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ABSTRACT

Nine core bore samples were examined from the lower part of the damaged

reactor core at Three Mile Island. These core samples indicated the

presence of a central consolidated core region composed of prior-molten

debris above a region of partial fuel assemblies. The consolidated region

was composed of a central region of prior-molten fuel debris surrounded by

hard crusts. This document presents the results of the physical,

metallurgical, and radiochemical examinations of the core bore samples and

evaluates these results as they relate to the progression of core damage and

fission-product behavior in this region of the reactor core. The results

indicate the mechanisms that cause the retention of significant quantities

of fission products (e.g., *"Sb an(j 10Ru) in the prior-molten

materials in the central core region.

i i



tXECUTIVE SUMMARY

As part of the Three Mile Island Unit 2 (TMI-2) Accident Evaluation

Program conducted by EG&G Idaho, Inc. at the Idaho National Engineering

Laborato-. (INEL) for the U.S. Department of Energy, samples from the lower

part of the damaged TMI-2 reactor core were obtained to characterize damage

t". this part of the reactor vessel. Core boring of the damaged reactor core

was selected as the appropriate means of acquiring samples of the solid

st-ucture of prior-molten core materials and rod stubs beneath the upper

debris bed. The core boring operation provided access into the lower plenum

"o- visual inspection in regions previously inaccessible to closed circuit

t elev i si on.

The core boring operation was performed in July 1986 using a special

:o-puter-control led device that used commercially available core boring

machinery from the mining/geology industry. The core-bore drill was

designed to cut a continuous 6.1-cm-dia core from the lower core region.

However, as part of the consolidated region proved to be friable, portions

of the samples broke up and were washed out of the containers. Thus, the

actual samples recovered consisted of nine 6.3-cm cores containing fuel rod

segments, crust sections, and fragments of debris. A series of photographic

and visual inspections were performed of the open holes from the core bores

: help characterize the lower core region.

The primary goal of sampling the lower core was to characterize the

:remical, physical, and spatial distribution of materials in the lower core

region. Samples were obtained from all regions of the lower core. The core

ceres provided two samples from the center of the core, two samples from

-ear mid-radius, and six samples from around the core periphery. Only nine

o* t^ese cores contained sample material. Access into the lower plenum for

.ideo inspection was obtained at three core inspection locations.

The initial characterization following disassembly was to produce

*

ul 1 - length mosaic photographs of the samples in their as-received

condition. Other characterizations w-^re buH sample weights and immersion
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densities on all intact samples. The fragments were then sectioned to

provide samples for the metallurgical and radiochemical examinations.

Nine of the ten core bores were examined, yielding a total of 130.5 kg

of debris. The debris included fuel rod segments (115.8 kg) and loose,

prior-molten debris (14.7 kg). The loose debris included samples of upper,

lower, and peripheral crust regions and debris from the consolidated central

core region between the crusts.

The visual examinations indicated that most of the lighter core bores

(i.e., <13 kg) from near the center of the core consisted of short fuel rod

sections. The mosaic photographs of each of the core bores indicate

substantial damage to the relatively intact fuel rods below the consolidated

prior-molten region; however, video examinations of the lower core region

indicate that this damage was due to the core boring operation and that the

fuel rods in the lower core were relatively intact and had not been exposed

to high temperatures. The fuel rods varied in lengths, but in general, they

ranged from 60 cm near the center of the core to 120 cm near the core

periphery. The fuel rod cladding was not appreciably oxidized and showed

substantial ductility, as indicated by the bent and twisted rods. There

were indications of melting near the top surface of a few of the Ag/In/Cd

control rods in the peripheral core bores; however, the visual examinations

indicate that the intact rods at all core locations were not exposed to

sufficiently high temperatures to melt the lower melting point materials

such as the Ag/In/Cd control rods.

Above the intact fuel rods was the central consolidated region of the

core surrounded by upper, lower, and peripheral crusts. Five of the core

bores contained eight examples of the crust regions. Cores from the central

part of the core contained examples of both top and bottom crust layers.

The top crust was composed mostly of ceramic material with metallic

inclusions that were either finely dispersed globules or relatively large

regions of metallics deposited in the ceramic crust.

The metallographic examinations of the core bore samples indicated that

the upper and peripheral crust material, as well as the material from the
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central consolidated region, was very similar. Samples from these regions

can basically be described as being a mixture of metallic and ceramic melts,

with some segregation of metallic and ceramic phases. This segregation is

due in some cases to immiscible metallic melts, particularly Ag-ln and

Fe-Cr-Ni, and sometimes the segregation is simply due to melts flowing over

and through previously solidified melt material. Examples of metallic melts

flowing through cracks in the solidified ceramic melt material are certainly

evident in samples from the upper crust, which suggests that metallic melts

?rom higher in the reactor core flowed down over the solidified upper

oust. This also indicates that the melt progression was incoherent and

took place over time.

Fuel liquefaction by zircaloy melts was observed in regions of the

upper crust, which indicates temperatures in excess of 2200 K; however, the

presence of (U,2r)02 melt regions indicates that temperatures in some

areas of the upper and peripheral crusts exceeded 2810 K prior to

solidification. Localized temperatures within material in the center of the

consolidated region exceeded the 3120 K melting point of the UO2 fuel, as

evidenced by large voids and porosity in some fuel pellet remnants. Average

temperatures in the central consolidated region were certainly above 2810 K,

in order to form the molten (U,Zr)02 that eventually flowed out of a

breach in the crust and relocated to the lower vessel head.

In contrast to the other regions, the lower crust consisted primarily

of metallic melts which flowed down and surrounded intact fuel pellet

stacks. This metallic melt material can be assumed to represent material

..?ich relocated early in the melt progression. The lowest extent of this

-Serial probably solidified near the lowest water level during the

accient. Oxidized cladding remnants were dissolved by these metallic

melts, and any unoxidized zircaloy (portions were probably unoxidized based

;jpon the lack of any significant zircaloy oxidation in the intact rod

regions just below the lower crust) would probably have liquefied as a

result of eutectic interactions between the zircaloy, silver, iron, and

r. ickel. These interactions become significant above approximately 1400 K,

wif-i complete solidification of these materials expected by approximately
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1200 K. Minor amounts of fuel liquefaction by the metallic melts were

observed, which suggests localized maximum peak temperatures of

approximately 2200 K. Based upon this information, a best estimate average

temperature for the lower crust material is approximately 1300-1500 K.

The thickness of the crust varied from 4.5 to 11.5 cm, with the

thickest amount being measured in the upper crust. These data suggest a

relatively uniform crust thickness, which might be expected if it is assumed

that this crust contained a molten pool of material of relatively uniform

temperature. The density of samples from the upper and peripheral crusts

varied from 7.6 to 9.7 g/cm3, which reflects a consolidated mixture of

(U,Zr)02 and metallic materials, whereas the density of the lower crust

varied from 7.0 to 7.6 g/cm3, which reflects the presence of significant

amounts of zircaloy melt. The density of samples from the central

consolidated region ranged from 5.5 to 8.8 g/cm3, which reflects the

segregation of immiscible metallic and ceramic melts.

The condition of the intact rod segments below the lower crust

indicates that very little zircaloy oxidation occurred in this region, and

that the rods remained ductile. Temperatures varied as a function of

reactor core position and axial heights, but in general the temperatures

were relatively cool. Molten control rod material indicated temperatures in

excess of 1073 K on the upper endtips of some of the intact control rod

segments on the periphery of the core, whereas the as-fabricated condition

of the zircaloy cladding in many parts of this region indicated temperatures

were below the recrystallization temperature of 920 K. The fuel rod lengths

varied from approximately 60 cm near the center of the core to approximately

120 cm near the periphery of the core. These data suggest that the lowest

water level during the accident was approximately 60 cm above the lower end

fitting in the center of the reactor core. The presence of longer rod

segments in the peripheral regions suggests that the lower crust solidified

in a hemispherical shape, reflecting the cooler temperatures which would

generally be expected in the peripheral regions for a given axial elevation.
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The radiochemical examination data indicated that the upper and

peripheral crusts were primarily ceramic material with some metallic

material. The examinations indicated that the metallic portion of the upper

crust was mostly made up of structural materials with lesser amounts of

rirconium. For zirconium, the data from the ceramic regions range from

10 to 20 wt%; the average is 13 wt%, which indicates that zirconium is

depleted in the upper crust relative to the core average concentration of

18 to 19 wt%.

Control materials were measurable in both metallic and ceramic material

samples of the upper and peripheral crusts with an average silver

concentration of about 3 wt%, which is greater than the expected core

average concentration of silver (1.9 wt%) . Indium and cadmium were both

also measurable with indium at approximately 3 times the core average

concentration. The nickel/molybdenum ratios in the upper crust suggest that

the Inconel grid spacers contributed to the formation of the crusts along

with some stainless steel.

The bulk of the uranium enrichment data for the upper crust suggests

that the upper crust is a composite of the 1.98% and 2.64% enriched

assemblies with a very homogeneous distribution of the fuel material from

the two assembly enrichments. Also, the high relative retentions for the

low volatile fission products suggest that the fuel material forming the

upper crust came from a relatively high burnup region of the core and that

the upper crust was not formed by fuel material from the upper periphery of

the core.

The '"Sr data for the upper crust Indicate a wide range of

concentrations with no apparent distinction between metallic and ceramic

samples. The data indicate mobility of this radionuclide with no obvious

correlation with elemental composition or other radionuclide

characteristics. Comparisons with the elemental analysis results were also

performed for *"Sb and *06Ru. These comparisons indicate an increase

r metallic content generally correlated with large increases in 125Sb and

106Ru content.
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Examinations for the high volatiles *"I and 1J/Cs indicate

retention of these fission products in both metallic and ceramic materials.

Comparisons indicate retentions in the ceramic phase that are approximately

5%, whereas in the metallic phase the uranium-based normalized retentions

are about 35%. However, the concentration data are similar in both types of

material, which indicates that the high retentions in the metal phases are

an artifact of the normalization to uranium content which is low in the

metallic samples.

The lower crust generally is composed of relatively intact columns of

fuel pellets embedded in a metallic mixture. The intact columns contain

some veins of metallic materials that extend into the cracks in some fuel

pellets. The elemental data indicate that zirconium is concentrated in the

crust and that tin is not transported with the zirconium and may tend to

form accumulations separate from the zirconium in the lower crust. The

average concentration data for the lower crust indicate that iron is the

principal structural element present (average 11 wt%) and that it ranges up

to 34 wt% in the metallic parts of the crust. Lesser concentrations of

nickel (average 5.5 wt%) and chromium (average 1.6 wt%) are also present

(the average zirconium content is 30 wt% in the metallic region).

The presence of significant amounts of molybdenum in the lower crust at

ratios appropriate for Inconel suggests that Inconel was a significant

contributor to the formation of the crust.

The average retention of low volatiles for the ceramic and metallic

regions of the lower crust are between 130 and 134%. These retentions

(i.e., >100%) indicate that the fuel material forming the lower crust came

from a relatively high burnup region of the core.

For the medium volatiles, the data suggest that the bulk of the ^"Sr

has been retained in the ceramic regions with only small amounts present in

the metallic regions of the lower crust. For *"Sb and 106Ru,

comparisons were performed with the concentrations of elemental
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constituents of the crust; no correlations were observed with the exception

that a general increase in metallic content generally correlated with an

increase in 125Sb and 106Ru content.

The samples obtained from the central core region debris are quite

heterogeneous; many samples are either metallic or ceramic, and some samples

are a mixture of the two types of material. Examination of the data

indicate that the least volatile control material, silver, was measurable in

poth metallic and ceramic material samples at an average concentration of

about 2.9 wt%, with a range of concentrations from 0.07 to 34 wt%. Also,

indium was measurable in all samples at concentrations averaging 0.9 wt%

(core average 0.3 wt%), with the data ranging from 0.05 to 7.6 wt%. Cadmium

was measurable in only about one-half of the samples obtained from the

central core, principally the metallic ones. It is suggested that cadmium

at relatively low concentrations alloyed with other materials, thereby

reducing its vapor pressure substantially and causing retention in the

reactor , essel .

Extrapolation of the elemental and radionuclide concentrations in the

core bore samples to the volumes and masses of the upper and lower crusts

and the consolidated region indicates that a significant fraction of the

zirconium and n-etallic content of the core relocated to form the lower crust

and that a substantial part of the metallic material in the central part of

the core did not oxidize, but remained as metallic materials during the

accident.

ExaTinat ion of the radionuclide data indicates that the low and medium

.olatiles were retained in the core region. However, a large portion of the

core inventories of 106Ru and IZ5Sb (medium volatiles) were retained in

the core as metallic inclusions. Most of the high volatile inventory of the

"olten portion of the core was released with only a few percent of inventory

retained in the prior molten debris.
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TMI-2 CORE BORE EXAMINATIONS

1. INTRODUCTION

The Three Mile Island Unit 2 (TMI-2) pressurized water reactor (PWR)

underwent a prolonged loss of coolant accident (LOCA) on March 28, 1979,

that resulted in severe damage to the reactor core. As a consequence of the

TMI-2 accident, numerous aspects of light water reactor (LWR) safety have

been questioned, and the U.S. Nuclear Regulatory Commission (NRC) has

embarked on a thorough review of reactor safety issues, particularly the

causes and effects of severe core damage accidents. The nuclear community

acknowledges the importance of examining TMI-2 in order to understand the

nature of the core damage. Immediately after the accident, four

organizations with interests in both plant recovery and acquisition of

accident data formally agreed to cooperate in these areas. These

organizations [General Public Utilities Nuclear Corporation (GPU Nuclear-

owner/operator of TMI), Electric Power Research Institute (EPRI), the NRC,

and the U.S. Department of Energy (DOE) collectively known as GEND] are

presently involved In postaccident evaluations of TMI-2. The DOE is

l elding a portion of the funds for reactor recovery (in those areas where

accident reco.ery knowledge will be of benefit to the LWR industry in the

United States). In addition, DOE is funding acquisition and examination of

samples obtained from the damaged reactor core.

The end-state configuration of the TMI-2 core just after the accident

as determined by closed circuit television (CCTV), mechanical probing, and

core-boring operations* is illustrated in Figure 1. Current estimates

indicate that approximately 19% of the original core mass formed an upper

layer of debris supported by a hard crust. Below the upper debris bed,

here was a consolidated mass (approximately 25% of the total core mass)

composed of an upper crust, peripheral or side crust of differing

composition, a central core region of the consolidated mass, and a lower

crust. Below the consolidated mass, there were standing fuel rod segments.

Also, a portion of the core mass (14%) flowed down onto the lower reactor
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vessel head. The CCTV examinations of the debris deposited on the lower

reactor vessel head were used to estimate the volume of deposited

material .

As part of the TMI-2 Accident Evaluation Program (AEP)4,5 that is

being conducted by EG&G Idaho, Inc. at the Idaho National Engineering

Laboratory (INEL) for the DOE, samples of the lower reactor core were

obtained by a core-boring operation" to characterize damage to the lower

core region below the hard crust and debris bed shown in Figure 1. Core

boring of the damaged reactor core was selected as the appropriate means of

acquiring samples of the solid structure of prior-molten core materials and

rod stubs beneath the upper debris bed. The samples were obtained from

well-defined locations within the core and core support assembly; the

core-borinq operation provided access into the lower plenum for visual

inspection in regions previously inaccessible to CCTV.

T^e core-boring operation performed in July 1986 was done with a

rpecial computer-controlled, electro-mechanical device that used

commercially available core-boring machinery from the mining/geol oq .

industry. The core-bore drill was designed to cut a continuous 6.1-cm-dia

core from the lower core region. In practice, the consolidated region of

f-e core was friable and much of the core bore material was washed out

during drilling. Thus, sample recovery consisted of nine 6.3-cm-dia cores

of crust layers and fragments. The precise original axial position of the

detris in the TMI-2 core bores could not be determined, creating uncertainty

atcjt the original location of the samples.

The primary goal of the core-boring operation was to obtain the

Physical samples necessary to spatially characterize the current chemical

and ;tycical state and distribution of core materials in the lower cote

region. The 10 assembly locations at which core boring was performed arc

shown in Figure 2. This pattern provides east-west and southwest-northeast

diametral cross-sectional samples, as well as two radial sample cross

sections from core center to the north and another to the southeast. A

north-south sample line was also e.tablished on the eastern side of the
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Figure 2. Core bore sampling locations.



core. These 10 core bores provided two samples from the center of tht core,

two samples from near mid-radius, and six samples from around the core

periphery. (Note: Only nine of ten cores contained any sample material.)

Access into the lower plenum for video inspection was obtained at three

inspection locations (N12, D4, and K9). A summary of the core-boring

operations is provided in Reference 6, including drilling sequence, the

rationale for selection of drilling locations, and the major findings

obtained during the drilling operation.

The TMI-2 lower core samples include samples from both the consolidated

region and the fuel assemblies (rod bundles) that retained their original

geometry below and around the consolidated region. Samples for examination

(187 kg) were collected on three occasions during and after the core-boring

operation:

Nine core samples were obtained in July 1986 as part of the

core-boring operations. No sample was contained in the K06 core

bore.

Central core region particle samples were obtained after the

consolidated region had been pulverized by drilling 409 holes in

an overlapping pattern with a solid-faced bit.

Loose debris was obtained in late January 1987 after removal of

most of the pulverized core material that remained in the core

region above the rod bundle geometry after the overlapping hole

dri 1 1 ing.

A summary of the history of the TMI-2 AEP's Sampling and Examination

Program, including examinations performed and principle results, is

discussed in References 1, 2, 4, 5, and 7. Preaccident operation of the

TMI-2 reactor and the description of the core components including the core,

control rod and burnable poison fuel assemblies, and the core composition

are discussed in References 8 and 9. The accident scenario (i.e., the

progression of the accident) is discussed in numerous documents, including
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References 1 and 7. The gamma spectroscopy measurements performed on the

intact core bores before sampling and analysis are discussed in

Reference 10.

Due to the large amount of material data obtained on the core-bore

samples, the report on the examinations has been divided into two volumes.

Volume 1 includes the the text of the main report. Volume 2 includes

Appendixes A through J.
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2. EXAMINATION PLAN AND ANALYSIS METHODS

Acquisition and examination of the debris from the lower reactor core

is one of the tasks identified in the TMI-2 AEP's Sample Acquisition and

Examination Plan that describes the technical/scientific data that were

required from examination of samples from the TMI-2 reactor core. The

general objectives of the TMI-2 Accident Evaluation Program are to

understand:

The physical and chemical states of the TMI-2 core and related

structures, and the external influences that affected the accident

What happened during the accident, which includes developing a

qualified data base and standard problem of the TMI-2 accident to

benchmark severe accident analysis codes and methodologies

The relationship between the phenomena and processes controlling

the accident and the important severe accident/source term

technical issues.

An additional objective is to obtain data to aid in defueling t^e

reactor. From these general objectives, an examination plan was developed

or the lower reactor core region to obtain data to address the following

specific informational needs:

Physical morphology of the debris (weight, density, shape)

Composition and chemical form (if possible) of the debris (fuel,

cladding, control material, structural material, and reaction

products) and the peak temperatures to which those materials were

exposed

Distribution and retention of radionuclides in the debris.
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2.1 Sample Acquisition

Samples were acquired at several periods during the core-boring

operation and after the core boring and drilling operations were completed.

Possible sample locations were limited, as shown in Figure 2 and discussed

in Reference 6. These limitations included the following:

Drilling was not permitted in instrumented fuel assemblies because

of safety considerations related to potential failure of the

instrument penetration nozzle weld joints in the lower head.

Drilling in the outer two rows of fuel assemblies was not possible

because of hardware interface restrictions.

The core samples obtained were 6.3 cm in dia and up to 150 cm in length.

The three periods when samples were obtained produced the following material

from the lower core region:

Collection

Date

July 1986

(core bores)

December 1986

Late January 1987

Sample
Mass (kg)

130

53

Sample Description

Cores, rocks, and fragments from

the consolidated region, rods

and tubes from below the

consolidated region, and a lower

end fitting core from 10 core

positions, as identified in

Figure 2.

Rocks and fragments from the

consolidated region at core

positions F6, H8 and Mil.

Rocks and fragments from the

consolidated region at core

positions H9 and K9.

2.2 Sample Selection

The selection of samples for examination was accomplished using a

screening process during the initial photography and examination of the
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samples. The screening criteria included size, distinctive features, and

density--as the core-bore cores, rocks, and fragments were discovered to

have a large range (5.4 to 9.7 g/cm3) in density, indicating a range of

compositions and porosity.

The nine 6.1-cm-dia cores from the core bores were subdivided into

66 subsections, as described in Appendix A. Mosaic photographs of each of

the core bores are shown in Section 3.

Approximately 100 rock-size particle samples were initially selected

from the fragments of consolidated core material from the core bores on the

basis of size (2.5 cm in some dimension) or distinctive feature. The

25 samples for INEL destructive examinations were selected from the

100 samples based on photographs and weights of all samples and density

measurements on 41 samples. The 25 samples were prioritized with emphasis

on average and extremes of the density range.

Forty-two rod and tube samples were initially selected from the core

bores on the basis of representativeness and/or interaction with other core

materials. The 42 tubes were sectioned into 122 4-in.-long subsections.

Twenty-four of these subsections were selected for the INEL examination

program.

Debris from the consolidated region at core positions F6, H8 and Mil

*as transported to INEL 1n TMI-2 fuel canister D-174. The debris from each

core position was in its own debris bucket. The 10 largest pieces from each

debris bucket were selected for examination, with the exception of a large

rock (240 kg) from core position Mil that was believed to be a piece of the

horseshoe ring.
*

The 240- kg rock was too large to handle with existing

equipment and was returned to storage. A disfigured rod previously

overheated and the upper extremity of a core instrument string were also

discovered in the debris and photographed.

The debris from the consolidated region at core positions H9 and K9

were packaged in two shielded canisters (pigs) and transported to INEL in a
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CNS 1-13II-C Cask. The 10 largest pieces from the two pigs were selected

for examination.

Sufficient samples were stockpiled to provide sample collections for

examination by an NRC program at Argonne National Laboratory-East (ANL-E),

an Organization for Economic Cooperation and Development (OECD) Committee

for the Safety of Nuclear Installations (CSNI) program at seven laboratories

in foreign countries (i.e., France, United Kingdom, Federal Republic of

Germany, Sweden, Switzerland, CEC, and Canada), a Korean program, and a

Japanese program. The distribution of samples to the examination programs

and additional information about the sample selection process are discussed

in Appendix A.

