°Probe analysis of an individual particle in the
MUF-5B Homo sample.
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Ir Mn

Fe Cd

Fig. 13 (continued)
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Particle 4 was reddish under the light optics. The major

constituent was Zr with lower concentrations of 0, Al, Si, Fe,

Ni, Ag, Cd, In, and U.

Particles 5, 6, and 7 contained only zirconium and oxygen.

The intensities were in agreement with those from a Zr02 standard.

One of the particles was ~200-um long by 60-um wide. What appeared

to be tiny bubbles could be seen in this particle.

The MUF-5B Top No. 3 sample was examined with the intent of

looking at particles containing U and Zr as the major constituents.

Seven areas were examined as described for the seven previous

particles. The sample p-y activity, which measured 6R/hr, lowered

the sensitivity of the analysis and preclude oxygen analyses.

Seven areas (each ~25 x 20 um) were examined.

Area 1 contained two Zr particles. One particle contained a

high concentration of Ni with no Cr present and little if any Fe.

The other particle appeared to contain Ag; however, Ag, Cd, and

In dominated the area. Consequently, it is not clear how the Zr

and Ag are associated.

Area 2 contained several particles high in Zr or U. Fe, Ni,

and Cr were present with the Zr in one particle and absent in

another. One U particle contained Cr and Fe, but others did not

contain the Cr and Fe.

A large Zr particle was found in Area 3. It did not contain

any other element. A small U particle in the area contained Cr

and Fe. This area also contained a pure Ti particle.

The fourth area contained three U particles. The largest

particle contained Zr, Cr, and Fe .
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Area S contained two U particles. The larger particle

contained significant quantities of Cr, Fe, and some Zr. The

other particle was relatively pure.

Area 6 included one particle containing U, Cr, and Fe.

The seventh area contained a relatively pure U particle.

Zirconium was present, but was not associated with any elements.

There was evidence in some of the seven areas analyzed of

segregation of Cr from Fe and Ni and segregation of Ni from Fe

and Cr. Evidence of control rod materials segregation was found,

also.

The presence of uranium particles containing Cr and Fe in

MUF-5B Homo and MUF-5B Top No. 3 is consistent with the observation

of two of six particles in the TMI-0104 sample containing U, Cu,

Fe, and Zr. However, the particles of TMI-0104 contained signifi

cant quantities of nickel. The uranium bearing particles of the

MUF-5B samples did not contain significant amounts of nickel.

Two of the TMI-0104 uranium particles contained control rod

materials; the uranium bearing particles of MUF-5B samples did

not contain control rod alloy elements as major constituents.

These discrepancies are believed to be due to the incomplete

dispersion of the particles in preparing the TMI-0104 sample for

analyses, i.e. the particles may have been agglomerates. Where

the samples were metallographically mounted the agglomeration was

not a problem. Another piece of evidence that agglomeration was

a problem with the TMI-0104 samples is the lack of essentially

pure zirconium on zirconium oxide particles. Of the 17 particles

containing zirconium in sample TMI-0104 not one has greater than

e
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61% zirconium. In the MUF-5B samples several particles of pure

zirconium or zirconium oxide were found.

The TMI-0104 sample had no particles containing Cd and In

together whereas the MUF-5B samples apparently did have these

elements together in several particles. The reason for this

difference is not known.

G. Neutron Activation Analysis for 1-129.

The 1-129 concentration determined in samples MUF-2A and

MUF-2B are approximate minimum concentrations . This is due to

several causes. First the fraction of the total iodine in the

sample that was driven off and collected is unknown. Second, the

standard used to determine the counting efficiency of the detector

was a solution of a somewhat different geometry than the activated

samples. Third, the neutron flux in the reactor was not measured,

but was estimated from previous experience.

The values determined for the 1-129 concentration were

50 ppm for the MUF-2B sample and 59 ppm for the MUF-2A sample. A

minimum value of -50 ppm for each sample is considered reasonable.