2.3 Sample Examinations

The methods and procedures used for the lower core sample examinations

were, in most instances, standard laboratory techniques with necessary

modifications to adapt them to the physical characteristics of the samples

and to remote analysis because of the high radiation levels.

The initial characterization following disassembly of the core-bore

samples was to produce full-length mosaic photographs of the samples in

their as-received condition (mosaic photographs in Section 3). Other

initial characterizations were bulk sample weights, and immersion densities

on all particles >2.5 cm. The particles were then sectioned to provide

samples for the metallurgical and radiochemical examinations. The grinding

and polishing of sample cross sections for the optical metallography

examinations was performed in a hot cell. Microcores were also removed for

the Scanning Electron Microscopy (SEM) and radiochemical examinations.

Details of the polishing and preparation of the metallurgical samples are

discussed in Appendix B, and a discussion of the SEM calibration methods is

presented in Appendix J.

Samples weighing between 20 and 200 mg were removed from the microcores

and were transported to the radiochemical laboratories for analysis. The
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intact samples were examined using delayed neutron analysis to determine

t"'JU and CJOU content, and some samples were analyzed via gamma

spectroscopy to determine gamma-emitting radionuclide content. The samples

were then dissolved using a pyrosulfate fusion technique 1n a closed system

for the retention and measurement of the volatile constituents (I.e.,

Z9I). Iodine- 129 and 90Sr tracers were added to the intact sample

before dissolution, and a tellurium tracer was added after dissolution to

determine losses of these radionuclides during the dissolution and

subsequent separations. A brief description of the analysis methods used

for the lower core debris samples is presented in Appendix B.

Elemental analyses were performed on aliquots of the dissolved

radiochemical samples. The elemental analyses were performed using

inductively coupled plasma spectroscopy for the elements present in the core

as identified in Table 1. Also listed is the average as-fabricated

composition of the TMI-2 core.

The sample identifications and the analyses performed on each of the

lower core region samples are summarized in Tables 2 through 5. Tables 2

through 5 also indicate which samples are identified for examination at

other laboratories.
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TABLE 1. TMI-2 REACTOR CORE COMPOSITION

Material Weight Material Weight
(weioht) Element Percent (Weiaht) Elemen t Percent

U02
(94,029 kg3
(531.9 kg)b

U-235a 22.265 Inconel-718 Nia 51.900

U-238a 85.882 (1211 kgJ
(6.8 kg)B

Cra 19.000

0 11.853 Fea 18.000

Nba 5.553

Zircaloy-4 Zra 97.907 Moa 3.000

(23,177 kg)
(125 kg)b

Sna 1.60 Ti 0.800

Fea 0.225 Ala 0.600

Cra 0.125 Co 0.470

0 0.095 Sia
Mna

0.200

0.200

Type-304 Fea 68.635 N 0.130

stainless Cra 19.000 Cu 0.100

steel Nia 9.000

(676 kg) and Mna 2.000 Ag-In-Cd Aga 80.0

unidentified Sia 1.000 (2749 kg)
(43.5 kg)b

Ina 15.0

stainless N 0.130 Cda 5.0

steel C 0.080

(3960 kg).
(16.8 kg)b

Coa 0.080 B4C-A1203
(26 kg)
(0 kg)B

Ala 34.33

O 30.53

Ba 27.50

C 7.64

Gd?03-U0?
(131.5 kg)
(0 kg)b

Gda 10.27

Ua 77.72

0 12.01

Averaqe Core Composition

Compo<>ition Composit ion
Element (Weiqht Percent) Element (Wei qht Percent)

U 65 8 In 0 3

Zr 18 0 Sn 0 3

0 8 5 Al 0 2

Fe 3 0 B 0 1

Ag 1 8 Cd 0 1

Cr 1 0 Mn 0 8

Ni 0 9 Nb 0 04

a. Elements for which ICP analysis was performed.

b. Weight of material in a control rod fuel assembly.
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TABLE 2. TMI-2 CORE BORE EXAMINATION PROGRAM SUMMARY

Haloht ttch SLR

Cor* Soetton

IB ttetflu, Pliwiltlm aau' Kacro !: >St n m

00B-1 X 7 05

(low A > CSNI-KFK

Cmat) B 1

C 1

0 >

AM.-C

X

C 1 CSNI -Franca

r > CSNI -Canada

0O8-2 1 X re

(Wtaa) A-l )

A* 1

AS I

8 )

C )

D )

E )

CSNI-JRC

( CSNI-JRC

; Japan
( Japan
( Korea

X

N
I

ooo-w

(Uppor
Cmat)

GOS-II

A-l

A-Z

A3

A-4

AS

B

C

0-1

0-1

0-3 1

0-4 )

t

( X

( CSNI-JRC

( CSNI -Canada

1 Japan
1 Japan.
l Japan
( CSNI-UK

( CSNI-Saadan

( Japan
( Japan
( Japan

( X

9 /

8 1

X i i

(PPr
Crvat)

A 1

B

C |d>k) 1

o :

E (long) 1

r j

6

( Japan

Japan

X

X

2 2

( Japan

M 1

1 1

( CSNI -Swl tzar land
X

J

K )( Japan

lfiaSJ

I la*

HLkIi&'!ilLfiLiiiI

t 3 3 3 3

12 2 2 2

2 2 2 2

3 3 3 3 3

S 3 3 3 3



TABLE 2. Continued

Metallurgy Radiochemical

Core Section
Number ID Photo.

X

Oisoosition

G12-P1 X

(Homogen A X ANL-E

Ceramic) B X CSNI-KFK

C-l X CSNI-UK

C-2 X CSNI -Sweden

D-l X CSNI -France

D-2 X

D-3 X

D-4 X Japan
D-5 X CSNI -Canada

E X Japan (renin.)

K09-P1 X X

(Lower A X

Crust) B X CSNI-UK

C

D

E

X Korea (renin.)

ro

i X ANL-E

OO F X CSNI-KFK

H X CSNI -Canada

K09-P2 X X

(Upper A X CSNI-KFK

Crust) B X CSNI-UK

C X Korea (remn.)
D X

E X ANL-E

F X CSNI-Switzerland

007-P4 X

(Agglom) A X Japan
B X CSNI-KFK

C X

0 X

E X CSNI-JRC

F X Japan

Weight

7.2

7.9

8.8

Etch SEM

1 1

4 3

3T 3T 3T 3T 3T

X 4 4 4 4 X

4T 4T 4T 4T 4T

Elem.

Chem.
Density Auto- Gamma.

,
Fiss.- Fiss. Gamma

o/cm3 Macro Zr UOg gpi WDX Rad Spect. 129l 90Sr Te Fert. Gas Tomoo. AnaJ

7.6

2 2 2 2 2 X 2 2

3T

X 4

4

4T



TABLE 3. TMI-2 CORE BORE ROCKS EXAMINATION PROGRAM SUMMARY

muiiwrcv

I

VO

Rock

0O4-P2-0

004-tt-A

004-P2-B

0O4-P2-C

0W-P1-8

004-PI-A

008- P4 -A

0O8-P4-0

008-P4-B

008-P4-C

GO8-P10-A

G08-P7-A

G08-P9-A

G08-P6-B

GOB-PS-B

G08-P8-A

G06-P4-B

G08-P4-A

G08-PS-A

G08-P6-C

608-P8-B

S08-P7-B

608- P 7 -C

G08-P9-B

608-P6-A

612-W-A

612-P4-A

6I2-P8-A

612-P10-A

G12-P2-B

6I2-P10-B

G12-P8-B

612-P2-E

612-P3-A

612-P2-0

6I2-P7-*

612-P6-A

612-P4-B

612-P6-E

6I2-P5-A

612-P9-B

612-P2-C

GI2-P10-0

INCL

M9T

21

Obis* QtHwwm

16

17

n

10

23

8

12

24

13

22

14

ANl-E

CSNI-UK

CSNI-KFK

ANL-E

CSNI -Canada

ANl-E

CSNI-KFK

CSNI -Switzerland

ANL-E

ANL-E

ANL-E

CSNI-JRC

CSNI -Sweden

CSNI-JRC

CSNI-JRC

CSNI-JRC

Weight

5By

USA. JUL

8.9

9 4

8.7

7.8

8.2

7 4

7 3

7.6

8.0

7.4

7.5

B.8

7.7

7.7

7.8

8.5

7.7

7.7

8.3

Macro lr UOj; Jflj ffij JUiL SSL H2l ?iil

X

Japan

X

X

X

X

X

X

CSNI-KFK

X

Japan

X

X

X

Japan

Japan
Japan

IT

IT

2T

IT IT

I 1 1 2 2 2

1 1 1

T T T

1 1 2 2 2 2

l.T l.T l.T

T T T

IT IT

2T 2T



TABLE 3. Continued

Metallurgy Radiochemical

Core

Number

G12-P10-C

G12-P2-A

G12-P8-C

G12-P6-B

G12-P9-C

G12-P6-C

G12-P10-E

G12-P9-D

G12-P6-D

G12-P3-B

G12-P8-D

K03-P3-L

K09-P4-G

K09-P4-E

K09-P4-0

K09-P3-A

K09-P4-F

K09-P3-D

K09-P3-M

K09-P4-H

K09-P4-N

K09-P3-C

K09-P3-J

K09-P4-L

K09-P4-H

K09-P4-J

K09-P3-F

K09-P3-H

K09-P4-B

K09-P4-A

K09-P3-G

K09-P3-I

K09-P3-E

K09-P4-I

K09-P1-B

K09-P3-B

K09-P4-K

K09-P3-K

K09-P4-C

N05-P1-D

N05-P1-H

N05-P1-F

N05-P1-A

Section

ID

7

25

5

4

19

2

18

Photo.

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Disposition

CSNI-KFK

Korea (renin.)

ANL-E

CSNI -Canada

Korea

ANL-E

ANL-E

Korea

CSNI-UK

CSNI-KFK

CSNI-KFK

Japan

Weight

Density

6.9

7.6

7.4

7.5

6.7

7.8

7.4

7.5

8.3

9.1

8.0

Etch SEM

cm3 Macro Zr U02 EDX WDX

Auto-

Rad

Gamma.

Soect.

Fiss.-

129i 90sr Te Fert.

Fiss.

Gas

Gamma

Tomoo .

Elem.

Chem.

Anal.

X 1 1

CSNI -France

(Inadvertent Return to Storage)

2T 2T 2T 2T 2T

IT IT IT IT IT

2T 2T 2T 2T 2T

2T

IT

2T



TABLE 3. Continued

Section
Photo, (Him It tan

Weight

Net a 1 lurav

Auto-
Rad

Radlocrmicat

Cora

Sutra

tun SUL

il 222 LBS sffii Soect. 1201 225i
Fiat- Flaa.

II [ILL JlL

[lea

Gam
mm'

Towoo. Anal.

NOS-Pl-C

N05-P1-*

NOS-Pl-B

NOS-Pl-C

CSNI-JRC

CSNI-KFK

N12-P1-A

N12-P1-6

ANl-E

Japan

007 -P*

007-PS

0O7-P6-8

007-P8-C

007-P8-A

007-Pl-A

007-P3

1

20

CSNI -Franco

CSNI-KFK

CSNI-KFK

5 4

7.6

X

X

i 1 2

I

2

I

2

T

2 2

T T

2 2

T

009-Pl-A

009-PI-B

3

IS

Japan 6.9

7.2

X

X

I 1 2

l.T

2

l.T

2

l.T

2 2

l.T l.T

2

l.T



TABLE 4. TMI-2 POST DRILLING ROCKS EXAMINATION SUMMARY

Examinations

Metallurgy Radiochemical

Etch SEM

Rock Dens it)
Number Photo.

X

a/cm

F6-P1 7.5

F6-P2 X 7.3

F6-P3 X 7.7

F6-P4 X 7.3

F6-P5 X 7.3

F6-P6 X 7.3

F6-P7 X 7.4

F6-P8 X 7.5

F6/H8-P1 X 7.7 .

F6/H8-P2 X 7.5

F6/H8-P3 X 6.6

F6/H8-P4 X 7.5

ro F6/H8-P5 X 6.5

F6/H8-P6 X 6.7

F6/H8-P7 X 7.9

F6/H8-P8 X 8.5

F6/H8-P9 X 6.5

F6/H8-P10 X 6.9

Mil-Big-Rock X Returned to fuel

X canister D-174

Mll-Pl X 7.5

M11-P2 X 7.6

M11-P3 X 8.0

M11-P4 X 7.3

M11-P5 X 7.9

M11-P6 X 7.8

M11-P7 X 8.2

M11-P8 X 8.2

M11-P9 X 7.9

M11-P10 X 8.4

H9/K9-P1 X 8.0

H9/K9-P2 X 7.1

H9/K9-P3 X 7.9

H9/K9-P4 X 7.7

H9/K9-P5 X 7.0

H9/K9-P6 X 8.1

H9/K9-P7 X 7.5

H9/K9-P8 X 7.1

H9/K9-P9 X 7.3

H9/K9-P10 X 7.9

Macro Zr U02 EDX WDX

Auto-

Rad

Gamma.

Spect . 1291 90Sr Te

Fiss.

Fert.

Fiss.

Gas

Gamma

Tomog.

Elem.

Chem.

Anal.

Japan

Japan

Japan
Japan

Japan

Korea



TABLE S. TMI-2 CORE BORE RODS EXAMINATION SUMMARY

Enf^uyi

Rod/Tobo Saapla Video

Survey

enoth

JSlSISL

JStiilkOJL SjrftM poogtiif.

JULEitfl

uoj Ufi fli JSL j Si m\ 32b-
Elw.

JoBlilJL

004-Rl

004-R8:

004-RJ:

D04-R12:

008-R4

008-86

D0B-R7

008-R8

GOB-R3:

606-R6

608-89

608-811;

612-82

612-84:

612-R8:

-t

-4

-8

-8

-2

-4

-6

-8

-2

-4

-6

-2

-2

-4

-6

-2

-4

-6

IT

CR/6T

FR

FS

FR

FR

C8/6T

IT

IT

FR

FR

BPR/6T

FR

FR

FR

31

48

X

X

X

X
*

Japan

Japan
Japan

X

X

X

Japan

Japan
X

X

X

ANl-E

ANL-E

ANL-E

CSNI -Canada

l(BPR) l(BPR)

1(6T) l(6T
1{6T) 1(6T

X (Gd)

KBPR)
1(6T)
1(6T)

KBPR)

1ISI
2

1(6T)
1(6T)

X(A1203-B4C)



TABLE 5. Continued

Examinations

Metallurgy Surface Deposits

ro

Rod/Tube
Number

Sample
NoT Type

Video
Survey isai: toro Zr UOj

G12-R12:

-2

-4

-6

-8

IT X 45 Japan
Japan
Japan

Japan
Japan

G12-R13:

-4

BPR/GT X 35

CSNI-FRG

612-R16:

-2

-4

BPR/GT X 39

CSNI-FRG

CSNI-FRG

K09-R1 FR X

K09-R4:

-2
*

-4

IT X 16

Japan

Japan
K09-R5:

-2

FR X 17

X

-4 X X X

-5 X X X

K09-R9:

-2

-4

-5

FR X 16

ANL-E

ANL-E

ANL-E

K09-R13:

-2

-4

-6

CR/GT X 20

X

X

X

K09-R14:

-4

-5

FR X 20

CSNI-UK
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3.0 EXAMINATION RESULTS AND DISCUSSION

This section presents the significant results of the physical,

leta' lurgical , chemical, and radionuclide analyses performed on the samples

oMained fron the lower reactor vessel. The discussion is divided into

analyses of samples from the upper crust, lower crust, peripheral crust,

central core region, and intact regions. Additional details fro#a these

examinations are provided in the appendices.

The nine core bores from the lower reactor vessel were first visually

examined and weighed. A total of 130.7 kg of fuel debris was obtained from

*.*e nine core bores as shown in Table 6. The total sample weight includes

:*.e weight of fuel rods (116 kg) and the loose debris (14.7 kg). Particles

larger than 2.5 cm made up most of the debris (79% or 11.5 kg). The high

fraction of large-sized particles may be due to flushing the smaller

particles out of the core bores during the drilling operation.

Mosaic photographs of each of the core bores are shown in Figure 3. At

*.he bottoa of each core bore is a jamming collar covering the lower spacer

gric. This collar prevented the loss of fuel rods and debris from the core

:ore during the coring operations and handling. Examination of the intact

debris around the core bore holes indicated that the damage to the fuel rod

:e;-ents occurred during the coring operation. The fuel rods varied in

le-.gth from approximately 60 cm near the center of the core to approximately

.20 c~ near the core periphery. The fuel rod cladding was not appreciably

oxidized and showed substantial ductility, as indicated by the bent and

twisted rods. There were indications of melting near the tops of a few

;9 '!-"., Cd control rods in the peripheral core bores.

Above the intact fuel rod segments was a previously molten region

c:rsistmg of a central consolidated region surrounded by a solidified

crust. Fi^e of the core bores contained eight examples of the crust

regions. Cores from the central part of the reactor core (K09. G08, and

D08) contained examples of both top and bottom crust layers. The top crust

as composed mainly of ceramic material with metallic inclusions that *> re

either finely dispersed globules or relatively large masses. The lower
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TABLE 6. CORE BORE SAMPLE WEIGHTS

Core

Bore

Total Mass

(kq)

19.1

Loose Debris3
Mass (a)

Large
Ma

Particleb
ss (o)

D04 77 77

D08 18.1 2287 2092

G08 12.7 3476 3232

G12 15.9 2638 1731

K09 10.9 4951 3209

N05 17.0 114 114

N12 13.9 146 146

007 10.7 936 896

009 12.4 89 50

TOTALS 130.7 14714 11547

Number

of

Particles

6

7

16

30

30

8

2

7

2

108

a. Total loose debris.

b. Mass of large loose particles (>2.5 cm)
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crust samples at core locations K09, G08, and D08 were agglomerates of

metallics surrounding the remnants of relatively intact fuel rods.

Examination of the rod remnants indicated that prior-molten metallic

material had flowed into the interfaces between pellets. The cores bores

from locations G12 and 007 contained examples of the peripheral crust.

3.1 Upper Crust Examination Results

3.1.1 Visual and Metallurgical Examinations

Three samples of the upper crust were obtained from core bore locations

D08, G08, and K09. Samples D08-P3, G08-P11, and K09-P2 ranged in length

from 4.5 - 11.5 cm, and in density from 7.8 - 9.7 g/cm3. Metallographic

examinations of these samples showed that they contained areas of both

ceramic and metallic melts. The significant results of these examinations

are summarized below, with details of the examinations described in

Appendix E.

In many cases the metallic melts were immiscible within the (U,Zr)02
ceramic melt regions, as shown in Figure 4, and as detailed in Appendix E

for several SEM examinations of samples from the upper crust. In many cases

these metallic globules consisted primarily of control materials (Ag,In) or

structural materials (Fe,Cr,Ni), although mixtures of these elements were

also observed. The presence of a metallic melt within cracks in the ceramic

matrix, as shown in Figure 5, also suggests that metallic melts from higher

in the reactor core flowed down over the solidified upper crust. This

material was probably stainless steel from the upper end fittings and upper

fuel assembly grid, along with zircaloy and silver high in the core, that

melted due to heat produced by steam oxidation of zircaloy during the 2B

pump transient.

Figure 6 shows the typical structure of the ceramic material in the

upper crust. This figure indicates significant porosity and fracturing of

the ceramic phase. A mottled black phase, which was identified from SEM

examinations to be a eutectic phase composed of iron and chromium oxides,
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Figure 4. Cross section of upper crust from K09-P2.
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Figure 5. Transverse cross section from D08-P3.
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seems to be concentrated near the pores in the ceramic melt

regions the structure is single-phase (U,Zr)02 with only a

the eutectic phase present. Upon cooling, the (U,Zr)02 wou

solidified by 2810 K, with iron and chromium oxides in exce

solubility limit being segregated to the material which sol

the grain boundaries. Based upon the Zr02-Fe304 phase diag

Figure 7, it is expected that (U,Zr)02 melts containing con

these oxides would solidify at temperatures below 2810 K. I

presence of areas which are primarily (U,Zr)02 suggests tha

probably exceeded 2810 K in the upper crust.

Metallographic examination of sample G08-P11 showed me

surrounding remnants of fuel rods as shown in Figure 8. Ar*

metallic melt had a dendritic structure as shown in Figure
'

indicates that this melt solidified over a period of time.

shape of the fuel pellets suggests that zirconium in the me

dissolving the fuel, which indicates temperatures in excess

2200 K. Figure 10 shows a metallic melt penetrating along .

with large amounts of porosity at the fuel grain boundaries

Figure 11. Some metallic inclusions are present in the pon

grain boundaries. This structure suggests that very high t

existed in this fuel pellet, perhaps approaching fuel meltii

presence of Zr02 oxidized cladding remnants Figure 8 indica

temperatures were less than 2960 K in nearby areas.

These observations suggest that molten zircaloy liquef

the fuel at temperatures in excess of 2200 K in some region

crust, probably as material initially relocated downward th

region, but that ceramic (U,Zr)02 melt existed in other are

crust at temperatures in excess of 2810 K. These high tempi

regions probably occurred later in the accident, after the

and surrounding crust had formed. Molten structural mater i,

stainless steel control rods and Inconel spacer grids were <

throughout the molten upper crust, in many instances as imm

melts. The presence of structural materials as fine eutect
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the ceramic melt region indicates that there was mixing of these molten

materials when the crust was formed; however, the presence of metallic melts

in cracks within the solidified crust indicates that metallic melts

continued to form and relocate after the upper crust had formed. The

presence of dendritic metallic melts in some areas suggests that the upper

crust cooled slowly, which agrees with thermocouple data that indicated

temperatures in the upper debris bed remained above 1000 K for up to three

days following the accident. The heterogeneous nature of the upper crust

indicates that it formed as a result of incoherent melt progressions. The

upper crust was relatively thin, ranging from 4.5 - 11.5 cm on the samples

which were examined. The density measurements ranged from

7.8 - 9.7 g/cm3, which indicates that despite the presence of significant

amounts of closed porosity in some areas, as determined from the

metallographic examinations, the upper crust was generally a very

consolidated mass of intact and previously molten materials. This is also

apparent from simple visual observations of the upper crust samples.

3.1.2 Upper Crust Bulk Composition

Elemental analyses were performed on dissolved microcores from sample

locations in the upper crust. Analyses were performed for 17 elements that

constitute the principal components of the TMI-2 core. For comparison,

Table 1 lists the average core composition of each of the core constituents

(Reference 9) and the average core composition of the TMI-2 core, including

the oxygen content of the uranium, but excluding oxygen that might be

present due to the oxidation of zircaloy and structural materials. Samples

were examined from three regions of the upper crust (core locations K09-P2,

G08-P11, and D08-P3). The elemental analysis results for these samples are

listed in Appendix G, Tables GI through G4.

K09-P2, an axial cross section of the crust, is from the central

portion of the reactor core. Figure 12 shows the cross section and the

locations sampled. Sample location No. 1 is located in the metallic region

near the top of the crust; sample locations No. 2 and No. 3 are located at

the interface between the metallic and previously molten fuel material; and
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sample location No. 4 is from the previously molten fuel material portion of

the cross section near the bottom of the crust. Examination of Table GI

indicates that the metallic region (Sample No. 1) is composed principally of

iron (53 wt%) and nickel (24 wt%) with significant amounts of tin (3.7 wt%),

chromium (3.7 wt %) and control material [silver (2.1 wt%) and indium

(1.8 wt%)]. However, this sample and presumably the metallic portion of the

upper crust contains little zirconium, which suggests that the metallic

inclusions in this part of the core were formed primarily from structural

materials.

The compositions of the two intermediate samples from K09-P2 (sample

locations No. 2 and No. 3) indicate that the samples are mixtures of the

previously molten fuel and metallic constituents of the core. These samples

are composed primarily of uranium (33 wt%), zirconium (8-11 wt%), iron

(17 wt%), and some control material. Surprisingly, at sample location No. 2

there is a concentration of 9 wt% copper, which is a trace constituent of

zircaloy and Inconel. These data suggest that at the interface between the

metallic and oxidized fuel regions, the samples are heterogeneous mixtures

of the previously molten fuel and structural materials. Scanning electron

microscope examinations indicate that the structural metallic materials are

present as metallic globules deposited in the previously molten fuel.

The previously molten fuel region of cross section K09-P2-C near the

bottom of the crust is typified by the sample at location No. 4, as shown in

Figure 12. This sample is composed primarily of uranium and zirconium at

concentrations similar to those found in intact fuel rods or assemblies

(i.e., 70 wt% uranium and 20 wt% zirconium). These data would suggest that

the ceramic (U,Zr)02 regions are relatively homogeneous with little

structural material contamination, except at interfaces between the metallic

and the oxidized regions.

At the G08 core location, two samples from the upper crust were

examined: G08-P11-B, a transverse section; and G08-P11-E, a longitudinal

section. The transverse section, which appears to be ceramic fuel material

with metallic striations, is shown in Figure 13. The photograph indicates
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Figure 13. G08-P11-B sampling locations
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that sample location No. 1 should be primarily metallic, and sample

locations No. 2 and 3 should be primarily fuel. However, the elemental

examination results indicate that all three samples are primarily uranium

(51-67 wt%) and zirconium (17-23 wt%) with little structural material

present. Further visual examination of the G08-P11-B cross section after

the analysis results had been reviewed indicated that a thin layer of

metallic material (that was probably removed during coring) had been spread

over the fuel material where core sample No. 1 was obtained.

In the longitudinal cross section, G08-P11-E, three samples were

obtained: the top of the crust, the midpoint, and near the bottom of the

crust. No photograph of this sample was taken. Sample No. 1, obtained from

near the top of the crust, is composed principally of iron (24 wt%) , uranium

(15 wt%), nickel (11 wt%), silver (7.8 wt%), and zirconium (5.2 wt%) with

the balance being other core constituents at lower concentrations and

oxygen. This sample probably contains a mixture of oxidized fuel and some

metallic components; however, the degree of oxidation is not known.

Approximately 75 wt% of the sample is accounted for by the measured

constituents, and the remainder would be accounted for by oxidation of the

principal constituents of the sample that would be expected to be present as

oxides.

Sample locations Nos. 2 and 3 from cross section G08-P11-E were

obtained from the middle and bottom of the upper crust, respectively. Both

samples are primarily uranium (65-70 wt%) and some zirconium. Sample No. 2

is 22 wt% zirconium and sample No. 3 is 4 wt% zirconium. Small amounts

(<5 wt%) of iron, chromium, and other structural components are also found

in these samples.

Figure 14 shows the D08-P3-A cross section and the two locations where

samples were obtained. This sample is composed principally of uranium

(60 wt%) and zirconium (11 -14 wt%) with some structural and control

materials present in sample No. 1.
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Figure 14. D08-P3-A sampling locations,

3-21



Of the samples examined, only K09-P2 sample location Nos. 1 to 3, and

G08-P11-E sample location No. 1 (15 wt% uranium) can be considered primarily

metallic samples (<50 wt% uranium) with the remaining samples being mixtures

of U,Zr ceramic and structural metallic materials. The prior-molten uranium

and zirconium samples are similar in composition to the melted fuel material

found in other parts of the core, and the primary metallic constituents of

the crust are iron, nickel, silver, and indium. Table 7 lists the average

composition and range of compositions for the upper crust samples. These

average compositions should be treated cautiously because of the

heterogeneous nature of the crust and the fact that the samples are not a

representative sampling of the crust, but were chosen to characterize

visible material differences in the samples.

3.1.2.1 Uranium Fuel and Zircaloy Cladding. The uranium

concentrations in the upper crust samples range from 0-70 wt% with an

average concentration of 49 wt%, as indicated in Table 7. The range of the

zirconium data is from 0-22 wt%, and the range of the tin data is from

0-3.7 wt%, indicating a wide range of compositions for all fuel rod

constituents. Table 8 lists the U/Zr and Zr/Sn weight ratios for these

samples. For comparison, the core average and fuel rod U/Zr weight ratios

are 3.7 and 4.0, respectively. The Zr/Sn weight ratio in zircaloy is 61.

The U/Zr weight ratios in Table 9 are both above (indicating zirconium

depletion) and below (indicating accumulation of zirconium) the ratio for an

intact fuel rod. The data for G08-P11-E, No. 3 (a high U/Zr ratio) suggests

substantial depletion of zirconium near the bottom of the crust layer,

although the same behavior is not apparent at the K09 location. These data

would suggest a complex behavior where zirconium is concentrated in some

parts of the crust relative to uranium and depleted in others.

Examination of the Zr/Sn weight ratios in Table 8 indicates similar

behavior to that observed for the U/Zr weight ratios with widely varying

ratios both above and below the as-manufactured ratio in zircaloy.

Examination of the results for the primarily metallic samples suggests that

the zirconium does not appear to concentrate in the metallic parts of the crust,
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TABLE 7. UPPER CRUST AVERAGE COMPOSITION3

(*t%)

[lement, AycMji1 ( (vrnp itionb Rdrn_1''

Ag 3.2 0.05 to 9.32

Al 0.21 0.08 to 0.44

B 0.12
_ _c to 0.26

Cd 0.11
. _c to 0.32

Cr 1.6 0.2 to 3.8

Cu 0.9 0.05 to 9.4

Fe 11 0.42 to 53

Gd 0.06 0.006 to 0.11

In 1.0 __c to 2.6

Mn 0.06 0.03 to 0.16

Mo 0.44 __c to 2.15

Nr 0.14 __c to 0.32

M 5.2 0.07 to 14.5

Si 0.56 0.13 to 1.5

Sn 1.1 ..c to 3.7

Te 0.03 __c to 0.09

U 49.0 ..c to 70

Zr 20.4 ..c to 22

a. This table presents the average of the examination results obtained from

the upper crust; however, due to the heterogeneity of the material and the

small number cf samples examined, these data must be used with caution.

D. The average concentration is calculated using only real values and is

averaged without zero values.

c. Lowest value below analytical detection limit.
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TABLE 8. UPPER CRUST FUEL MATERIAL (U, Zr, Sn) WEIGHT PERCENT RATIOS

Sample ID U/Zr Ratio3 Zr/Sn Ratiob

K09-P2-C

No. lc
No. 2C
No. 3C
No. 4

__d

3.7

2.9

3.6

__d

5.1

9:?d

G08-P11-B

No. 1

No. 2

No. 3

3.8

2.9

2.7

153

18

213

G08-P11-E

No. lc
No. 2

No. 3

2.9

2.9

18

1.6

288

11

D08-P3-A

No. 1

No. 2

4.3

5.4

8.3

78

a. The core average U/Zr weight ratio is 3.7 assuming oxidation of the

zircaloy and the weight ratio for a fuel rod is 4.0.

b. The average Zr/Sn ratio in zircaloy cladding is 61.

c. Samples are primarily metallic. Additionally samples K09-P2-C Nos. 2

and 3 are both approximately 32 wt% uranium but contain substantial amounts

of structural material.

c. Component not detected.
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TABLE 9. UPPER CRUST CONTROL MATERIAL (Ag, In, Cd) WEIGHT RATIOS

Sample ID Ag/In Ratio3 Aa/Cd Ratiob Jn/Cd Ratio0

K09-P2-C

No. \

No. 2d
No. 3d
No. 4

1.2

5.9

5.8
__e

18

98

81

5.0

16

81

14
__e

G08-P11-B

No. 1

No. 2

No. 3

0.4

4.0

2.8

__e

26
__e

__e

6.5
__e

G08-P11-E

No. Ia
No. 2

N:. 3

4.4

4.7

2.7

24
_,e

95

5.5
_.e

35

D08-P3-A

No. 1

No. 2

2.6

0.6

31

28

12

47

a. The Ag In weight ratio is 5.3 in intact control rod alloy.

b. The Ag Cd weight ratio is 16 in intact control rod alloy.

c. The In/Cd ratio is 3.0 in intact control rod alloy.

d. A component of the comparison was below the detection limit of the

analvsis method.
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but is present probably as metallic inclusions in the oxidized U,Zr portion

of the crust.

3.1.2.2 Control Rod Materials. Control rod materials, including the

relatively volatile cadmium, were measurable in most of the upper crust

samples. Examination of the data in Tables GI through G4 and 7 indicates

that the least volatile control material, silver, was measurable in all

samples at an average concentration of about 3 wt% with a range of

concentrations from 0.05 to 9 wt%. However, as discussed in Appendix G, the

quantity of silver indicated may be less than was actually present in the

sample due to the possible precipitation of this element during the

elemental analysis procedure. Therefore, the silver data should be treated

as suspect when drawing conclusions.

Indium was measurable in all samples at concentrations averaging

1.0 wt% with the bulk of the data ranging from 0.5 to 2.0 wt%. The core

average concentration of this element is 0.3 wt%. The indium appears to be

primarily concentrated in those metallic samples near the top of the crust.

Cadmium was measurable in 9 of the 12 samples obtained from the upper

crust. The concentrations ranged from 0.01 to 0.3 wt%, with an average

concentration of about 0.1 wt%. This concentration is similar to the core

average concentration of 0.12 wt%. The presence of the significant amounts

of cadmium (boiling point 1040 K) in most samples suggests that the cadmium

was not at high temperatures for a long period of time, and/or alloying may

have significantly reduced its vapor pressure.

Table 9 presents the weight ratios for Ag/In, Ag/Cd and In/Cd for the

upper crust samples. The Ag/In weight ratios indicate a range from 0.4 to 6

with most of the results below the as-fabricated ratio of 5.3. Examination

of the results indicates that there is no apparent distinction between

metallic and ceramic samples with ratios both below and near the

as-fabricated ratios. Although these data may be an artifact of the

precipitation of silver, these data would suggest that indium probably is

retained to a greater extent than silver. Examination of the Ag/Cd and
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In/Cd ratios indicates ratios substantially greater than 16 and 3.0. the

as-manufactured ratios. These data indicate that cadmium has been partially

lost from the debris relative to silver and the In/Cd ratios suggest a

similar behavior fo> cadmium relative to indium.

3.1.2.3 Poison Rod Materials. Poison rod materials measurabU in the

urrer crust included aluminum, boron, and gadolinium. Aluminum was

measurable in all samples at concentrations averaging 0.2 wtX, which is the

same as the core average concentration. Boron from the poison rods and

reactor coolant is present in most samples at concentrations between 0.05

and 0.25 wtX. Gadolinium is also present in the upper crust in a range of

concentrations fro- 0.03 to 0.1 wtX. This concentration is greater than the

average concentration o' 0.01 wt%, which indicates accumulation of this

ele-ent in the upper crust samples.

3.1.2.4 Structural Materials. Measurements were made for all

structural material constituents of the core (i.e., iron, chromium, nickel,

-anganese, niobium, and molybdenum). The average concentration data in

TaMe 7 indicates that iron is the principal structural material present and

that it ranges up to 53 wt% in some samples. Lesser concentrations of

rickel (average - 5.2 wtX) and chromium (average - 1.6 wt%) are also

;>-<-;.;-nt. Examination of the ratio data for the principal components of the

metallic crust (Table 10) indicates that the iron/Cr ratios are greater than

those found in stainless steel and Inconel, and that the iron nickel ratios

a^e between those of stainless steel and Inconel. The binary phase

diagrams indicate melting t<~[ eratures of -1770 K for the binary couples

Fe Cr, -1720 Y for Fe Ni, and -1760 K for Ni Cr; however, as indicated by

*rk Fe/Cr ratios, chromium is depleted in the upper crust samples relative

'.c iron. Chromium would be expected to oxidize more readily because o' a

relatively low oxidation potential, as compared with iron and nickel. SIM

examination indicates the presence of oxidized chromium in the (U,Zr)0

ceramic samples, wit.h some dissolved in the oxide matrix and some in

eutectic mixtures at grain boundaries, probably as a chmni.ite. The presence

of roiybdenum in the upper crust samples suggests that the metallic crust

was composed of the Inconel grid spacers, as molybdenum is not present in
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TABLE 10. UPPER CRUST STRUCTURAL MATERIAL (Fe, Cr, Ni and Mo) WEIGHT

RATIOS3

Sample I.D. Fe/Cr Rat io Fe/Ni Ratio Ni/Cr Ratio N i/Mo Ratio

K09-P2-C

No. 1 14.5 2.3 6.4 11

No. 2 51 1.1 4.4 37

No. 3 9.2 7.9 3.9

G08-P11-E

No. 1 6.3 2.83 2.8 11

a. The elemental ratios for stainless steel and Inconel are (from
Reference 9) :

Stainless steel Inconel

0.35

0.35

2.7

17.3

Fe/Cr 3.6

Fe/Ni 7.6

Ni/Cr 0.5

Ni/Mo --
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the stainless steel components of the core. The Ni/Mo ratios shown in

Table 10 suggest that the grid spacers contributed substantially to the

formation of the crust because the ratios are similar to those foun! in the

Inconel grid spacers.

3.1.3 Upper Crust Radiochemical Examinations

The radionuclide distribution in the upper crust samples was measured

for the samples discussed in Section 3.1.2. Results of the radiochemical

analysis of the samples are listed in Appendix H, Tables HI through H3. To

provide information on the characteristic behavior of fission products, they

h3ve been categorized by the volatility of the chemical group and element,

as shown in Table 11. Possible chemical compounds have been included,

and the radionuclides are indicated for which analyses were performed.

The high-volatility fission product groups (I, II, III, and IV. a) are

the noble gases, halogens, alkali metals, and heavy chalcogens. They are

characterized by boiling points less than 1600 k for the elemental forms as

well as for the listed oxide compounds. From this group, measurements were

made for 129I and 137Cs.

The medium-volatility fission products are characterized by boiling

romts less than 3100 > (UO2 melting). These fission products are from

,re Group VA metals, alkaline earths, some of the rare earths, and

ittinides. However, it should be noted that the volatility of these fission

products is strongly dependent on the chemical form of the fission product.

For example, rutheniun has two highly volatile oxides (i.e., RuO? and

Pj04) that either decompose or boil at less than 400 K. Radionuclides

fron these groups for which measurements were made are '"Sb, ^Sr,

154Eu. and 106Ru.

The low-volatility fission products include elements from the noble

"etals, the remaining rare earths and actinides, tetravalents, and earlv

transition elements. Generally, the oxides of these elements have low

volatilities; however, some (e.g., LaO or CeO) have lower boiling points
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TABLE 11. CORE MATERIAL VOLATILITY GROUPS

WASH-1400

Group
Number Chemical Group

I

II

Noble gases

Halgoens

Boiling3
Temperature

Element (K)

Kr

Xeb

Br

I

120

166

332

458

Volatility

High

High

High
High

III Alkali metals RbD 973 High

Csc 963 High

00

o

IV. a Heavy chalcogens Seb

Teb

958

1663

High

High

IV. b Group VA metals

V Alkaline earths

Sbb

Sr

Ba

1653

1639

1800

Medium

Medium

Medium

VI Rare earths Eu -- Medium

Sm 2173 Medium

Pm 3400 Low

Actinides Am 2873 Medium

Boiling3
Temperature Analysis

Possible Compounds (K) Volatility Performed

CsBr

Cslb
HI

h

Rbl

Rb20
Rb202
Cslb
CsOH

CS20

Cs202
Cs2U04

Se03
453 High

Se02
TeO?

Te202
Silver-telluride

Iron-telluride

Zirconium telluride

Tin-telluride

Nickel telluride

Chrome telluride

1573 High
1553 High
238 High
457 High

1573 High
-- High
1284 High
1553 High

,1350C High
-- High
923 High

Sb203
1323 Medium

SrOb "v.3100 Low

BaH2 1^73 Medium

BaO -n.2273 Medium

Ba02 1073 High

Ba(0H)2 1053 High

Eu203b
SM203b
Pm203b

Am02b



IABLI 11. Continued
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Rh

Ru X
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Ho

Tc -- Lo

Rare earths r

La

3.'hD

3743

1-*

Low
y.^b

y.

Ce

Pr

Nd

?b90

3400

3300

Low

Low

Low

i.p-,Aib
pro\3
Pr-,rtjb
N-W)3

Act tnides Np

Pu

Cm

3508

Low

Low

Low

Np02b
Pu02b
Cm02b

le'rava 1 nts ZK >3173 Low ZrO/'

Ear 1 y trans 1 1 ion Nt: 0573 Low NbO?

Nb26\

M(-5lu-h-

4473 Low

,5273

Lo

a. Boiling t>:-Tperat jrp at 1 atm., data primarily fron CRC Handbook of Chemistry a no Physics, 5>th Edition.

b. rr-ooaile chemical form of the fission product within the fuel.

c. Zirconium i; both a fission product and structural material.



than do the elements. The only radionuclide from this group that was

measurable during the lower vessel examination program was cerium/

praseodymium. In addition, 235U and 238U, which are also low volatile

isotopes, were measured to assess uranium content and 235U enrichment.

Table 12 lists the average radionuclide concentrations, the range, and

the ratio of high to low values in the upper crust samples. The ratios of

high to low concentrations are from 10* to 10, indicating a relatively

wide range of concentrations in the crust; however, the radionuclides with

high to low ratios greater than 10/ are the more volatile species (i.e.,

134Cs and 137Cs), the metallic species (106Ru and 125Sb), and the

neutron activation product 60Co. Surprisingly, the 129I is relatively

evenly distributed in the crust with a high to low ratio of 54.

3.1.3.1 Upper Crust Uranium-235 Enrichment. Measurements were

performed to evaluate the concentrations of 235U and 238U in the upper

crust and to determine 23^U enrichment in the crust. The
2

U and

238U concentrations are listed in Appendix H; the 235U enrichments are

listed in Table 13. These measurements should be treated with some caution

because the measurement technique used is affected by the presence of

control materials. For this reason, measured values lower than actual

concentration may result for those samples with high control material

content. Table 13, which summarizes the 2"u and 238U data, indicates a

range of enrichments from 1.7 to 2.3 wt%; however, the bulk of the data is

in the range from 2.2 to 2.3 wt% and indicates that the upper crust debris

samples are mostly a composite of the 1.98% and 2.64% enriched

assemblies.3 A relatively homogeneous distribution of the fuel material

from the two assembly enrichments is indicated for the upper crust which

suggests that the fuel material had melted and was well mixed prior to

formation of the crust.

a. Assembly locations K09 and D08 had original enrichments of 1.98%, and

G08 had an enrichment of 2.64%.
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ABLE 12. UPPER CRUST AVERAGE RADIONUCLIDE CONCENTRATIONS

(Microcuries/g sample on April 1, 1987)

Radionucl ide Avera^o

262

Ranqe Mi gh^ "t ow Pat i o

60Co 5.2 to 1430 275

90Sr 1820 3.6 to 6300 1750

106Ru 360 44a to 1510 34

125Sb 336 0.4a to 1330 3325

129.
2.2 E-4 1.3E-5a to 7. 0E-4 54

134Cs 21 0.24a to 217 900

137Cs 1220 11 to 9600 872

144Ce 106 12a to 204 17

154Eu 26 1.6a to 42 26

155Eu 40 13a to 60 5

a. Detect :Cn li-it values not included in the range or the high to low
'

3 t 1 O S .
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TABLE 13. UPPER CRUST URANIUM-235 ENRICHMENT

Sample ID 235U Enrichment3

K09-P2-C
i_

No. 1 __b

No. 2 2.2

No. 3 2 2

..bNo. 4

G08-P11-B

No. 1 2.2

No. 2 1.9

No. 3 2.3

G08-P11-E

No. 1 1.7

No. 2 2.3

No. 3 2.0

D08-P3-A

No. 1 2.3

No. 2 2.2

a. The core average 235U enrichment is approximately 2.56%, with the

peripheral assemblies having an enrichment of 2.98 and the central

assemblies having enrichments of 1.98% and 2.64%.

b. Not measured.

c. Large uncertainties associated with result.
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3-1.3.2 Comparisons with PRICE N2 . The measured radionucl ide

concentrations in the upper crust were compared with concentrations

predicted b> the 0RIGEN2 Code in order to assess retention of radionucl nic,

in the ceramic and metallic regions of the upper crust. The 0RIGEN2

analysis model used for the TMI-2 core8,14 contained 1239 core nodes.

Analyses were performed for ranges of burnup for each of the three U

enrichments present (i.e., 1.98%, 2.64%, and 2.98%). Table 14 lists the

0RIGEN2 values used for comparison with the core bore data. The original

core average values have been adjusted because: (a) the peripheral (2.98%

e^-iched) assemblies did not participate in the accident, and (b) an 0RIGEN2

verification study was performed for the TMI-2 core*4 that indicated core

specific differences in radionuclide concentrations. This study indicated

the correction factors listed in Table 14. The method used to estimate

retention is shown below:

Radionuclide
x [00 .

23-*U normalized

concentration 0RIGEN-2 predicted fission product (1)
(mCi/q) radionuclide concen- content

Uranium content tration (microcuries/g (retention in %)
(gU q sample) uranium)

The radionuclide concentrations used were from Appendix H and the

uranium content data was from the elemental analysis results in Appendix G.