The heating of the debris to drive off the iodine effected a

good separation of the iodine from the other elements and is

considered a promising method for this analysis.

H. Carbon Analysis.

A single carbon analysis was run on a sample of the MUF-5B

Homo sample (3rd cut). The sample was heated to ~1300°C in an

oxygen atmosphere and the released
C02 was determined with an

infrared detector. The carbon content was 10% by weight.
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IV. CONCLUSIONS

The physical and chemical character of the debris collected

on the MUF-2A, MUF-2B and MUF-5B filters is essentially the same

for all three filters. The debris consist of an intimate mixture

of most of the major materials found in the reactor core, i.e.,

fuel, fuel cladding, control rod materials, Inconel and stainless

steel. Some differences were found when data from analysis of

debris on the filters was compared. Differences were found in

particle size distribution, radionuclide content and the percentage

elemental composition.

Particle sizing results indicate a statistically significant

difference in the mean size of particles cqllected on the filters.

The MUF-2B filter has a mean particle size of 1.86 um compared to

1.61 to 1.50 pm for MUF-5B samples and 1.48 pm for the MUF-2A

sample. The significance of these differences is questioned

since the 1.61 um mean diameter and the 1.50 \im mean diameter

determined for the MUF-SB filter samples are also statistically

different. This difference in particle size on a single filter

may be due to where the particles were collected on the filter.

Consequently, the difference in mean particle size between filters

may be of similar origin even though the difference between the

MUF-2B and the other filters is greater.

The gamma emitting radionuclide concentrations vary from

filter to filter. Particularly, the Cs-137 concentration varies

when compared to the other radionaclides. This variation may

simply reflect the percentage of filter material in the analyzed

sample since cess i uro is water soluble and evaporation of absorbed

water would leave cesium on the filter naterial.
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The elemental concentrations on the MUF-2A and MUF-2B filters

appears to be similar. For example, if the elemental concentration

of Fe, Ni, Ag, Cd and Zr are ratioed to the uranium content, the

differences in ratios for a particular element on the two filters

are within experimental error. However, when a similar calculation

is made for the MUF-5B sample, the uranium content is found to be

a factor of 3 or 4 higher when compared to Fe, Ni and Zr. The Ag

and.Cd are within experimental error.

The mass spectrometry results which give the isotopic abundances

show the fuel on all the filters to have a U-235 concentration of

2.30% by weight and to be identical in all other isotopic concen

trations (see Table V). The 2.30% U-235 is what might be expected

from the core of the reactor (6).

Gamma ray spectroscopy revealed the expected gamma emitting

radionuclides. Cesium-137 is the dominate activity with levels

as high as 5641 uCi/g of debris as of March 25, 1983.. This

corresponds to a concentration of 65 ppm. This is in the range

of the 1-129 concentration which was estimated to have a minimum

concentration on the MUF-2A and MUF-2B filters of 50 ppm. These

similar numbers might be taken to indicate that iodine and cesium

are associated; however, caution should be exercised in drawing

this conclusion since significant quantities of Ag, Cd and In are

present which may have reacted with the iodine.

The emission spectroscopy results indicate a broad separation

of elements from the parent alloys as does the electron microprobe

analyses. The control rod alloy elements separated, tin separated

from zirconium, manganese separated from iron in stainless steel,
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and copper separated from nickel in Inconel. All of these elements

that separated from the parent material have relatively low

melting points compared to the principal element in the parent

material .

Electron microprobe analyses indicate segregation of some of

the major elements such as nickel separating from Cu and Fe.

Also, chromium apparently separates from Fe and Ni in some instances.

The electron microprobe also gives evidence for a material

formed of U, Cu, Fe and sometimes Zr. Some of particles of this

material appear to be roughly spherical which might indicate the

particle was formed from molten material. Zirconium appears to

be allied with Cr and Fe in some particles. The nature of the

materials is not understood at this time.
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