The results of these calculations, the normalized fission product

retentions, are listed in Table 15, and a summary of the average retentions

for the metallic and ceramic samples is listed in Table 16. A wide range of

retentions is indicated for most radionuclides, including the relatively

stable low volatiles. The following sections contain discussions of the

radionuclide retentions for the low, medium, and high volatility fission

rroducts.

3.1.3.3 Low Vol at i 1 es . The low volatiles for which radionuclide

co~parisons were performed are
*

Ce and '^Eu. Tables 15 and 16 list

thf- normalized retentions for the upper crust. It should be noted that
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TABLE 14. 0RIGEN2 PREDICTED RADIONUCLIDE CONCENTRATIONS

(in microcuries/g uranium on April 1, 1987)

Adjusted
Core3 Central Coreb Verification0 Radionucl i

Radionuclide Averaqe Assemblies Correction Concentrat

90Sr 7540 1.08 0.988 8045

106Ru 168 1.16 0.961 187

125Sb 206 1.13 0.432 101

129j 2.81E-3 1.11 0.867 2.70E-3

137Cs 8680 1.09 1.021 9659

144Ce 215 1.08 1.069 248

154Eu 60 1.21 0.626 45.6

1555Eu 125 1.10 0.614 84.4

a. Core average concentration as listed in Reference 8. The data are

listed as reference values rather than with the proper number of significant
figures and associated uncertainties that are defined in Reference 14.

b. Correction to the core average value to account for the fact that the

peripheral 2.98% enriched fuel assemblies did not participate in the

accident.

c. Correction for the measured variations from the predicted code values as

defined and explained in Reference 14.
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TABLE 15. RADIONUCLIDE RETENTION IN THE UPPER CRUST3

Radionuclide Re>tention(%

137Cs 144CeS^mpl* ID 9V '% 125Sb 129. 154Eu

K09-P2-C

No. l-c 0.04 398 1272 26.3 4.21 __d ..d

No. 2b 5.53 466 1715 67.7 14.6 66.8 88.5

No. 3b 9.36 1164 1416 34.5 0.27 102 123

No. 4 45.2 __c 1.50 0.15 0.41 97.3 143

G08-P11-B

No. 1 31.5 __d ..d 0.12 0.41 87.3 135

No. 2 18.1 29.3 509 25.5 13.2 26.8 6.9

No. 3 94.2 5.29 2.32 0.77 0.67 132 151

G08-P11-E

No. I6 __d
44.8 5360 3880 44.1 93.5 32.2

No. 2 121 1.81 0.06 1.20 0.17 113 144

No. 3 16.0 60.5 151 2.36 142 42.6 28.7

D08-P3-A

No. 1 61.3 176 649 16.4 8.57 47.9 76.9

No. 2 20.6 38.5 63.4 6.07 11.2 92.5 79.6

a. Retention is calculated based on the uranium content of the sample
material as determined from the elemental analysis results in Appendix G.

Additional figures are shown beyond those statistically appropriate for

calculational purposes. The uranium concentrations used for normalization

in wt% were:

K09-P2-C - No. 1 - (no measurable U) ; No. 2 - 32.8; No. 3 - 32.2;

No. 4 - 70.5

G08-P11-B - No. 1 - 66.7; No. 2 - 50.7; No. 3 - 62.0

G08-P11-E - No. 1 - 15.1; No. 2 - 64.6; No. 3 - 70.4

D08-P3-A - No. 1 - 60.8; No. 2 - 60.9

b. Contains significant amounts of metallic material (greater than 30%).

c. Sample assumed to be composed of uranium for comparison purposes.

d. Not detected.
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TABLE 16. RADIONUCLIDE RETENTION IN METALLIC AND CERAMIC SAMPLES (%)

Metallic Samples3

Range

0.04 - 45

60 - 5350

151 - 3800

26 - 67

4.2 - 93

27 - 132

29 - 123 105 6.9 - 150

a. Nominal metallic samples are K09-P2-C No. 1, No. 2, No. 3, and G08-P11-E

No. 1.

b. Nominal ceramic samples include all other samples in the upper crust,

although there is some metallic material in all samples that may bias the

results to some extent.

c. Result biased by the presence of a single high activity sample.

Radionuclide Averaqe

90Sr 15

106Ru 1490

125Sb 1690

129j 35

137Cs 28c

144Ce 49

154Eu 80

Ceramic
-, b

Samples

Averaqe Ranqe

56 20 - 121

50 1.8 - 176

205 2.3 - 649

7.2 0.11 - 25

4.9 0.17 -142

85 32 - 102
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sample K09-P2-C No. 1 contained no measurable uranium and consequently,

normalization to the uranium content of the sample is not possible.

However, to provide a relative assessment of fission product retention,

K09-P2-C was assumed to be composed entirely of uranium. This causes the

listed retentions to be artificially lower than the results for those

samples containing uranium. Examination of the low volatile
*

Ce and

Eu retention data in Table 15 indicates a range of retentions varying

with no apparent correlation with sample location or U content. Losses or

releases are indicated for both 144Ce and 154Eu. No explanation is

known for this phenomena, which has not been observed in other prior-molten

fuel samples from TMI-2. Also, The lack of cerium and uranium content in

particle K09-P2-C No. 1 suggests that no partitioning of the lanthanides to

the metallic part of the crust occurred, although other more volatile

radionuclides partitioned to the metallic melt.

If the average retention data in Table 16 are examined, the data

indicate an average retention and standard deviation for the ceramic region

of 85 * 36%. However, the number of high retentions (i.e., those >100%)

suggests that the fuel material forming the upper crust came from a

relatively low burnup region of the core. The upper crust, based upon these

data, appears to have been primarily formed from fuel material from the

periphery of the core or that the losses of low volatiles noted above

I'd
affected tne

*
Ce content for all samples of the crust.

3.1.3.4 Medium Volatiles. The fission products that are expected to

have a medium volatility are 90Sr, 125Sb, and 106Ru. Strontium-90 is

the least volatile and is expected to be retained by the fuel to the

greatest extent. The 90Sr data shown in Tables 15 and 16 indicate a range

of retentions from 0.04 to 121% and indicate substantial release of this

fission product. Examination of the retentions for sample K09-P2-C, which

contains no fuel material, indicates little partitioning of 9<^Sr to the

metallic part of the crust. Examination of the metallic sample average

re'entions in Table 16 indicates lower retentions in these samples. Again

little partitioning of
9
Sr to thf metallic part of crust is indicated.
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Substantial retention of 9"Sr is indicated for most ceramic fuel

samples; however, losses are indicated for some samples (e.g., G08-P11-E

No. 3 and D08-P3-A) where retentions are as low as 16%. Release of 90Sr

is indicated in the crust where the the less volatile 144Ce is retained.

The medium volatile radionuclides, 125Sb and *06Ru, exhibit a

greater range of retentions because they are expected to remain in a

metallic state due to the high oxidation potentials required for the

oxidation of these elements. An increase in metallic content is generally

correlated with increases in 125Sb and 106Ru content for the four

metallic samples that have greater than 30 wt% metallic content (Table 15).

Samples G08-P11-E No. 1 and K09-P2-C No.l from near the top of the crust

have the highest concentrations of 106Ru and 125Sb in the crust.

Sample G08-P11-E contains 54 wt% metallic material and also has the highest

normalized retentions of 106Ru (54 times the 0RIGEN2 inventory for the

fuel present) and 125Sb (39 times the 0RIGEN2 inventory). Although the

indicated retentions for sample K09-P2-C No. 1 are not as high as the

retentions of other samples in the crust, this sample was assumed to be

composed of uranium for comparison purposes and, consequently, the

retentions are lower. If 1 wt% uranium content had been assumed for

K09-P2-C, this sample would have had the highest retentions in the crust.

These data suggest accumulation of metallic *"6Ru and *25Sb in the

metallic material near the top of the upper crust.

3.1.3.5 High Volatiles. The two high volatile radionuclides

measurable were
*3

Cs and *29I. The more volatile
*2

I was measurable

in all samples at retentions lower than those found in intact fuel

material. The presence of 129I in sample K09-P2-C No. 1 (26% retention),

which does not contain uranium, suggests that I is soluble in or reacts

with the metallic material causing it to be retained in the crust.

The radionuclide retentions shown in Tables 15 and 16 indicate higher

average retentions of 129I and 13'Cs for the metallic samples; however,

this effect is primarily a result of the low concentrations of uranium in

the metallic samples. A comparison of the radionuclide concentrations in
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the metallic and ceramic samples indicates similar concentrations for both

types of samples. These data again indicate solubility or reactivity of the

iodine and cesium in the metallic part of the crust.

3.2 Lower Crust Examination Results

For the lower crust samples, information obtained from the visual and

metallurgical examinations is summarized in the following section.

information for this summary was extracted from the visual examinations

presented in Appendix C, the density measurements described in Appendix D,

the -etallographic examinations explained in Appendix E, and the

autoradiographic results listed in Appendix F. The bulk elemental and

radiochemical analysis results are summarized in Sections 3.2.2. and 3.2.3

3.2.1 Visual and Metallurgical Examinations

Three samples of the lower crust were examined. They included a

longitudinal sample at K09, and two samples from the D08 core location. The

lower crust sample from K09 was 5.1 cm long, and the combined lengths of

samples D08-P1 and D08-P2 resulted in a total estimated crust thickness of

8.9 cm. The densities of these three samples varied from 7.0 to

*

.6 g,/ cm.

As described in more detail in Appendix E, all three of these samples

consisted of metallic melts surrounding columns of intact fuel pellets. A

typical example is shown in the longitudinal metallographic cross section

ro~ sample K09-P1 presented in Figure 15. Although not apparent in this

figure, s^all remnants of oxidized Zrt^ cladding typically surrounded

these fuel pellets stacks as shown in Figure 16. These oxidized cladding

shells were being dissolved by the metallic melt that flowed down from

above. Some fuel dissolution by the zirconium in the metallic melts also

occurred, as shown ir. Figure 17.

An unusual feature observed in samples from the lower crust was tN

prescr.ee of rectangular particles in the metallic melt that were primarily
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U dot map Fe dot map HCA 87-1222

Figure 17. SEM analysis of fuel dissolution in metallic melt (K09-P1).
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composed of U02, with small amounts of ZrO^ precipitates dispersed

*ithin the fuel. An example of these particles is shown in Figure 18, and

in more detail in Figure 19. A backscattered electron image of these

particles is also shown in Figure 20, and additional SEM images and dot maps

are presented in Figures 21. These UO? particles precipitated from the

-et al 1 ic melt .

Tnese data suggest that the lower crust was formed by the relocation of

metallic melts from the upper regions of the core to cooler areas near the

water level. The minimum peak temperature of the metallic melt is

approximately 1220 K, based upon the formation of a zirconium-rich eutectic

ith iron and nickel. However, this minimum peak temperature is for a

unique composition, and with the multitude of metallic phases that are

present, it is ver> possible that temperatures were generally above this

-inimum temperature. Based upon the Zr-Ni, Zr-Fe, Zr-Cr, and Fe-Cr phase

diagrams, it is reasonable to assume that many regions of the metallic melt

solidified at temperatures up to several hundred degrees above the 1220 K

-inimum pea* temperature, probably in the range of 1300-1500 K. The lack of

any significant dissolution of the intact fuel pellet stacks by the

zirconium in the metallic melts suggests that peak temperatures were

generally below 2200 K. The lack of any unoxidized zircaloy is probably due

to interactions between the zircaloy and silver, nickel, and iron in the

-etallic melts. These reactions can proceed at minimum temperatures of

approximate1.. 1200 >, but they are much more rapid. In the case of silver

ruch rore zircaloy can be dissolved when temperatures are above

approximately 1400 K. Based upon these observations, a best estimate of the

te-peratures in the lower crust would be approximately 1300-1500 K.

3.2.2 Lower Crust Bulk Composition

Elemental analyses wore performed on dissolved microcores f i v sample

location^ in the lower crust. Analyses were performed for 17 elements that

constitute the principal components of the TMI 2 core, for comparison

purposes, Table 1 lists the average core composition of each of the cote

constituents and the averaqe core composition of the TMI-2 core, including
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Figure 18. U02 precipitates in metallic melt in lower crust (K09-P1)
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Figure 20. Backscattered electron image of U02 precipitates in metallic melt (K09-P1)
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Figure 21. SfM analysis of U02 preiipitates in metallic melt (KO.-f'l)
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the oxygen content of the uranium, but excluding the oxygen present from the

oxidation of zircaloy and structural materials. Lower crust samples from

two core locations (K09 and D08) were examined. The elemental data for

these samples are listed in Appendix G, Tables 65 to G7.

K09-P1-C, a longitudinal cross section adjacent to the metallurgical

sample, was obtained from the lower crust near the center of the core.

Figure 22 shows the cross section and the locations sampled. Sample

location No. 1 is located in the metallic region closer to the top of the

crust, and sample locations No. 3 and No. 4 are located in the metallic

material near the bottom crust. Sample location No. 2 is from a relatively

intact fuel column that was surrounded by the metallic material.

Examination of Table G5 indicates that the metallic region is composed

principally of zirconium (37 to 44 wt%) with significant amounts of uranium

(7 to 17 wt%), iron (5 to 10 wt%), nickel (4 to 5 wt%), silver (2 to 4 wt%),

and smaller amounts of chromium, indium, and tin. The No. 2 location is

composed of relatively intact fuel material (approximately 65% uranium) with

zirconium (10 wt%), silver (2.3 wt%) and iron (1.8 wt%) .

At the D08 core location, two samples of the lower crust were

examined: D08-P1-C is a heterogeneous, longitudinal section adjacent to the

metallurgical cross section, and D08-P2-A is a relatively homogeneous,

longitudinal section. D08-P1-C is shown in Figure 23 and appears to be

similar to K09-P1 with fuel rod sections surrounded by prior-molten metallic

material. The elemental analysis data indicate that locations No. 1 and

No. 3 in the metallic region are relatively homogeneous, and are composed

principally of iron (28 to 34 wt%), nickel (13 to 14 wt%), and silver (6 to

10 wt%) with lesser concentrations of other constituents. This sample also

contains zirconium at lower concentrations than K09-P1.

In the other longitudinal cross section, D08-P2-A (Figure 24), two

samples were obtained: the center of the crust (No. 1) and near the lower

periphery of the crust (No. 2). The composition is similar in both cases

with the principal components being uranium (52 to 60 wt%) and zirconium
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86-614-1-28

Figure 22. K09-P1-C sampling locations,
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86-614-1-19

Figure 23. D08-P1-C sampling locations
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86-614-2-33

Figure 24. D08-P2-A sampling locations
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(8.6 to 18 wt%) with lesser amounts of silver (1.1 to 5 wt%) and iron

(2.2 to 2.9 wt%) . The data indicate significant differences between this

crust sample and D08-P1-C; however, there are significant amounts of

control material located in both crust samples.

Table 17 lists the average composition and range of compositions for

the lower crust samples. The average uranium content is biased high by

the samples of intact fuel columns. The lower crust based upon these data

can be considered to be principally zirconium and structural materials

with some uranium surrounding relatively intact fuel columns. These data

should be treated cautiously due to the high degree of heterogeneity

between the metallic and ceramic phases.

3.2.2.1 Uranium Fuel and Zircaloy Cladding. The fuel material

(uranium) concentrations in the lower crust have a range from 2.6 to

88 wt%, as indicated in Table 17. However, if the samples from the fuel

column locations (i.e., K09-P1 No. 2, D08-P1-C No. 2, and D08-P2-A No. 1

and No. 2) are excluded, the range is 2.5 to 17 wt%. For zirconium, the

data from the crust region range from 9 to 44 wt%, and the average is

22 wt%, which indicates that zirconium is enhanced in the lower crust

relative to the core average concentration of 18. If only the samples

from the melt surrounding K-09 are considered, the average zirconium

content is 40 wt%, which would indicate that zirconium is the major

constituent of the melt. The remaining constituents of the material that

flowed down from the lower crust are primarily iron, nickel, indium,

chromium, and silver. These data suggest that metallic zirconium formed

low melting alloys with other structural materials and relocated downward

before finally cooling at locations in the lower crust.

Table 18 lists the U/Zr and Zr/Sn ratios in the lower crust samples.

In the metallic region samples, the U/Zr ratios range from 0.19 to 0.47,

which indicates a factor of 10 higher concentrations of zirconium relative

to the uranium present.
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TABLE 17. LOWER CRUST AVERAGE COMPOSITION3

(wt\)

Liemfinl
Aq

a'i

B

Cr

Cu

fe

Jo

Mc

St:

",i

Si

Sn

Te

U

Zr

Average Composition
4.5

1.1

0.10

0.07

1.

0

11

0

1.

0.

0.

0.

6

11

40

1

04

34

14

5.5

0.42

1.5

0.05

34.0

22.0

RanqeC
1.13 - 10.4

0.14 - 6.4

0.05 - 0.26

0.01 - 0.12

0.31 - 4.1

0.05 - 0.25

1.76 - 34

0.02 - 2.92

0.28 - 13.7

0.01 - 0.07

0.06 - 1.14

0.05 - 0.21

0.52 - 13.7

0.09 - 1.11

0.25 - 3.1

0.11 - 0.07

2.6 - 87.9

8.6 - 44.5

a. This table represents the average of the examination results obtained

fro~ the lower crust; however, due to the heterogeneity of the material and

the ST.all number of samples examined, these data must be used with caution.

b. The average ccnce^tra* ion is calculated using only real values and is

i.eraged without zero values.

c. Values below analytical detection limit not included in range.
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TABLE 18. LOWER CRUST FUEL MATERIAL (U, Zr, Sn) WEIGHT RATIOS

Sample ID

K09 -Pl-C

No. lc
No. 2

No. 3C
No. 4C

D08 -Pl--C

No. lc
No. 2

No. 3L

D08 -P2-A

No. 1

No. 2

U/Zr Ratio'

0.39

6.0

0.19

0.35

0.23

6.4

0.47

2.9

6.9

Zr/Sn Rat iob

31

41

24

22

3.7

19

4.7

12

28

a. The core average U/Zr ratio is 3.7, and the ratio for a fuel rod is 4.0.

b. The average Zr/Sn ratio in zircaloy cladding is 61.

c. Principally metallic samples (<20 wt% U).
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In both the aetal 1 ic samples, there are significant amounts f h;f
r

f rcon^uw ard tin (constituents of the fuel cladding). The Zr/Sn ratios

at all sample locations in the melt are less than the core average ratio

which suggests the accumulation of tin m these sample locations relative

to :i'Coniu and particularly at the two D08-P1-C locations. These data

suggest that tin is not transported .th the zirconium and that it ra,

tend to for* accumulations separate *rom tne zirconium. The SEM

ena-T.ations support this hypothesis in which tin accumulation is

localized in a region conta,r,ing indium.

3.2.2.2 Co-trol Pod Hatf- ' ; Control rod materials, including tne

relative1y volatile can-i--. nere --asurasle i- most of tne lower crust

sa-rles. Exa-ination cf tne :ata
-

~aoles G5 to G7 and 17 indicates fat

fe least volatile control -aterial, silver, was measurable in all sa-ples

at an averaqe corce'f at ion of about 4.5 wtV with a range o^

co^ce- fat ions fror 1.1 t: 10.4 wt\. Although sore silver ~.ay have

cec ipitate: during the ana1, sis, given the sum of the weight percents :*'

fe constituents in Tahles G5 to G' and ox-nation c* the uraniu- aro other

operable oxides, f e sil.er content could not increase more fan

a?rroxirnatel> 10 - 15 *t%. These concentrations are all greater fan tne

core average concentration of sil.er (1.9 wt%), which indicates fat this

element accu-vJatei in the lower crust.

Ir.di -- was _easura:le in all samples at concentration a. e raging

1.1 *.\ with the :J- :
*'
data ranging from 0.3 to 1.9 f\. Tne core

a.erage concentration :* incjiu- is 0.3 wtV which indicates fat tms

ele-ent is found in the lower c . r at concentrations up to 6 tires fe

cce average concerf a* ions.

'ad"iuTi was measurable in e'ght :
*

f e nine sa-ples obtained fro". the

'ewer crust. T e concentrations ranged *'rom 0.01 to 0.12 wt%, wif 3n

a.erage C'jr cer
*

rat ion of arout 0.07 wt%. Tr.is concentration is less fan

fe core averaqe concentration of 0.12 wt%. The presence o* cadmiu-

(tciling point 1 0-0 *) in these samples suggests that the cad-niu- coulj
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not be volatilized, but was retained to a large extent due to alloying and

relocation to cooler portions of the core.

Table 19 presents the ratios among the control rod materials measured

in the lower crust samples. The Ag/In ratio ranged from 2 to 6 wt% for

both metallic and ceramic samples with the exception of D08-P2-A No. 1,

which is a factor of 3 higher than the intact control rod value of 5.3.

The average of the Ag/In ratios (excluding D08-P2-A No. 2) is 3.6, which

indicates that indium is concentrated in the lower crust relative to

silver, although this may be an artifact of the precipitation of silver

during the analysis. These data are relatively consistent for all samples

and a wide range of concentrations.

The Ag/Cd ratios vary over a range of a factor of 5. The ratios are

greater than those found in intact control rods by factors greater than 2,

indicating that the cadmium has been partially lost from the debris

relative to silver. This is particularly apparent for sample D08-P2-A

No. 1, where the ratio is 390. The data for In/Cd are consistent with the

Ag/Cd data and again indicate loss of the cadmium in the debris relative

to indium.

3.2.2.3 Poison Rod Materials. Poison rod materials measurable in the

lower crust included aluminum, boron, and gadolinium. Aluminum was

measurable in all samples at concentrations averaging 1.1 wt%, which is

greater than the core average concentration of 0.2 wt%. However, this

average is biased by sample D08-P1-C No. 1, which has an aluminum

concentration of 6.4 wt%. Excluding this sample, the average is 0.4 wt%,

which is much nearer the core average concentration of 0.2 wt%. The high

concentration in D08-P1-C suggests that this sample came from a poison

assembly.

Boron from the poison rods and reactor coolant is present in most

samples at concentrations between 0.05 and 0.26 wt%. Gadolinium is also

present in the lower crust in a range of concentrations from 0.02 to
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TABLE 19. LOWER CRUST CONTROL MATERIAL (Ag, In, Cd) WEIGHT RATIOS

Sample ID Aq/In Ratio* Ao/Cd Ratiob InAd.Ra.t ifiC

K09-P1-C

No. 1
No. 2d
No. 3,
No. 4d

2.0

3.0

3.6

2.6

57

115

37

26

29

38

10

10

D08-P1-C

No. Ia
No. 2J
No. 3d

6.0

4.1

3.3

88

52

76

15

13

23

D08-P2-A

No. 1

No. 2

18

3.9

390
__e

21

__e

a. The average Agin ratio is in a control rod is 5.3.

b. The average Ag Cd ratio in a control rod is 16.

c. The average In/Cd ratio in a control rod is 3.0.

d. Principally metallic samples.

e. " component of the comparison was below the detection limit of the

analysis method.

3-63



2.9 wt% with an average of 0.4 wt%. This concentration is greater than the

average concentration of 0.01 wt%, which suggests significant accumulation

of gadolinium in the lower crust. The principal source of this high average

concentration is sample D08-P2-C with a high gadolinium concentration of

2.9 wt%. The presence of relatively intact poison materials is indicated at

the D08 core location, a control rod assembly location in the original core

configuration.

3.2.2.4 Structural Materials. Measurements were made for all

structural material constituents in the core (i.e., iron, chromium, nickel,

manganese, niobium, and molybdenum). The average concentration data in

Table 17 indicates that iron is the principal structural material present

(average 11 wt%), and that it ranges up to 34 wt% in the metallic regions of

the crust. Lesser concentrations of nickel (average
- 5.5 wt%) and chromium

(average - 1.6 wt%) are also present. All these elements have accumulated

in the lower crust in concentrations exceeding the core average.

Examination of the ratio data for the principal components of the

metallic crust (Table 20) indicates that Fe/Cr ratios are greater than those

found in stainless steel and Inconel, and that the Fe/Ni ratios are between

the stainless steel and Inconel ratios. The presence of significant amounts

of molybdenum in the lower crust at ratios approximately 0.75 times those

for Inconel suggests that the crust was formed to a significant extent from

the Inconel grid spacers as well as some stainless steel components.

3.2.3 Lower Crust Radiochemical Examinations

The radionuclide distribution in the lower crust was determined for

the samples discussed in Section 3.2.2. Results of the radiochemical

analysis of the samples are listed in Appendix H, Tables HI and H3. To

provide information on the characteristic behavior of fission products, they

have been categorized by the volatility of the chemical group and element,

as discussed in Section 3.1.3.
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TABLE 20. LOWER CRUST METALLIC MATERIAL (Fe, Cr, and Ni) WEIGHT RATIOS3

Sample ID Fe/Cr Ratio

K09-P1-C

No. 1 5.0

No. 2 5.7

No. 3 5.0

No. 4 4.9

D08-P1-C

No. 1 8.4

No. 2 8.1

No. 3 8.7

D08-P2-A

No. 1 6.3

No. 2 5.1

f^ Ni kat io Ni/Cr Ratio N, 'M.< Ratio

2.1 2.4 13

1.7 3.4 12

1.5 3.3 21

2.0 2.4 13

b
2.5 3.4

2.5 3.2 10

2.2 4.0 11

0.50 12 -b

4.2 1.2 9.0

a. The elemental ratios for stainless steel and Inconel are:

Stainless Steel Inconel

Fe/Cr 3.6 0.35

Fe Ni 7.6 0.35

Ni r 0.5 2.7

Ni Mo 17.3

D. Component not detected.
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Table 21 lists the average radionuclide concentrations, the range of

values, and the ratio of the high and low concentrations. The ratios of

high to low concentrations are from 101 to 10, indicating a relatively

wide range of radionuclide concentrations; however, the radionuclides with

high/low concentration ratios greater than 102 are the more volatile

species (i.e., 129I and 137Cs), the metallic species (106Ru), and

surprisingly, the relatively stable 90Sr. The large range of

concentrations is partially due to the differing compositions of the two

regions in the crust and the apparent segregation of some fission products

in the crust, as will be discussed in a following section.

3.2.3.1 Lower Crust Uranium-235 Enrichment. Measurements were

performed to evaluate the concentrations of
23

U and 23U in the lower

crust and to determine 235U enrichment in the crust. The 235U and

238U concentrations are listed in Appendix H and the 23"*U enrichments

are listed in Table 22. These measurements should be treated with some

caution, as the technique used for the measurements is affected by the

presence of control materials, which may result in measured concentrations

lower than actual for those samples with high control material content.

Table 22, which summarizes the 235U data, indicates a range of enrichments

from 1.8 to 2.4. However, the bulk of the data is in the range from

1.8 to 2.0, suggesting that the lower crust debris samples are mostly

composed of the 1.98% enriched assemblies (assembly locations K09 and D08

had original enrichments of 1.98%). The data from the samples identified in

Table 22 would suggest that uranium present in the 1.98% enriched assemblies

remained at those locations in the reactor core and mixed with metallic

structural and control materials before relocating to form the lower crust.

3.2.3.2 Comparisons with 0RIGEN2. The measured radionuclide

concentrations in the lower crust were compared with concentrations

predicted by the 0RIGEN2 code in order to assess retention of radionuclides

in the ceramic and metallic regions of the lower crust. The 0RIGEN2 data

and analysis methods are discussed in Section 3.1.3, and Table 14 lists the

0RIGEN2 values used for comparison with the analysis results.
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TABLE 21. LOWER CRUST AVERAGE RADIONUCLIDE CONCENTRATIONS

(nucrocuries/g sample on April 1, 1987)

Radionuc lite Averaqe

553

Range

60Co 34 to 1871

90Sr 3100 14 to 7040

106Ru 609 72 to 1744

125Sb 495 0.3 to 1330

129j 8.00 E-4 3.4 E-5 to 4.6 E-3

134Cs 32 1.6* to 123

137Cs 1150 15 to 5300

144Ce 127 lla to 238

154Eu 28 2.7a to 50

155Eu 37 3.6a to 64

High/Low Rat iob

55

500

24

4400

135

77

353

22

18

18

a. Detection limit value not included in range.

b. High value divided by the low.
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TABLE 22. LOWER CRUST URANIUM-235 ENRICHMENT

?35 a

Sample ID U Enrichment

2.4

3.4C
1

K09

-[i-CNo.

No. 2.

No. 3^
No. 4b

D08

^CNo.

No. 2,
No. 3b

D08 -P2-A

No. 1

No. 2

1.8

1.8

__d

2.0

a. The core average 235U enrichment is approximately 2.56% with the

peripheral assemblies having an enrichment of 2.98 and the central

assemblies having enrichments of 1.98% and 2.64%.

b. Less than 30% U content.

c. Large uncertainty (>50%) associated with value.

d. Not measured or not detected.
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A summary of the measured radionuclide retentions (based on uranium

content) in the lower crust is provided in Table 23. These data indicate a

wide range of retentions, principally for the more volatile or metallic

radionuclides. The low volatile radionuclides (14*Ce and
*

Eu)

generally have similar retentions from 130 to 202%, which suggests that much

of the lower crust was formed from fuel material from a relatively high

burnup region closer to the center of the reactor core. The following

sections discuss the radionuclide distributions for the principal low,

medium, and high volatility radionuclides.

3.2.3.3 Low Volatiles. The low volatiles for which radionuclide

comparisons were performed are
*

Ce and *^*Eu. The average retentions

for the ceramic and metallic regions are between 130 and 134%, and the high

concentrations (i.e., >100% retentions) indicate that the fuel material

forming the lower crust has a relatively high burnup. Comparisons with the

fuel column samples (e.g., K09-P1-C No. 2) indicates similar burnup for all

;*' the high burnup samples. The lower cerium and europium retentions (i.e.,

samples K09-P1-C No. 1 and D08-P1-C No. 1) are from samples with low uranium

content, 17.4*, and 2.65%, respectively. Apparently, some low volatile

release occurred from these samples that had a large metallic constituent.

Why the apparent release occurred from these samples is not known.

3.2.3.4 Mediu"" Vo1 at 1 1 p$. The fission products that are expected to

-ave a medium volatility are 90Sr, 125Sb, and 106Ru. The 90Sr data

shown in Tables 23 and 24 indicate a wide range of concentrations,

especially for the principally metallic samples. The data in Table 24

indicate similar average Sr retentions for both the metallic and ceramic

samples. The bulk of the 90Sr was apparently retained in the ceramic

samples with some relocation to the metallic regions.

Both 125Sb and 106Ru have accumulated in the metallic samples at

concentrations ranging up to 40 and 54 times the core average concentrations

for *'^Sb and 106Ru, respectively. The sample with the highest metallic
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TABLE 23. RADIONUCLIDE RETENTION IN THE LOWER CRUST3

Radionucl ide Retent ion(%)

SamDle ID 90Sr 106Ru 125Sb 129j 137Cs 144Ce 154Eu

K09-P1-C

No. lb 10.0 226 141 23.4 1.46 25.1 33.6

No. 2.
No. 3

No. 4b

145 18.4 14.9 282 91.0 159 183

133 93.9 347 17.5 56.4 __c __c

287 541 925 6.94 14.0 202 228

D08-P1-C

No. lb 38.4 5400 3970 321 14.8 57.1 __c

No. 2.

No. 3b
77.4 27.8 0.032 42.1 47.6 173 121

2.57 2480 1390 95.8 48.4 170 203

D08-P11-A

No. 1 109 67.7 88.8 10.6 0.30 170 146

No. 2 134 20.1 13.1 55.9 1.15 133 146

a. Retention is calculated based on the uranium content of the sample
material as determined from the elemental analysis results in Appendix G.

Additional figures are shown beyond those statistically appropriate for

calculational purposes. The uranium concentrations used for normalization

in wt% were:

K09-P1-C -- No. 1 - 17.4; No. 2 - 60.3; No. 3 - 7.2; No. 4 - 14.2

D08-P1-C -- No. 1 - 2.65; No. 2 - 87.9; No. 3 - 6.57

D08-P2-A -- No. 1 - 52.5; No. 2 - 59.6

b. Contains significant amounts of metallic material (>30%).

c. Not detected.
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TABLE 24. RADIONUCLIDE RETENTION IN METALLIC AND CERAMIC SAMPLES

ide

Metallic Sampl es
a

Ceramic Samples

Radionucl Averaqe Low/Hiah Averaqe Low/Hiqh

90Sr 94 2.6 - 290 117 77 145

I06Ru 1750 93 - 5410 34 18 68

125Sb 1360 41 - 3970 29 0.03 - 88

129,
93 6.9 - 321 98 11 283

137Cs 27 1.4 - 56 35 0.3 - 91

1 *

''"Ce 134 25 - 203 130 57 170

154Eu 131 33 - 228 149 121 184

a. Normal metallic samples are K09-P2-C No. 1, No. 2, No. 3, and G08-P11-E

No. 1.

b. Nominal ceramic samples include all other samples in the upper crust,

although there is some metallic material in all samples that may bias the

results.
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material content was sample D08-P1-C No. 1 at approximately 70% metallic.

The normalized retention for this mostly metallic sample is by far the

highest in the lower crust. The measurement data indicate significantly

lower concentrations of 125Sb in the ceramic region. The correlation

between metallic constituents of the sample material and 125Sb

concentrations are discussed in Section 4.

3.2.3.5 High Volatiles. The two high volatile radionuclides

measurable were 137Cs and *29I. Iodine-129 was measurable in most

samples at concentrations lower than those found in intact fuel material.

Comparison of the 144Ce retention data (159%) for K09-P1-C No. 2 with

the iodine retention data (282%) suggests that radioiodine may have been

retained or trapped to a slight extent in the cooler portion of the molten

pool .

The D08-P1-C metallic samples have iodine retentions at higher levels

than those expected based on the ^44Ce content of the material. Sample

No. 1, the highest retention, was obtained from near the bottom of the

crust with high retentions for prior molten fuel at all sample locations.

No explanation is apparent for the retention of these relatively low

concentrations of iodine in the crust.

1 17
The 1J/Cs concentrations shown in Tables 23 and 24 indicate lower

relative retentions than those of 129I for both the metallic and ceramic

samples, and no apparent correlation between the retentions of the two

radionuclides. The data for the ceramic sections suggests only limited

retention of cesium at any location in the crust and at significantly

lower concentrations than 129I in the primarily metallic samples.

3-72



3 . 3 Peripheral l rust Examination Results

The peripheral crust was identified as a part of the top crust from

mid-radius to near the edge of the core. The peripheral crust had different

characteristics than the upper crust, which was characterized by the

materials behavio> near the center of the core. For the peripheral out

samples, information obtained from the visual and metallurgical examinations

is summarized in the following section. This summary was extracted from the

visual examinations presented in Appendix C, the density measurements

described in Appendix D, the metallographic examinations explained in

Arpendix E. and the autoradiographic results listed in Appendix F. The bulk

elemental and radiochemical analysis results are summarized in

Sections 3.3.2. and 3.3.3.

3.3.1 Visual and Metallurgical Examinations

Two samples were obtained from the peripheral crust regions at core

bore locat ons G12 and 007. Samples G12-P1 and O07-P4 were both 5.1 cm long

and ranged in density from 7.6 to 8.8 g/cm . Typical microstructures in

the G12 peripheral crust region are shown in Figures 25 and 26. These

photomicrographs display a (U,Zr)0i matrix containing extensive porosity

and a eutectic phase with a mottled appearance. SEM dot maps of this

-ottled phase, described in detail in Appendix E, identified it as being

pri-arily composed o* iron, chromium, nickel, and oxygen.

Figure 27 shows a cross section through sample 007-P4. This sample

contained relatively large amounts of metallic melts, and metallographic

e<a~inations detailed in Appendix E revealed that these metallic melts were

largely composed of immiscible v; In and Fe-Cr-Ni melts.

These examinations indicate a relatively thin crust composed ot a

-i/fre of ceramic (U,Zr)0o melt and immiscible metallic melts, similar to

sa-ples from the upper crust. The density and thickness of this material

werf also comparable to that found in the upper crust.
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Figure 25. Morphology of ceramic melt in peripheral crust (G12-P1)
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Figure 26. Mottled structure in ceramic melt of peripheral crust (G12-P1).
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87M-591

Figure 27,

007-P4.

Longitudinal cross section through peripheral crust sample
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3.3.2 Peripheral Crust Bui k Xomposj tj on

Elemental analvses were performed on dissolved microcores from sample

locations in the side or peripheral crust. Analyses were performed for

T elements that constitute the principal components of the TMI-2 core. For

comparison purposes. Table 1 lists the average core composition of each of

the core constituents and the average core composition of the TMI-2 core.

T*o core locations in the peripheral oust (007 and G12) were examined. The

elemental data for these samples are listed in Appendix G, Tables G8

to G10. Sample 007-P4-C is a longitudinal cross section, and the locations

sampled are shown in Figure 28. Samples No. 1 and No. 2 are located in the

-etallic and ceramic regions close to the top of the crust, respectively.

Samples No. 3 and No. 4 are, respectively, from ceramic regions near the

midpoint and bottom of the crust. Examination of Table G8 indicates that

're metallic region (Sample No. 1) is composed principally of iron (29 wt%)

and zirconium (17 wt%) with nickel (13 wt%), silver (6.9 wt %), and other

structural materials. Location Nos. 2, 3, and 4 are composed principally

of uranium (53 to 66 wt%) and zirconium (4 to 17 wt%) with lesser amounts of

structural materials and silver (1.9 to 5.4 wt%) .

At the G12 core location, two samples of the upper crust were

examined: G12-P1-E is a heterogeneous, longitudinal section and G12-P1-D2

is a relatively homogeneous, transverse, partial disk section. Sample

G12-P1-E had samples removed from near the top of the crust (No. 2), at

-idpoint (No. 3), and from near the bottom of the crust (No. 4). The

elemental analysis data indicate that location No. 2 in the metallic region

is composed principally of zirconium (23 wt%) and iron (18 wt%) with lesser

a-ounts of uranium (14 wt%) and silver (7.4 wt%), similar to the metallic

part of 007. The ceramic sample locations (Nos. 3 and 4) are composed

principally of uranium (49 to 54 wt%) and zirconium (18 to 19 wt%) , and

insignificant quantities of other constituents.

In the transverse cross section, G12-P1-D2 (Figure 29), two samples

*ere obtained: the center of the crust (No. 1) and near the lower periphery

of the sample (No. 2). There appear, to be a greater degree of porositv at
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*,.

Figure 28. 007-P4-C sampling locations.

86-614-2-13
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i
86-614-1-6

Figure 29. G12-P1-D2 sampling locations
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the No. 1 location; however, the composition is similar in both cases with

the principal components being uranium (55 and 63 wt%) and zirconium (20 and

22 wt%) with lesser amounts of silver (0.18 and 0.21 wt%) and iron (1.1 and

1.6 wt%).

Table 25 lists the average composition and range of compositions for

the peripheral crust samples. These data should be treated cautiously

because of the high degree of heterogeneity between the metallic and ceramic

phases. In the following sections, each region is treated separately due

the substantial differences in composition.

3.3.2.1 Uranium Fuel and Zircaloy Cladding. The fuel material

(uranium) concentrations in the peripheral crust have a range from 3.2 to

66 wt%. However, if only the samples from the fuel material sample

locations (i.e., all samples except 007-P4-C No. 1 and G12-P1-E No. 2) are

considered, the range is 49 to 66 wt%. For zirconium, the data from these

samples range from 4.4 to 23 wt%, and the average is 16 wt%.

Table 26 lists the U/Zr and Zr/Sn ratios in the peripheral crust

samples. The core average U/Zr ratio is 3.7, which is less than the average

ratio for the ceramic samples (5.2); however, these data are biased by the

data from 007-P4-C, which has higher U/Zr ratios and consequently, lesser

relative amounts of zirconium. The U/Zr component of the peripheral crust

appears to be depleted in zirconium content at 007-P4 and enriched at the

G12 location. In the metallic phase, the U/Zr ratios range from 0.19 to

0.6, which indicates a factor of 10 higher concentrations of zirconium

relative to the uranium present. These data suggest differences in behavior

at the two side crust locations and that one location (007) is similar in

composition to the upper crust and one (G12) is similar to the lower crust.

In both the metallic and ceramic samples of the peripheral crust, there

are significant amounts of zirconium and tin (constituents of the fuel

cladding). The ratio data indicate greater relative concentrations of tin

in some metallic and ceramic samples, and less than the core average in the
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TABLE 25. PERIPHERAL CRUST AVERAGE COMPOS I TI0Na

(wt%)

Element Averag*e Concent r a t i on

Aq 2.9

a'i 0.29

B 0.08

:d 0.14

;.- 1.7

Cu 0.09

Fe 6.4

0.06

In 1.3
Mn 0.10
u -

0.25

0.13

2.7

Si 0.52

Sn 1.3

Te 0.06

U 46.0

Zr 16.2

Low/High rat JQC

0.04 - 7.4

0.07 0.63

0.03 - 0.19

0.008 - 0.42

0.11 - 3.9

0.09 - 0.14

0.84 - 29

0.02 - 0.09

0.18 - 2.9

0.03 - 0.40

0.02 - 0.17

0.08 - 0.17

0.17 - 12.6

0.10 - 1.51

0.12 - 2.9

0.02 - 0.12

3.2 - 66.3

4.4 - 23.2

a. This table presents the average of the examination results obtained from

the side crust; however, because of the heterogeneity of the material and

tne small number of samples examined, these data must be used with caution.

b. The average concentration is calculated using only real values and is

i. -raged without zero values.

c. Values below analytical detection limit not included in range.
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TABLE 26. PERIPHERAL CRUST FUEL MATERIAL (U, Zr, Sn) WEIGHT RATIOS

Sample ID U/Zr Ratio*

0.19

12

9.4

3.9

0.6

2.8

2.8

2.9

2.8

007 -P4-C

No. lc
No. 2

No. 3

No. 4

G12 -Pl-E

No. 2C
No. 3

No. 4

G12 -Pl--D2

No. 1

No. 2

Zr/Sn Ratic>b

5.7

1.6

6.7

76

11.0

12g

__d

158

a. The core average U/Zr ratio is 3.7, assuming oxidation of the zircaloy.

b. The average Zr/Sn ration in zircaloy cladding is 61.

c. Principally metallic samples (<20 wt% U).

d. A component of the ratio was not measurable.
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Gi: samples. The relative accumulation of tin, as compared with zirconium

in some samples, is suggested.

3.3.2.2 Control Rod Materials. Control rod materials, including the

relatively volatile cadmium, were measurable in most of the peripheral crust

samples. Examination of the data in Tables G8 to G10 and 25 indicate that

the least volatile control material, silver, was measurable in both metallic

and ceramic material samples at an average concentration of about 2.9 wt%,

-.th a range of concentrations from 0.04 to 7.4 wt%. This is greater than

the expected core average concentration of silver (1.8 wt%) ; however,

inspection of the data indicates accumulations of this element in both

metallic and ceramic regions in this part of the reactor core. Lower

concentrations are present in the more ceramic samples.

Indium was measurable in all samples at concentrations averaging

1.3 wtV with the bulk of data ranging from 0.2 to 2.9 wt%. The core

a.erage concentration of this element is 0.3 wt%. which indicates that

indium is concent' at o in the peripheral crust.

Cadmium was measurable in six of the nine samples obtained from the

peripheral crust. The concentrations ranged from 0.01 to 0.42 wt%, with an

average concentration of about 0.14 wtV This concentration is greater than

the core average concentration of 0.12 wt%: however, the bulk of the element

is located in tte metallic regions.

Table 27 presents ratios among silver, indium and cadmium for the lower

crust samples. The Ag In data indicate a ratio range from 0.1 to 10, with

the bul of the data below the average ratio (5.3) for intact control rods.

These data indicate that indium is present at greater relative

concentrations in this part of the crust than silver, with the exception of

007-P4-C No. 4, where the ratio is greater than the core average. These

data suggest trat indium is accumulating at the peripheral portion o* the

\rJr\'_ relative to silver. This is similar to the behavior observed in the

lower crust.

3-83



TABLE 27. PERIPHERAL CRUST CONTROL MATERIAL (Ag, In, Cd) WEIGHT RATIOS

Sample ID Ao/In Ratio3 Ag/Cd Ratiob In/Cd Ratio0

007-P4-C

No. ld 2.5 16 6.5

No. 2 1.8 24 13

No. 3 3.5 51 14

No. 4 10 124 12

G12-P1-E

No. 2d
No. 3

3.6

0.1

104
__e

29
__e

No. 4 0.14 6.0 43

G12-P1-D2

No. 1

No. 2

__e

1.2

_.e

__e

_.e

__e

a. The core average Ag/In ratio is 5.3.

b. The average Ag/Cd ratio is 16.

c. The average In/Cd ratio is 3.0.

d. Principally metallic samples.

e. A component of the comparison was below the detection limit of the

analysis method.
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The Ag Cd ratios vary over a factor of 10, and the cadmium was not

measurable at three locations. The measured ratios are greater than those

found in intact control rods by factors greater than 2, indicating that the

cadmium has been partialis depleted in the debris relative to silver,

similar to the upper and lower crust data. This is particularly apparent

for sample 007-P4-C. where there is a variation in the Ag/Cd ratio from near

the intact control rod ratio at the top of the crust to significantly

greater near the bottom of the crust. The data for In Cd are consistent

with the Ag Cd data and again indicate relatively less cadmium in the

debris.

3.3.2.3 Poison Rod Materials. Poison rod materials measurable in the

peripheral crust included aluminium, boron, and gadolinium. Aluminium was

measurable in all samples at concentrations averaging 0.3 wt%, which is

similar to the core average concentration of 0.2 wt%. Boron from the poison

rods and reactor coolant is present in most samples at concentrations

between 0.03 and 0.19 wt%. Gadolinium is also present in the peripheral

crust in a range of concentrations from 0.02 to 0.09 wt%, with an average of

0.06 wt%. This concentration is greater than the average concentration of

0.01 wt%, which suggests accumulation of this element in the peripheral

crust.

3.3.2.4 Structural Materials. Measurements were made for all

structural material constituents in the core (i.e., iron, chromium, nickel,

manganese, niobium and molybdenum). The average concentration data in

Table 25 indicates that iron is the principal structural material present

(average 6.4 wt%) , and that it ranges up to 29 wt% in the metallic regions

of the crust. Lesser concentrations of nickel (average
- 2.7 wt%) and

chromium (average - 1.7 wt%) are also present. Examination of the ratio

data for the principal components of the metallic crust (Table 28) indicates

that Fe/Cr and Fe/Ni and Ni/Cr ratios tend to be between those found in

stainless steel and Inconel, but appear to be closer to stainless steel.

Tne presence of molybdenum in the peripheral crust suggests again that the

iroonel grid spacers were contributors to the formation of the crust. The
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TABLE 28. PERIPHERAL CRUST STRUCTURAL MATERIAL (Fe, Cr, and Ni) WEIGHT

RATIOS3

Sample ID Fe/Cr Ratio Fe/Ni Ratio Ni/Cr Ratio Ni/Mo Ratio

007-P4-C

No. 1 7.7 2.3 3.4 11

No. 2 1.2 2.2 0.5 11

No. 3 1.2 6.4 0.2 0.6

No. 4 2.1 3.4 0.6 18

G12-P1-E

No. 2 4.5 2.0 2.2 27

No. 3 2.2 4.4 0.5 5,0
_.bNo. 4 2.0 4.1 0.5

G12-P1-D2
__bNo. 1 2.4 6.2 0.4

No. 2 1.5 4.3 0.3 24

The elemental ratios for stainless steel and Inconel are:

Stainless Steel Inconel

Fe/Cr 3.6

Fe/Ni 7.6

Ni/Cr 0.5

Ni/Mo --

0,.35

0..35

2..7

17..3

b. Component not detected.

3-86



Ni/Mo ratios shown in Table 28 indicate that some stainless steel has

contributed to the formation of the crust.

3.3.3 Peripheral Crust Radiochemical Examinations

The radionuclide distribution in the peripheral crust was determined

for the samples discussed in Section 3.3.2. Results of the radiochemical

analysis of the samples are listed in Appendix H, Tables H4 and H5. To

provide information on the characteristic behavior of fission products, they

have been categorized by the volatility of the chemical group and element as

discussed in Section 3.1.3.

Table 29 lists the average radionuclide concentrations, the range of

concentrations, and the ratio of high to low values. The ranges of

concentrations are from 10" to 10 , indicating a relatively wide range

of radionuclide concentrations; however, the only radionuclides with

concentration ranges greater than 10* are the metallic species (

and *"Sb) that accumulate in the metallic portions of the crust

Ru

3.3.3.1 Peripheral Crust Uranium-235 Enrichment. Measurements were

performed to evaluate the concentrations of Z35U and Z38U in the

peripheral crust and to determine Z"U enrichment in the crust. The

235U and 238U concentrations are listed in Appendix H and the 235U

enrichments are listed in Table 30. These measurements should be treated

with some caution as the technique used for the measurements is affected by

the presence of control materials that may result in measured concentrations

lower than actual for those samples with high control material content.

Table 30, which summarizes the '3^U and 238U data, indicates a range of

enrichments from 1.8 to 3.5; however, the bulk of the data is in the range

from 2.2 to 2.4, which suggests that the peripheral crust debris samples are

mostly a composite of the 1.98% and 2.64% enriched assemblies. Assembly

location 007 had an original enrichment of 1.98%, and G12 had an enrichment

of 2.64%. These data suggest that uranium present in the 1.98% enriched

assemblies was mixed with the adjacent 2.64% assemblies to form the

peripheral crust.
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TABLE 29. PERIPHERAL CRUST AVERAGE RADIONUCLIDE CONCENTRATIONS

(microcuries/g sample on April 1, 1987)

Radionucl ide Average

172

Range High/Low ratio

60Co 12 to 887 74

90Sr 1120 152 to 2460 16

106Ru 181 2.4a to 500 210

125Sb 218 0.1 to 844 8400

129j 7.7 E-5 3.9 E-6 to 3.0 E-4 77

134Cs 6.3 0.5a to 23 46

137Cs 261 13 to 1050 81

144Ce 125 21a to 188 17

154Eu 26 19a to 43 2.1

155Eu 33 2.0 to 56 18

a. Detection limit value not included in range.
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TABLE 30. PERIPHERAL CRUST URANIUM-235 ENRICHMENT

Sami?ie ID

007 -P4- c

No. ib
No. 2

No. 3

No. 4

G12

I*"
E

No.

No. 3

No. 4

G12 -PI- D2

No. 1

No. 2

"\ Enrichment

3.5C
2.1

1.8

2.2

2.2

2.4

2.6

2.2

2.3

a. The core average ^'u enrichment is approximately 2.56% with the

peripheral assemblies having an enrichment of 2.98 and the central

assemblies ha.inq enrichments of 1.98% and 2.64%.

b. Less than 30% U content.

c. Large uncertainty (>50%) associated with value.

Not measured or not detected,
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3.3.3.2 Comparisons with 0RIGEN2. The measured radionuclide

concentrations in the peripheral crust were compared with concentrations

predicted by the 0RIGEN2 Code in order to assess retention of radionuclides

in the ceramic and metallic regions of the peripheral crust. The 0RIGEN2

data and analysis methods are discussed in Section 3.1.3, and Table 14 lists

the 0RIGEN2 values used for comparison with the core bore data.

A summary of the measured radionuclide retentions (based on uranium

content) in the lower crust is provided in Table 31. The data listed in

Table 31 indicate a wide range of retentions. Greater inaccuracies would be

expected from those samples with low uranium contents (indicated in

Table 31). However, this method provides a means of normalizing fission

product concentrations to a standard value for comparison purposes. The

following sections discuss the radionuclide distributions for the low,

medium, and high volatility radionuclides.

3.3.3.3 Low Volatiles. The low volatiles for which radionuclide

comparisons were performed are *44Ce and ^4Eu. Tables 31 and 32

indicate a range for *44Ce from 50 to 153%. The average 144Ce retention

in ceramic samples is 91%, and that for ^4Eu is 105%, as shown in

Table 32. The relatively low volatiles 144Ce and 154Eu have been

retained, within the uncertainty associated with analysis, entirely in the

fuel material. The high retentions (i.e., >100%) suggest that some of the

fuel material forming the peripheral crust came from high burnup material.

3.3.3.4 Medium Volatiles. The fission products that are expected to

have a medium volatility are 90Sr, *"Sb, an(j lOo^ Strontium-90 is

expected to be the least volatile because it is likely to be in the

relatively non-volatile oxide chemical form. The Sr data shown in

Tables 31 and 32 indicate a range of concentrations with the lowest

retention (6.4%) in 007-P4-C No. 4, a ceramic sample. The data in Table 32

indicate low average 90Sr retentions for both the metallic and ceramic

samples. The data generally indicate that some relocation of the 90Sr has

occurred, but that approximately half was retained in the debris.
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TABLE 31. RADIONUCLIDE RETENTION IN THE PERIPHERAL CRUST3

9V 106D
Rm

Radionuc lide Retent1on(%)

Sample ID '
129. 137u M4f, 15%

007--P4-C

No. lb 60.0 8360 26100 25.5 4.33 _.c . _c

No. 2 32.7 268 0.24 8.35 3.45 74.9 78.5

No. 3 16.6 50.5 457 9.78 23.2 102 101

No. 4 6.54 7.16 94.3 4.08 5.18 50.3 39.8

G12-P1-E

No. 2b 56.1 966 966 78.8 77.0 59.0 82.4

No. 3 45.7 ..c 0.032 0.27 0.49 128 169

No. 4 37.6 __c 1390 0.63 0.62 153 192

G12-P1-D2

No. 1 16.2 __c __c 0.39 0.35 119 146

No. 2 55.5 2.3 2.6 0.66 0.60 78.4 84.4

a. Retention is calculated based on the uranium content of the sample
material as determined from the elemental analysis results in Appendix G.

Additional figures are shown beyond those statistically appropriate for

calculational purposes. The uranium concentrations used for normalization

in wt% were:

O07-P4-C--No. 1 - 3.2; No. 2 - 53.2; No. 3 - 56.8; No. 4 - 66.3

G12-P1-E--NO. 2 - 14.1; No. 3 - 53.8; No. 4 - 49.5

G12-P1-D2--NO. 1 - 63.2; No. 2 - 55.1

p. Contains significant amounts of metallic material (greater than 30%).

c. Not detected.

3-91



TABLE 32. AVERAGE RADIONUCLIDE RETENTION IN METALLIC AND CERAMIC SAMPLES

Metallic Samples'

Radionuclide Average Range

90Sr 58 56 to 62

106Ru 4660 966 to 8360

125Sb 15100 4000 to 26100

129j 52 26 to 78

137Cs 41 4.3 to 77

144Ce 59c 0 to 59

154Eu 82c 0 to 82

Ceramic Samples

Average

31

47

80

3.5

3.2

91

105

Range

6.5 to 56

2.3 to 268

0.24 to 457

0.27 to 9.8

0.5 to 12

50 to 153

40 to 192

a. Nominal metallic samples are 007-P4-C No. 1 and G8-P11-E No. 1.

b. Nominal ceramic samples include all other samples in the side crust,

although there is some metallic material in all samples that may bias the

results to some extent.

c. Single analysis result.
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The 125Sb and 106Ru radionuclides are expected to exhibit a greater

range of concentrations in the peripheral crust because they had a

substantial range of concentrations in both the upper and lower vessel

debris,
*"

suggesting significant mobility for these radionuclides. For

1Z5Sb, comparisons were performed with the concentrations of elemental

constituents of the crust; no correlations were observed with the exception

that a general increase in metallic content generally correlated with an

increase in 12SSb content. The sample with the highest metallic material

content was sample 007-P4-C No. 1 at approximately 77 wt% metallic. The

normalized retention for *^Sb in this sample is by far the highest in the

IOC

peripheral crust and in the entire core. The high concentrations of it3Sb

in samples 007-P4-C No. 3 and G12-P1-E No. 4 are anomalous, as both samples

are principally composed of uranium and zirconium with small amounts of the

metallic constituents. These data suggest that the *"Sb is heavily

concentrated in the metallic portion of the two samples.

Ruthenium-106 was measurable in most samples; however, there was a wide

range of concentrations in the metallic and ceramic samples, and there is no

apparent correlation with the distribution of the *"Sb. These data

indicate significant accumulation of '"^Ru in the metallic layers at

concentrations up to 83 times the core average concentration for uranium;

and in the ceramic layers, accumulations up to 3 times the 0RIGEN2

calculated concentration.

3.3.3.4 High Volatiles. The two high volatile radionuclides

measurable were
'3

Cs and 129I. The more volatile 1Z9I was measurable

in most samples at retentions lower than those found in intact fuel

material. The presence of 1Z9I in the metallic samples at relatively high

retentions is somewhat misleading, as the data has been adjusted for uranium

content. The actual concentrations are similar or less than those measured

in fe ceramic samples. The data suggest relatively low retention of 129i

ir the peripheral crust at retentions averaging 3.5% in the ceramic samples.

The
3

Cs retentions shown in Tables 31 and 32 indicate similar

relative retentions to those of *?9I for both the metallic and ceramic
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samples, and no apparent correlation between the retentions of the two

radionuclides. The data for the ceramic sections suggests only limited

retention of cesium at any location in the crust.

3.4 Central Core Consolidated Region Examination Results

The central consolidated region represents the largest fraction of the

material in the lower reactor core (approximately 20% of the total core).

The samples obtained from this part of the lower core are quite

heterogeneous; many samples are either metallic or ceramic, and some samples

are a mixture of the two types of material. For the central core region,

information obtained from the visual and metallurgical examinations is

summarized in the following section. This summary was extracted from the

visual examinations presented in Appendix C, the density measurements

described in Appendix D, the metallographic examinations described in

Appendix E, and the autoradiographic results listed in Appendix F. The bulk

elemental and radiochemical analysis results are summarized in

Sections 3.4.2. and 3.4.3

3.4.1 Visual and Metallurgical Examinations

The initial visual examinations performed on particles of debris from

this region indicated a wide variation in the composition of these

particles. As a result, various rocks from this region were characterized

as being primarily ceramic, metallic, or a mixture of ceramic and metallic

phases.

The density of particles which were characterized as being primarily

metallic varied between 5.5 and 8.8 g/cm3. These particles were generally

found in the peripheral core bores in locations D04, 007, and 009. Most of

these particles consisted of an iron-nickel alloy with small amounts of

chromium and silver-indium inclusions in the matrix. A typical example of

these metallic melts is shown in Figure 30. As described in detail in

Appendix E, previously molten droplets of 0^03 were identified in some
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Figure 30. Metallic melt particle from central core region (009-P1).



of these metallic particles, which indicates temperatures in excess of

2266 K.

Fifteen particles of ceramic material from core locations D08, G08,

G12, and K09 were examined. The details of these examinations are described

in Appendix E. The density of these samples ranged from 6.9 to

8.8 g/cm3. These samples consisted primarily of a (U,Zr)02 ceramic melt

with structural elements dispersed in the melt. Figure 31 shows the

(U,Zr)02 ceramic melt surrounding fuel pellet remnants which were in the

process of being liquefied. Large pores formed within the fuel pellet

matrix, which indicates localized temperatures in excess of the 3100 K

melting point of the fuel. This area is shown in more detail in Figure 32.

Five particles which were characterized as being a mixture of ceramic

and metallic phases were examined. These samples were obtained from core

locations G08, G12, and N05, and their densities ranged from 7.6 to

9.1 g/cm3. Areas of this ceramic melt region had a mottled structure,

similar to other ceramic melt regions, which resulted from the segregation

of structural oxides. Typical examples are provided in Figures 33,

34, and 35. Immiscible metallic melts were also distributed throughout

these samples, as described in detail in Appendix E. These structures were

very similar to those observed in the upper and peripheral crust regions.

However a somewhat unusual feature, observed in samples from core bore

location G12, is shown in Figure 36, and in more detail in Figure 37. These

SEM images show the presence of U02 crystals within pores in the ceramic

matrix.

These metallographic and SEM examinations indicate structures very

similar to those found in other regions of the crust. Immiscible metallic

melts consisting primarily of structural components and control rod material

alloy were dispersed throughout the ceramic matrix. The ceramic phase was

primarily composed of molten (U,Zr)02 with temperatures in excess of

2810 K, with localized temperatures exceeding the 3120 K melting point of

the fuel .
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of these metallic particles, which indicates temperatures in excess of

2266 K.

Fifteen particles of ceramic material from core locations D08, G08,

G12, and K09 were examined. The details of these examinations are described

in Appendix E. The density of these samples ranged from 6.9 to

8.8 g/cm3. These samples consisted primarily of a (U,Zr)02 ceramic melt

with structural elements dispersed in the melt. Figure 31 shows the

(U,Zr)02 ceramic melt surrounding fuel pellet remnants which were in the

process of being liquefied. Large pores formed within the fuel pellet

matrix, which indicates localized temperatures in excess of the 3100 K

melting point of the fuel. This area is shown in more detail in Figure 32.

Five particles which were characterized as being a mixture of ceramic

and metallic phases were examined. These samples were obtained from core

locations G08, G12, and N05, and their densities ranged from 7.6 to

9.1 g/cm3. Areas of this ceramic melt region had a mottled structure,

similar to other ceramic melt regions, which resulted from the segregation

of structural oxides. Typical examples are provided in Figures 33,

34, and 35. Immiscible metallic melts were also distributed throughout

these samples, as described in detail in Appendix E. These structures were

very similar to those observed in the upper and peripheral crust regions.

However a somewhat unusual feature, observed in samples from core bore

location G12, is shown in Figure 36, and in more detail in Figure 37. These

SEM images show th^ presence of U02 crystals within pores in the ceramic

matrix.

These metallc jhic and SEM examinations indicate structures very

similar to those found in other regions of the crust. Immiscible metallic

melts consisting primarily of structural components and control rod material

alloy were dispersed throughout the ceramic matrix. The ceramic phase was

primarily composed of molten (U,Zr)02 with temperatures in excess of

2810 K, with localized temperatures exceeding the 3120 K melting point of

the fuel .
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Figure 33. Mottled structure in (U,Zr)0? melt in central core region
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Figure 34. Second phase along (U,Zr)02 grain boundaries in central core

region (G08-P10).
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Figure 35. Backscattred electron image of iron, chromium, nickel eutectic

phases in (U,Zr)02 grain boundaries (G08-P10).
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Figure 35. Backscattred electron image of iron, chromium, nickel eutectic

phases in (U,Zr)02 grain boundaries (G08-P10).
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Figure 36. Backscattered electron image of U02 crystal growth inside pore

in ceramic matrix (G12-P9).
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3 4 - Cental Core, BulLI omp osills n

Elemental analyses were performed on dissolved microcores from particle

samples from the central region of the reactor core. Analyses were

performed for I7 elements that constitute the principal components of the

I-2 core. For comparison purposes. Table 1 lists the average core

composition of each of the core constituents and the average core

composition of the TMI-2 core, including the oxygen content of the uranium,

but excluding oxygen from the oxidation of zircaloy and structural

materials. Data were obtained at all core locations sampled (i.e., K09,

G08. D08. 009. G12, N05, 007. and 004). The elemental data for these

sa~ples are listed in Appendix G, Tables Gil through G17. At core location

kC9, all samples were composed principally of uranium (52 to 60 wt%) and

zirconium (19 to 21 wt%) , with the exception of K09-P4-D, which was composed

mostly of zirconium (34 wt%) and lesser amounts of uranium (19 wt") and iron

(8.3 wt%).

-t core location G08, most samples were again principally uranium and

zirconium with the exceptions of G08-P7-C No. 1 and G08-P9-A No. 1. which

had high concentrations of iron (-35 wt%) and nickel (-15 wt%) . At the D08

sample locations, the bulk of the samples were again principally uranium

(60 to70 wt%) with significant amounts of zirconium (16 to 20 wt%) . The

remaining samples were principally iron (50 to 58 wt%) and nickel (24 to

21 wt%) wth lesser amounts of other structural material constituents. The

re~aining core locations, 009, G12. NCE, and 007, were separable into two

t.. :es of samples: those composed principally of uranium and zirconium, and

those composed almost entirely of structural, metallic components. These

?ata suggest that the central core region is relatively heterogeneous with

two types of relatively immiscible constituents: the fuel and structural

-at- rial components.

Table 33 lists the average composition and range of compositions for

the central core region samples. The data indicate that the central core is

composed principally of uranium and zirconium with metallic inclusions of

control and structural materials. These data should be treated cautiously
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TABLE 33. CORE CENTRAL REGION AVERAGE COMPOSITION3

(wt%)

Averaqe Concentration

Ag 2.9

Al 0.34

B 0.07

Cd 0.16

Cr 1.4

Cu 0.14

Fe 14.5

Gd 0.08

In 0.89

Mn 0.05

Mo 0.89

Nb 0.16

Ni 6.8

Si 0.60

Sn 2.1

Te 0.06

U 54.0

Zr 16.4

Ranqec

0.07 to 34.5

0.09 to 1.33

0.03 to 0.23

0.004 tci 0.83

0.04 to 6.6

0.05 to 0.59

0.26 to 58

0.01 to 0.12

0.05 to 7.6

0.01 to 0.10

0.01 to 3.7

0.02 to 0.58

0.05 to 37

0.16 to 1.6

0.03 to 7.5

0.01 to 0.24

1.2 to 93

0.01 to 37

a. This table presents the average of the examination results obtained from

the particles in the central core region; however, due to the heterogeneity
of the material and the small number of samples examined, these data must be

used with caution.

b. The average concentration is calculated using only real values and is

averaged without zero values.

c. Values below analytical detection limit not included in range.
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because of the high degree of heterogeneity between the metallic and ceramic

regions. In the following sections, each region is treated separately

because of the substantial differences in composition.

3.4.2.1 Uranium Fuel and 7irca1oy Cladding. The fuel material

(uranium) concentrations in the central core region have a range from 1.2 to

93 wt%. as indicated in Table 33. However, if only the samples from the

ceramic locations are considered, as identified in Table 34, the range is

52 to 70 wt%. For zirconium, the data from the ceramic region samples range

*--:- 0.01 to 37 wt% with an average of 16 wt%, which suggests that zirconium

is probably not depleted in the central core ceramic fuel (i.e., core

a.erage concentration is 18 wt'v).

Table 34 lists the U/Zr and Zr/Sn ratios in the central core samples.

The average ratio of U/Zr for the ceramic samples is 4.0, which is slightly

higner than the core average of 3.7. However, the U/Zr ratio data are

biased by the data from G08-P10-A No. 2 (U/Zr - 11) and N05-P1-D No. 2 (U/Zr

- 13), which have high U Zr ratios and, consequently, lesser relative

amounts of zirconium. These data suggest that the U/Zr component of the

central core ceramic samples is similar to the core average. In the

metallic phase, the U'Zr ratios range from 0 (no uranium) to 4.9; however,

the buH of the data are between 0.05 and 1.0, which suggests metallic

inclusions with little relative amounts of uranium, as was observed in the

cr^st layer samples. Tms is likely to be segregation on the basis of

oxidation potential with uranium primarily in the the form of U02 in the

ceramic regions.

In both the metallic and ceramic phases, there are significant amounts

of zirconium and tin. The average tin concentration in the central core

region samples is 2.1 wt%, which is significantly higher than the core

a/erage concentration of 0.3 to 0.35 wt%. These data suggest an

accumulation of tin in this part of the core debris in the metallic

samples. The ratio data in Table 35 indicate that the ceramic samples are

generally somewhat depleted in tin relative to zirconium, as compared with

the core a/erdge, whereas the metallic samples indicate accumulation',
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TABLE 34. CENTRAL CORE REGION FUEL MATERIAL (U, Zr, Sn) WEIGHT RATIOS

Sample ID U/Zr Ratio3 Zr/Sn Ratiob

K09-P3-A

No. 1 2.7 104

K09-P3-D

No. 1 2.7 115

No. 2 2.8 131

K09-P3-F

No. 1 2.8 131

G08-P5-B

No. 1 3.1 --c

No. 2 3.2

G08-P8-A

No. 1 2.8

w

c

G08-P6-B

No. 1 2.6 103

No. 2 2.7 --c

G08-P7-A

No. 1 2.7 162

G08-P7-C

No. ld
No. 2 2.9 --c
No. ld 0.22 5.8

G08-P9-A

No. ld 1.0 0.26

G8-P10-A

No. 1 4.3 445

No. 2 11 11.6

D08-P4-A

No. 1" --d Q.003

No. 2d --d --d

D08-P4-C

No. 1 3.8 157

No. 2 3.8 --c

009-Pl-A

No. ld --d --d

No. 2 4.2 258
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TABLE 34. Continued

Sample ID

009

No.

-PI

1

-B

G12

No.

No.

-P2

1

2

-B

G12

No.

-P4

1

-A

G12

He.

-P9

1

A

N05

Ho.

No.

-PI

1

2

H

N5-

Nc.

So. 2

D

007

No. fl
A

U/Z-r Ratio3

07-P6,
No. ld
No. 2d

D4-P2-A

No. ld

4.0

3

3

.5

.8

2 8

3 6

0

4

86

2

0

13

057

..d

4.9

I r/ S n (! a t i o

158

157

28

18

20

14

2.5

0.017

.d

0.07

a. The core average U/Zr ratio is 3.7 assuming oxidation of the zircaloy,
and the ratio for a fuel rod is 4.0.

b. The average Zr/Sn ration in zircaloy cladding is 61.

c. Principally metallic samples (< 20 wt% U).

d. A component of the comparison was below the detection limit of the

analysis method.
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TABLE 35. CENTRAL CORE REGION CONTROL MATERIAL (Ag, In, Cd) WEIGHT RATIOS

Sample ID Aq/In Ratio3 Aq/Cd Ratio6 In/Cd Ratioc

K09-P3-A

No. 1 0.61 __e _.e

K09-P3-D

No. 1

No. 2

0.73

0.50

__e

23

__e

46

K09-P3-F

No. 1 1.0 __e _.e

G08-P5-B

No. 1

No. 2

5.9

0.29

__e

19

._e

65

G08-P6-B

No. 1

No. 2

1.4

0.56

__e

30

__e

54

G08-P7-A

No. 1 1.4 __e __e

G08-P7-C

No. ld
No. 2

6.5

1.0

20

__e

3.0

__e

G08-P8-A

No. 1 0.42 34 80

G08-P9-A

No. ld 3.1 8.9 2.8

G08-P10-A

No. 1

No. 2

0.22

3.7

19

122

84

33

D08-P4-A

No. ld
No. 2d

1.5

8.3

__e

__e

__e

..e

D08-P4-C

No. 1

No. 2

0.36

0.69

__e

__e

..e

_.e

009-Pl-A

No. ld
No. 2

1.8

0.86

92

__e

51
_.e
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TABLE 35. Continued

S^ig IP

009 Pl-B

No. 1

G12- P2-B

No. 1

No. 2

G12 P4-A

1

G12 -P9-A

No. 1

SO 5 -PI -H

1

No. 2

N05

\VaNo.

No. 2

007

pyNo.

007

No.

No.

-?r\

2d

-
r- t

-P2-A

Aq/In Ratio3

1.2

0.45

0.57

In ( d R <i t in1

0.68

6.4

2.2
e

3.2

1.9

1.8

5.0

5.1

4.5

18
e

30

304

25
e

73
e

__e

390

59

40

..(

44

48

11
._(

23

76

13

a. The average Ag/In ratio in a control rod is 5.3.

b. The average Ag/Cd ratio in a control rod is 16.

c. The average In/Cd ratio in a control rod is 3.0.

d. Principally metallic samples.

e. A component of the comparison was below the detection limit of the

ana'y^is method.
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probably because the zirconium is easier to oxidize than tin, thereby

causing the Zr/Sn ratio to be higher in the metallic phases.

3.4.2.2 Control Rod Materials. Control rod materials including the

relatively volatile cadmium were measurable in most of the central core

samples. Examination of the data in Tables Gil through G18 and 33 indicate

that the least volatile control material, silver was measurable in both

metallic and ceramic material samples at an average concentration of about

2.9 wt%, with a range of concentrations from 0.07 to 34 wt%. This is

greater than the expected core average concentration of silver (1.9 wt%) ,

and inspection of the data indicates accumulations of this element in the

metallic regions in this part of the reactor core.

Indium was measurable in all samples at concentrations averaging

0.9 wt%, with the data ranging from 0.05 to 7.6 wt%. The core average

concentration of this element is 0.3 wt%, which indicates that indium is

concentrated in the central core region to a greater degree than silver.

Cadmium was measurable in only about half of the samples obtained from

the central core. The concentrations ranged from 0.01 to 0.83 wt%, with an

average concentration of about 0.16 wt%. This concentration is greater than

the core average concentration of 0.12 wt%; however, the bulk of the element

is located in the metallic regions.

Table 35 presents elemental ratios among silver, indium, and cadmium

for the central core region samples. The Ag/In ratios range from 0.2 to 8,

with the bulk of the data below the average ratio (5.3) for intact control

rods. These data would suggest that indium is present at greater

concentrations in this part of the core relative to silver. The higher

density of silver relative to indium may be affecting the relative

distribution of these elements, although the ratio difference may be an

artifact of the precipitation of silver, as has been discussed.

The Ag/Cd ratios vary over a range of a factor of 20, excluding sample

locations where cadmium was not detectable. The measured ratios are twice
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those found in intact control rods, indicating that the cadmium has been

partially depleted in the debris relative to silver. The average ratio

is 79, which is substantially greater than the core average ratio of 16 (a

factor of 5). The In/Cd ratios are greater due to the relatively greater

amounts of indium in the debris. The ratios are generally factors of

10 to 30 greater than those found in intact control rods. The data for

In Cd are consistent with the Ag Cd data and again indicate relatively less

cadmium in the debris. The cadmium, as was previously noted, may be

retained due to alloying with other less volatile components, which reduces

the vapor pressure.

3.4.2.3 Poison Rod Materials. Poison rod materials measurable in the

central core region included aluminum, boron, and gadolinium. Aluminum was

-easurable in all samples at concentrations averaging 0.3 wt%, which is

similar to the core average concentration of 0.2 wt%. Boron from the poison

rods and reactor coolant is present in most samples at concentrations

oetween 0.03 and 0.23 wt%. Due to uncertainty in the quantity retained by

core materials from interaction with the coolant, a core average cannot be

calculated for boron. Gadolinium is also present in the central core in a

range of concentrations from 0.01 to 0.12 wt%, with an average of 0.08 wt%.

'his concentration is greater than the average concentration of 0.01 wt%,

which suggests accumulation of this element in the central core region. The

concentrations of gadolinium are similar in both metallic and ceramic

sa-ples, suggesting that it may be present both as a metallic and the oxide.

3.4.2.4 Structural Materials. Measurements were made for all

structural material constituents in the core (i.e., iron, chromium, nickel,

manganese, niobium, and molybdenum). The average concentration data in

Table 34 indicates that iron is the principal structural material present

(a.erage 14.5 wt%) ,
and that it ranges up to 58 wt% in the metallic

samples. Lesser concentrations of nickel (average
- 6.8 wt%) and chromium

(average
- 1.4 wt%) are also present. Examination of the ratio data for the

principal components of the metallic samples (Table 36) indicates that

Fe/Cr, Fe/Ni, and Ni/Cr ratios are similar to stainless steel. The presence

of molybdenum in the low-r crust suggests that the Inconel grid spacers

contributed to the formation of the crust.
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TABLE 36. CENTRAL CORE REGION METALLIC MATERIAL (Fe, Cr, and Ni) WEIGHT

RATIOS3

Sample ID Fe/Cr Ratio Fe/Ni Ratio Ni/Cr Ratio Ni/Mo Ratio

K09-P3-A

No. 1 1.5 3.5 0.41 22

K09-P3-D

No. 1

No. 2

2.1

2.1

3.5

4.6

0.61

0.46

8.8

7.8

K09-P3-F

No. 1 2.4 2.0 1.2 22

G08-P5-B

No. 1

No. 2

2.0

2.0

2.6

7.2

0.76

0.28 2\

G08-P6-B

No. 1

No. 2

2.3

2.1

4.8

4.5

0.48

0.47

__b

7.1

G08-P7-A

No. 1 2.3 5.1 0.45 __b

G08-P7-C

No. lc
No. 2

7.5

2.4

2.2

5.0

3.4

0.47 lib

G08-P8-A

No. 1 2.1 5.0 0.42 __b

G08-P9-A

No. lc 7.3 2.2 3.3 11

G08-P10-A

No. 1

No. 2

3.6

10

17

3.7

0.21

2.7

3.8

10

D08-P4-A

No. lc
No. 2C

8.7

1290

2.4

1.4

3.7

940

11

10

D08-P4-C

No. 1

No. 2

2.0

1.7

4.8

2.4

0.41

0.71

b

__b

009-Pl-A

No. lc
No. 2

8.5

2.1

2.3

4.6

3.7

0.45

11

6.0
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TABLE 36. Continued

Sample ID F<?/s r Ratio h\.Ni Ratio Ni/('r.Ra tifl Ni/Mo Rat io

009-PI-B

No. 1 1.9 4.5 0.42 2.0

G12-P2-B

No. 1

No 2

2.0

2.4

2.9

7.1

0.67

0.34

4.6

3.3

G12-P4-A

No. 1 2.4 5.2 0.46 10

G12-P9-A

No. 1 5.4 1.9 2.9 31

N05-P1-H

No. 1

No. 2

1.6

1.6

0.80

8.2

2.0

0.20

b

..b

N05-P1-D

No. lc
No. 2

11

13

2.3

2.2

4.8

5.7

9.7

9.2

007-Pl-A

No. lc 257 1.8 143 12

007 -P6

No. lc
No. 2C

15

9.1

2.5

2.5

5.9

3.6

7.6

7.7

::i-P2-A

No. lc 16 1.9 8.6 10

a. The elemental ratios for stainless steel and Inconel are

Stainless steel Inconel

Fe/Cr 3.6 0.35

Fe/Ni 7.6 0.35

Ni/Cr 0.5 2.7

N' 'Mo 17.3

b. Component not detected.

c. Metallic samples.
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3.4.3 Central Core Region Radiochemical Examinations

The radionuclide distribution in the central core region was determined

for the samples discussed in Section 3.4.2. Results of the radiochemical

analysis of the samples are listed in Appendix H, Tables HI through H5. To

provide information on the characteristic behavior of fission products, they

have been categorized by the volatility of the chemical group and element,

as discussed in Section 3.1.3.

Table 37 lists the average radionuclide concentrations, the range of

concentrations, and the ratio of high to low values in the central core

region samples. The ratios of high to low values are from 101 to 10 ,

indicating a relatively wide range of radionuclide concentrations. However,

the radionuclides with high to low ratios greater than 10' are only the

metallic species (106Ru and 125Sb) that accumulate in the metallic

portions of the crust.

3.4.3.1 Central Core Uranium-235 Enrichment. Measurements were

performed to evaluate the concentrations of 23^U and *38U in the central

core and to determine "**U enrichment. The 23^U and Z38U

concentrations are listed in Appendix H, and the Z35U enrichments are

listed in Table 38. Table 38, indicates a range of enrichments from

1.8 to 2.6; however, the bulk of the data is in the range from 2.2 to 2.4.

These data suggest that the central core debris samples are mostly a

composite of the 1.98% and 2.64% enriched assemblies.

3.4.3.2 Comparisons with 0RIGEN2. The measured radionuclide

concentrations in the central core region crust were compared with

concentrations predicted by the 0RIGEN2 Code in order to assess retention of

radionuclides in the ceramic and metallic areas of the central core region

crust. The 0RIGEN2 data and analysis methods are discussed in Section 3.1.3

and Table 14 lists the 0RIGEN2 values used for comparison with the core bore

data.
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TABLE 37. CENTRAL. CORE REGION AVERAGE RADIONUCLIDE CONCENTRATIONS

(microcuries/g sample on April 1, 1987)

h

60

90

Co

Sr

106
Ru

125
Sb

129,

134

137

144

Cs

Cs

Ce

154

155

Eu

Eu

Aver,.iK. Ranoe High, 1 ow Rat JQ

313 2.8 to 1,695 605

2,660 5.5 to 9,320 1.690

958 0.16 to 7,705 48.000

353 0.16 to 2,910 18,100

2.2 E-4 5.2 E-7 to 1.9 E-3 3,600

5.9 0.21 to 95 452

291 0.012 to 4,923 4.1E+5

232 60 to 3,534 59

52 1.9 to 780 410

72 7.8 to 1,055 135

Detection limit value not included in range
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TABLE 38. CENTRAL CORE REGION URANIUM-235 ENRICHMENT

Sample ID 235U Enrichment3

K09-P3-A

No. 1 2.2

K09-P3-D

No. 1 2.3

No. 2 2.3

K09-P3-F .

No. 1 --b

K09-P4-D

No. 1 2.4

No. 2 4.4C

G08-P5-B

No. 1 2.1

No. 2 2.2

G08-P6-B

No. 1 2.3

No. 2 2.2

G08-P7-A

No. 1 2.2

G08-P7-C

No. 1 2.5

No. 2 2.3

G08-P8-A

No. 1 2.2

G08-P9-A

No. 1

G8-P10-A

No. 1

No. 2 1.8

D08-P4-A

No. 1

No. 2

D08-P4-C

No. 1

No. 2

.b

b

b

b

b

b
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TABLE 38. Continued

Sample ID 235U Enrichment3

b
009-Pl-A

No. 1

No. 2 2.2

009-PI-B

No. 1 --b

G12-P2-B

No. 1 2.2

No. 2 2.2

G12-P4-A

No. 1 2.4

G12-P9-A

No. 1 2.1

N05-P1-H

No. 1 2.2

No. 2 2.6

N05-P1-D

No. 1 2.3

No. 2 2.5

007-Pl-A

No. 1 --b

b
007 -P6

No. 1

No. 2 3.4C

D04-P2-A

No. 1 --b

a. The core average U enrichment is approximately 2.56% with the

peripheral assemblies having an enrichment of 2.98 and the central

assemblies having enrichments of 1.98% and 2.64%.

b. Not measured or detected.

c. Large uncertainty (>50%) associated with value.
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A summary of the measured radionuclide retentions (based on uranium

content) in the central core region is presented in Table 39 and the average

retentions are listed in Table 40. The data listed in Table 39 indicate a

wide range of retentions (accumulations), principally for the metallic

radionuclides. The low volatile radionuclides have average retentions from

78 to 185%, which suggests that much of the central core region was formed

from fuel material from a relatively high burnup region close to the center

of the reactor core. Greater inaccuracies are expected from those samples

with low uranium contents, as indicated in Table 39. The following sections

discuss the radionuclide distributions for the principal low, medium, and

high volatility groups.

3.4.3.3 Low Volatiles. The low volatiles for which radionuclide

comparisons were performed are *^Ce and
^

Eu. Tables 39 and 40

indicate a range for the low volatiles of a factor of <2 for most ceramic

samples. The low volatiles were measurable in only one of the metallic

samples. There is general consistency in the ceramic sample data that

suggests that the relatively low volatile *^Ce and *54Eu have been

retained entirely in the fuel material. The high retentions (i.e., >100%)

suggest that the fuel material forming the central core debris came from a

relatively high burnup region of the core. The sample with low cerium and

europium retentions is from G08-P10-A No. 2, which has a high degree of

uncertainty associated with the elemental analysis results.

3.4.3.4 Medium Volatiles. The fission products that are expected to

have a medium volatility are
9
Sr,

*2
Sb, and Ru. Strontium-90 is

expected to be the least volatile, as it should be present in oxide form at

the oxidation potential conditions expected during the accident. The '^Sr

data, shown in Tables 39 and 40, indicate a range of concentrations with the

lowest retentions associated with the metallic samples. The data generally

suggest that a significant fraction of the 90Sr has not been retained in

the uranium fractions of metallic samples or in some of the ceramic

samples. The apparent mobility of 90Sr is discussed in Section 4.

3-118



TABLE 39. RADIONUCLIDE RETENTION IN THE CENTRAL CORE REGION3

Radionucl ide Retent ion(%)

Samrle ID

90

Sr

21

106

Ru

__b

125

Sb

129

I

0.50

137

Cs

0.65

144

Ce

194

154

K09-P3 A

No. 1 3.6 154

K09-P3-D

No. 1

Ho. 2

110

44

5.1

2.7

8.2

3.3

2.9

0.77

0.64

1.0

153

146

179

180

K09-P3-F

No. 1 188 3.6 2.6 1.1 0.56 155 165

K09-P4-D

No. lc

No. 2

160

23

1,180

9.0

1 .700

2.2

31

.094

0.14

0.60

160

139

260

170

G08-P5-B

No. 1

No. 2

62

62
V

2.1

29

0.37

0.37

0.38

12
85b 109c

. _b

G08-P6-B

No. 1

No. 2

95

120

2.9

4.5

3.8

2.2 JS
0.56

0.34

152

132

166

156

G08-P7-A

No. 1 97 0.15 ..b 0.52 2.3E-4 __b ..b

G08-P7-C

No. lc
N;. 2

47

109

21,500

23

21 .500

3.2

57

.63

6.1

0.44

..b

141

..b

162

S08-P8-A

No. 1 130 ,_b 2.4 0.64 0.61 143 183

G08-P9-A

No. lc 259 118.600 110 ,500 260 83 __b __b

G08-P10-A

No. 1

No. 2

136

28

__b

46

__b

202

0.15

7.5

10

2.6

__b

36

__b

24

D08-P4-A

No. lc-d
No. 2c'd

0.07

0.31

1,697

4,120

1,

2,

300

.880

1.8

22
O.lg

b

..b

b

__b

D08 -P4-C

No. 1

No. 2

..b

48 J-7 .V
0.77

.11

0.63

0.40

170

92

240

138
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TABLE 39. Continued

Radionucl ide Retentional

Sample ID

90

Sr

106

Ru

l,950b

125

Sb

129

I

137

Cs

__b

0.14

144

Ce

__b

66

154

Eu

009-Pl-A

No. lc'd
No. 2

0.11

12

1,260
3.8

8.9

0.99

__b

99

009-PI-B

No. 1 80 __b 18 9.0 0.17 99 165

G12-P2-B

No. 1

No. 2

40

0.16

0,45
__b

.033

0.67
O.lg

118

0.12

99

106

176

162

G12-P4-A

No. 1 132 __b 2.9 0.52 0.32 148 177

G12-P9-A

No. 1 77 169 372 17.5 3.3 143 89

N05-P1-H

No. 1

No. 2

136

202

19

9.6

1,540
14

31

10

23

36

75

142

80

173

N05-P1-D

No. lc
No. 2

85

192

26,450

1,370

42,190
738

277

132

53

101

__b

126

..b

100

007-Pl-A
No. lc'd 0.06 2,200 1,760 4.4 0.07 __b __b

007-P6

No. lc'd
No. 2

0.15

98
2,720b 2,290u

__b 20.b
__b

6.9

b

__b

b

__b

D04-P2-A

No. lc'd 0.45 815 0.16 31 0.03 __b __b

a. Retention is calculated based on the uranium content of the sample
material, as determined from the elemental analysis results in Appendix G.

Additional figures are shown for calculational purposes beyond those

statistically appropriate.

b. Not detected.

c. Contains significant amounts of metallic material (>30%).

d. Normalized to a value of 1, as no uranium was present in the sample (i.e.,
the analysis assumes the sample is composed entirely of uranium).
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TABLE 40. AVERAGE RADIONUCLIDE RETENTION IN METALLIC AND CERAMIC SAMPLES

Met a l iic Samploei3 Ceramic Samolesb

Radionucl ide Average Ayerjijt'

90Sr 59 86

106Ru 34.400 107

125Sb 27.600 129

129, 186c 9.1

137C$ 19 7.1

144Ce 78d 125

154
Eu 185c 146

a. Noninal metallic samples are identified in Table E38.

b. Nominal ceramic samples include all other samples in the central core

region, although there is some metallic material in all samples that may

bias the results.

c. The I retention is biased by the presence of a single high
normalized retention value, which is high because of the presence of only a

small amount of uranium for normalization.

Average based on only two values.
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1 ?R
For lt3Sb, comparisons were performed with the concentrations of

elemental constituents of the crust, and the only observed correlation was a

general increase in metallic content with an increase in lt3Sb content.

For samples with 100 wt% metallic content, identified in Table 39, the data

were normalized to the total weight of the sample (i.e., assumes the sample

was composed completely of uranium). Generally, these data indicated that

the 125Sb content was from 15 to 20 times that of intact fuel. Those

sample results with much higher indicated retentions were based on trace

quantities of uranium, which produces a much higher calculated retention

(i.e., G08-P7-C, G08-P9-A, and N05-P1-D). These data suggest a retention

mechanism for 125Sb that is generally related to metallic material

content.

Ruthenium-106 was measurable in most samples, generally low in ceramic

samples and high in metallic samples and generally following a distribution

similar to 1Z5Sb. These data indicate significant accumulation of 105Ru

in the metallic layers at concentrations between 20 and 40 times the

concentration in intact fuel. The samples normalized to trace uranium

content indicate much higher retentions, as they were biased by the low

uranium content of the sample.

3.4.3.5 High Volatiles. The two high volatile radionuclides

measurable were *3'Cs and *2*I. The *"I was measurable in most

samples at retentions lower than those found in intact fuel material. The

1 on

presence of lcyl in the metallic samples at relatively high retentions is

exaggerated by normalization to the low uranium content of the samples. In

actual fact the radionculide concentrations in the ceramic and metal samples

are similar and suggest that 1Z9I is distributed in the material, perhaps

because of solubility, regardless of composition. These data suggest that
1 ?Q
lcyl is somewhat evenly distributed in the central core.

The 13'Cs retentions shown in Tables 39 and 40 indicate similar

relative retentions to those of 1Z9I for both the metallic and ceramic

samples. The data for the ceramic sections suggests only limited retention
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of cesium at any location In the central core region at less than 10%

retention.

3.5 Intact Core Component Examination Results

Distinct core components, defined as the intact fuel rods, control

rods, and guide and instrument strings from the lower core region, were

examined to evaluate possible damage to these components located in a

relatively cold part of the reactor core. This summary was extracted from

the visual examinations presented in Appendix C, the density measurements

described in Appendix D, the metallographic examinations discussed in

Appendix E, and the autoradiographic results presented in Appendix F. The

bulk elemental and radiochemical analysis results are summarized in

Sections 3.5.2. and 3.5.3

3.5.1 Visual and Metallurgical Examinations

Examinations of components were performed on (a) three fuel rod

segments from the D04, G08, and K09 core locations; (b) four

silver/ indium/cadmium control rods from the D04, K09, N12, and 007 core

locations; and (c) one instrument tube from the G08 core location. These

examinations were performed to evaluate degradation of intact components in

the lower region of the core which was probably covered with water, and to

determine peak temperatures attained by these materials.

The metallographic examinations of all the intact fuel rods from the

.arious core locations showed similar behavior. The fuel still retained the

as-fabricated porosity within the grains, as shown in Figure 38, which

indicates relatively low power conditions. The zircaloy cladding had not

recrystall ized and was still in the as-fabricated condition. A typical

e/a-ple of the zircaloy microstructure from the intact region just below the

lower crust in the K09 core location is shown in Figure 39. This indicates

cladding temperatures in this region were below the recrystallization

temperature of 920 K. Minor amounts of zircaloy hydriding were also

observed in the cladding, as shown in Figure 40. Based upon out-of-pile
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As fabricated

porosity within

fuel grains

i i Fuel etch

20 /xm

87M-42

Figure 38. Fuel microstructure in fuel rod segment (D04-R9-2B)
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. I

50/um

Zr etch polarized light 87M-112

Figure 39. As-fabricated zircaloy cladding in intact

region just below lower crust (K09-R5-5L).
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| 1 Zretch 87M-111

100 Mm

Figure 40. Zirconium hydrides in zircaloy cladding in intact region just
below lower crust (K09-R5-5L).
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zircaloy hydriding experiments, the zirconium hydride concentrations in

these regions were less than 25 ppm. No significant oxidation was apparent

on the surface of the cladding.

Examination of control rods from various locations indicated that some

of the Ag-In-Cd was intact and some was molten. Figure 41 shows intact

Ag-In-Cd control material from near the bottom of an intact rod in central

core location K09, whereas Figure 4T shows molten control rod material from

near the upper end of an intact control rod segment from peripheral core

bore location N12. The different behavior is attributable to variations in

core location and axial height; the intact control material was

approximately 38 cm above the bottom of the core bore, whereas the molten

control material was approximately 117 cm above the bottom of the core

bore. In the other two control rod segments that were examined, the

Ag-In-Cd was molten 56 cm above the bottom of the core bore in core location

007, and may have been partially molten or recrystall ized at approximately

11 cm in core bore location D04. The axial height of the D04 sample is

nearly the same as for the zircaloy cladding sample (D04-R9-2B), which

exhibited as-fabricated zircaloy structure with temperatures below 920 k.

These data provide some indication of temperatures at specific reactor

locations, and further details are provided in Appendix E.

Rod G08-R3 was determined to be an instrument tube installed without

instrumentation. After the accident the tube contained previously molten

metallic debris, as partially shown in Figure 43. Minor amounts of

hydriding were observed in this instrument tube, similar to that observed on

the fuel rod cladding, as well as an interaction zone on the inner surface

of the tube. This interaction zone is also shown in Figure 43. Similar

structures were observed on the surface of samples during zircaloy hydriding

experiments 17, and this interaction zone may be due to localized

concentrations of zirconium hydrides.

These metallographic examinations indicate that vet v little zircaloy

oxidation occurred in these regions, which agrees with the ductile nature of

these rods noted during the visual examinations. Temperatures varied as a
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Zr etch 87M-284

100 ,um

Figure 41. Intact Ag-In-Cd in control rod segment K09-R13-2B.
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200 . m

87M-398

Figure 42. Molten control rod material near top of rod

segment M2-P-10Y.
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Metallic 3
debris

Cladding

Interaction

layer

(possible
localized

hydriding)

50 /im Zr etch 87M-27

Figure 43. Cladding cracks at interaction zone of G08-R3 instrument tube.
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function of reactor core position and axial heights, but in general the

temperatures were relatively cool. Molten control rod material indicated

temperatures in excess of 1073 K on the upper endtlps of some of the intact

control rod segments on the periphery of the core, whereas the as-fabricated

condition of the zircaloy cladding in many parts of this region indicated

temperatures were below the recrystallization temperature of 920 ? The

extent of zircaloy hydriding was insignificant.

3.5.2 Lower Core Structural Material Bulk Composition

Elemental analyses were performed on several samples of structural

material to evaluate possible changes in composition in the lower core

egion. Table 41 lists the composition of the three samples of debris.

^nal.ses were performed for 17 elements that constitute the principal

components of the TMI-2 core. G08-R11-2 and G12-R13-2 are samples of fuel

-aterial that had been contaminated with small amounts of control material,

probably during sample acquisition. Visual examinations and measurement

data indicate that G08-R3-2 is prior-molten material that flowed down into a

guide tube. This sample is very similar in composition to the material in

the lower crust and suggests that the lower crust material may have flowed

downward into lower parts of the reactor core.

Elemental analyses were not performed on the structural material

surfaces. Only the elemental composition of the matrix material could be

-easured because these samples were not exposed to high temperatures or

differing environments as were the samples in the upper part of the lower

core region.

3.5.3 Lower Core Structural Material Radiochemical Analy.<"

Examination of the surface deposits on the intact lower core structures

was performed to evaluate the distribution of fission products on the

surfaces. This analysis was performed by leaching the fission products from

the surface using strong mineral acids that could dissolve the surface of

the material. Table 42 lists the radionuclide concentrations measured for
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TABLE 41. STRUCTURAL SAMPLE COMPOSITION3

(wt%)

Concentration

Element G08-R3-2 G08-R11-2 G12-R13-

Ag 0.33 __b ._b

Al 0.38 __b _.b

B 0.01 _.b _.b

Cd 0.42 __b ..b

Cr 1.4 ..b _.b

Cu 0.03 ..b __b

Fe 5.3 ..b _.b

Gd 0.01 _.b ..b

In 1.5 0.6C 0.6C

Mn 0.05 __b _.b

Mo 0.15 ..b _.b

Nb 0.15 ..b ..b

Ni 3.2 ..b ..b

Si 0.06d 0.5d 0.5d

Sn 1.2 ..b __b

Te 0.02 0.3C 0.4C

U 4.2 78 79

Zr 40.6 ..b _.b

a. Bulk composition of material present in intact cladding/guide tube

materials.

b. Not detected.

c. High degree of uncertainty associated with result due to the presence

of large amounts of U.

d. Probable contaminant introduced during cutting or dissolution.
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TABiE 42. STRUCTURAL MATERIAL SURFACE RADIONUCLIDE CONCENTRATIONS

(microcuries /cnr sample on April 1, 1987)

Radionucl ide G8-M-2 Q9-R3-4 G8-R3-6 NJ2-R7 K9-R5-4

60Co

Insol*
2.1+0. 1E+1 7.0+0. 1E-2

1.4+0.1E0

9.5+0. 1E-2

5.2+0. IE- 1

5.0+0. IE -2

8.0+0. 1E-1

1.9+0.01E

1.35+0.1E0

90Sr
Insol*

3.4+0. 3E0
__c~

8.8+0.7E-1
. _c~

9.8+0.8E-2
. _c~

4.1+0.3E-1
,.c~

1.2+0.1E0
. _c~

106Ru 2.4+0.6E-1 1.8+0.2E-2 2.3+0. 1E-2 6.3+1.1E-3 2.5+0.3E-2

Insol* . _b~ <4.7E-2 1.6+0.4E-2 <1.7E-2 4.8+0.2E-1

I25Sb 6.4+1.8E-2 6.3+0. 1E-2 5.1+0.1E-2 4.4+0. 1E-4 6.8+0.2E-2

I-sol* _,b~ 1.6+0.1F-1 5.4*0. 1E0 1.4+0.1E+1 2.2+0. 1E+1

129
j ..d ..d ..d ..d ..d

I-sol* _.c ..c ..c __c ..c

134Cs <L5E-2 9.8+0.2E-3 1.2+0.1E-2 1.4+0. 1E-2 5.3+0. 1E-2

Insol* <4.9E-3 5.6+0. 7E-3 <3.9E-3 1 . 8+0 . 1 E - 1

137Cs 3.4*0. IE- 1 3. 3+0. IE-] 3.9+0. IE- 1 6. 1+0. IE- 1 2.4+0. 1E0

Insol* . _b~ 1.0+0. IE -1 2.3+0. IE- 1 3.0+0.2E-2 1.U0.1E + 1

144Ce
Insol*

2.2+0.3E-1 1.1+0.2E-2

<2.1E-1

1.3+0.1E-2

<7.7E-2

9.3+0.9E-3

<1.5E-1

2.4+0.3E-2

2.5+0.4E-1

154Eu
Insol*

5.5+0.9E-2 3.4+0.3E-3

<2.1E-1

3.8+0. 1E-3

<7.7E-2

1.3+0.1E-3

<3.7E-3

4.3+0. 5E-3

2.5+0.4E-1

155Eu
Insol*

7.8+0. 7E-2 4.1+0.6E-3 4.8+0.2E-3 2.1+0. 2E -3 <9.4E-3

9.9+1.2E-2

^ ..d ..d ..d ..d ..d

238.J ..d __d ..d ..d ..d

a. Acti.ity not removed from sample determined by gamma spectroscopy of the

sample after leaching.

b. Sample lost in analysis.

c. Not measured, as sample material not removable from the cladding.

d. Not detected.
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the leach samples and the radionuclides retained on the material after

leaching. A significant fraction of the activity was not removable by

leaching, as indicated by the insoluble fractions of the total activity

identified in the table. The data suggest that small amounts of fuel

material may have been deposited on K09-R5-4 and that, with this exception,

the surface concentrations are relatively consistent on the lower core

surfaces. The data indicate that the 125Sb deposition was highly

insoluble in the nitric acid leaching solution used, and the measurable

Co was present principally in the matrix of the material.

If the average surface concentrations listed in Table 43 are

extrapolated to the surface area (8.98 E+6 cm2) of one-third of the fuel

assemblies present in the reactor core (a highly conservative estimate of

the surface area in the lower core region), the maximum surface deposition

is from 137Cs at 28 Ci of activity, which is substantially less than 1% of

the 13'Cs core inventory. These data suggest that surface deposition of

radionuclides on the intact fuel assemblies in the lower core region is

insignificant and that the intact fuel assemblies did not participate in the

accident. Evaluations of the radionuclide content of intact fuel pellets in

the lower core region18 indicate no loss of even the relatively volatile

fission gases in this part of the reactor core.

3.6 Fission Gas Analyses

Fission gas analyses were performed on both samples of intact fuel and

loose debris from the lower core region. These measurements, which included

burnup evaluations of the intact pellets and mass spectrometric measurements

of the fission gas content of both the intact pellets and loose debris,

indicated that the intact fuel pellets at all locations in the lower core

region (up to below the surface of the bottom crust) retained their complete

inventories of volatile fission gases and radioiodine. However, in the

loose debris from the upper crust and the central core region, the data

indicate no retention of fission gases and only minor retention (<10%) of

the 129I. Table 44 lists the sample locations for both the the intact

fuel pellets and fuel debris samples.
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TABLE 43. CENTRAL CORE RICION AVERAGE RADIONUCLIDE CONCENTRATIONS

(microcuries cm* sample on April 1, 1987)

Radionucl ide Average*1 Low/Hiqh Yalwe Ran

60Co 5.1 0.6 to 21 35

90Sr 1.2 0.09 to 3.4 38

!06Ru 0.16 0.006 to 0.48 80

!:5Sb 11.5 5.4 to 22 4

129j _.b __b --

;3;Cs 0.07 0.014 to 0.23 16

13\s 3.1 0.34 to 13 39

144Ce 0.11 0.011 to 0.27 25

I54Eu 0.06 0.0013 to 0.25 192

155Eu 0.04 0.0021 to 0.09 43

a. Detection limit value not included in average or range.

b. Results below detection limit of analysis.
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TABLE 44. SAMPLE LOCATIONS FOR INTACT PELLET AND DEBRIS FISSION GAS

ANALYSES

Sample Identification

Intact Fuel*

D04-R9-4J

D04-R9-60

G08-R9-2E

N05-R2-2E

N05-R2-8T

Loose Debris"

G12-P3-B

K09-P3-D

Core Location

D04

D04

G08

N05

N05

G12 debris particle
K09 debris particle

a. Contains full inventory of fission gases.

b. Contains no measurable fission gas.
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4. CONTRIBUTIONS TO UNDERSTANDING THE TMI-2 ACCIDEN1

This section describes the contributions of the lower core examinations

to understanding the end-state condition of the TMI-2 core, the accident

scenario, core damage progression, core materials behavior, and fission

Product behavior. A brief summary of the known end-state condition of the

core is presented, followed by sections describing (a) damage progression in

the lower core, (b) bulk core materials behavior, and (c) fission product

behavior.

The observations made during the reactor defueling operations and the

recent inspection of the lower core region during the core-boring operation

h3ve provided a clear description of the end-state core configuration

(References 1 and 2). These data indicate four distinct regions within the

core and three locations outside the core proper. The regions in the core

are: the upper core void, the upper vessel debris bed, the prior-molten

lower core region, and the standing fuel rod stubs. The regions outside the

core are: the debris transported to the lower reactor vessel head, the

debris located around the upper core support assembly (CSA), and the debris

located on the lower CSA. Figure 1 in Section 1 shows the end-state

;ondition of the reactor vessel based on the examinations performed to date,

and Table 45 lists the core materials distribution in the various

repositories.

Upper Core Void. A cavity existed at the top of the original core

region with a volume of approximately 9.2 m . The cavity volume

represented -26% of the original core volume and extended nearly

across the full diameter of the upper core region. The average

depth of the cavity was approximately 1.5 m, and in places it

approached 2 m. Standing fuel rod assemblies remained at the core

periphery, and none of the 177 original assemblies appeared to be

totally intact. About 42 fuel assemblies had some full-length

rods intact.
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TABLE 45. ESTIMATED POSTACCIDENT CORE MATERIALS DISTRIBUTION

Estimated Uncertainty* Percent of

Core region Quantitv(kg) (%) Total core(%)

Intact fuel assemblies

(Partially or fully intact) 44,500 5 33.4

Central core region
resolidified mass

Upper core debris bed

Prior-molten material on the

Lower reactor vessel head

Lower core support assembly"

Upper core support assembly"

Outside the reactor vessel

32,700 5 24.5

26,600 5 19.9

19,100 20 14.3

5,800 40 4.3

4,200 40 3.2

450 __c 0.3

a. The uncertainty estimates are based on defueling. Those areas that have

been defueled at this time have relatively low uncertainties, whereas those

that have not have relatively high uncertainties.

b. The lower core support assembly is that portion of the reactor vessel

below the core that includes the lower grid assembly and five flow

distributor plates. The upper core support assembly is a coolant flow

region outside the vertical baffle plates that make up the peripheral
boundary of the core.

c. Estimates of the amount of fuel material outside the reactor vessel are

based on nondestructive evaluations of reactor components in the reactor and

auxiliary buildings. They range from 60 to -430 kg.
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Upper Vessel Debris Bed. The upper vessel debris bed ranged from

0.6 to 1.0 m In depth, and rested on a solid crust located below

the core midplane. The debris bed was sampled at 11 locations,

ranging from the surface of the debris bed to 94 cm into the

debris bed (Reference 15). Many of the particles examined

contained regions of prior-molten U-Zr-0, indicating peak

temperatures greater than 2200 K. Of these, some were

prior-molten (U,Zr)02, indicating peak temperatures greater than

2800 K. There were a few examples of prior-molten material of

almost pure UO2. indicating temperatures up to 3100 K. However,

based on the relatively unrestructured appearance of much of the

fuel, considerable amounts of the upper debris bed fuel debris

remained at fairly low temperatures (<2000 K) or was exposed to

high temperatures for only a short time.

Prior-molten material in the lower core region. As discussed in

this document, the prior-molten part of the lower core region is

composed of a central prior-molten region surrounded by crust

layers of differing composition. Analyses were performed to

determine the volume and mass of the crust layers. These analyses

indicated that the upper crust had a nominal volume of

2.95 E+5 cm3, an average density of 8.4 g/cm3, and a nominal

mass of 2450 kg. The lower crust, a crucible shaped crust had a

nominal volume of 1.2 E+6 cm3, density of 7.3 g/cm3, and

nominal mass of 8760 kg. The difference in the two masses is due

principally to the volume of the lower crust, differences in crust

thickness, and variation in the average density. Defueling

information in Reference 2 indicated that the prior-molten portion

of the central core region was composed of 24.5% of the total

postaccident core mass of 133,500 kg, and that the upper and lower

crusts were 1.8% and 6.6% of the total core, respectively.

Standing fuel rods and fuel rod stubs. Table 45 lists the

postaccident distribution of core materials at TMI-2. The largest

fraction of the core materials (33%) is located in the intact fuel
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rods in the periphery and the bottom of the reactor core.

Examination of these damaged assemblies indicate that they have

not lost any of their core materials inventory and were not

subjected to high temperatures. Of these fuel assemblies,

approximately 10.7% of the original total are located beneath the

prior-molten part of the central core region, and 22.7% are

located in the assemblies in the periphery of the core.

Verification that the partially intact assemblies have retained

their inventories of fission products is discussed in

Reference 14.

Reactor vessel lower plenum. Visual inspection of the lower

plenum indicates that a substantial amount of prior-molten core

material now rests on the reactor vessel lower head. Debris

located on the head has a wide range of sizes, ranging from solid,

irregularly shaped pieces >15 cm across to relatively fine

gravel -like particles. Table 45 indicates that the lower vessel

debris bed contains about 19,000 kg of material that, based on the

examination of a very limited sampling of debris obtained from the

south and southwest quadrants of the core, is a homogeneous

mixture of prior-molten (U,Zr)02 with <1% of all structural and

control materials, except iron, which ranges from 2 to 4 wt% in

the debris.

CSA debris. The lower CSA, which contains about 4% of the total

core material, is that portion of the reactor vessel below the

core that includes the lower grid assembly and five flow

distributor plates. The upper CSA, which contains about 3% of the

core material, is a coolant flow region outside the vertical

baffle plates that makes up the peripheral boundary of the core.

Although no sample examinations have been performed on this

debris, it is expected to be similar in composition to the

material that was relocated to the lower reactor vessel head.
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The following sections contain discussions of how the lower core region

examination results relate to understanding core damage progression, and the

core materials and fission product distribution In the lower core region.

4. 1 Core Damage Progression

The information from the core bore examinations has been used to

develop a better understanding of how the accident progressed during the

early stages of the accident based on the end-state condition19. Early in

the accident, it is believed that the upper core was heated to -1600 K

around 150 min into the accident, when rapid oxidation of the zircaloy

cladding occurred. Initially, an iron, nickel, and zirconium eutectic is

expected to form at temperatures as low as 1200-1400 K followed by rapid

oxidation of the zircaloy. The unoxidized iron, nickel, and zirconium

eutectic then melted and partially dissolved the U02 pellets to form a

eutectic with the U02 . Upon cladding breach, the liquid U-Zr-0 mixture

and metallic zircaloy, which had been heated to melting, flowed downward

along the fuel rods, melting the Inconel grid spacers and control rods,

adding these materials to the complex liquid material. This material

solidified between the fuel rods in the cooler, lower region of the core,

beginning the development of the lower crust with a complex agglomerate of

-etallic and oxidized zirconium and structural materials.

As the lower crust continued to form, the steam flow was diverted from

the central to the peripheral region of the core, as it flowed upward. The

enhanced peripheral cooling caused the downward moving material to freeze at

progressively higher elevations, resulting in the bowl -shaped lower crust

(crucible). Because cooling was negligible inside the shell of the

crucible, the enclosed relocating material eventually remained at high

temperature. Due to the disparate melting points of uranium dioxide

(3100 K) and the eutectic, the molten eutectic settled around the solid fuel

pellets near the bottom of the crucible. The materials data from the lower

core indicate that the composition of the lower crust is similar at all

locations In the crucible, although there was some selective separation of

constituents (e.g., silver from indium).
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As the extent of the crucible grew, blockage of steam flow to the upper

part of the core reduced the oxidation rate of the zircaloy. The rapid

heatup of the upper ends of the fuel rods due to oxidation gave way to a

much slower heatup due to decay heat. This heating allowed flow of

metallics into the crucible. Inside the crucible, the heatup of the molten

eutectic was accompanied by a slow dissolution of the fuel pellets that

would be completely melted in due time. The submerged fuel rods or fuel

pellets supported the remaining fuel rod segments above the surface of the

molten core material. With the melting of the submerged fuel pellets, a

corresponding slumping of the rod segments above the molten pool occurred.

The liquid level of the pool increased; however, the liquid fraction in the

pool would remain more or less constant until the upper rod segments slumped

into the pool. The presence of a rubble bed above the consolidated region

indicates that the slumping did not go to completion, but was arrested, most

likely because of the formation of the top crust during the 2-B primary

coolant pump transient.

During the slumping phase, the molten pool, with immersed fuel pellets

and a significant amount of molten/gaseous structural materials, was at a

temperature below, or at most, slightly above the liquidus temperature of

the (U,Zr)02 mixture (-2800 K). This would have caused most of the

structural materials found in the consolidated region to be present as

entrained gases. Any appreciable superheat in the liquid above the liquidus

temperature was dissipated in dissolving the fuel pellets. Because the

inner surface of the shell of the crucible was also at the liquidus

temperature, heat transfer from the molten pool to the crucible was

negligible. At this stage, the thickness of the shell of the crucible was

determined by the heat generation inside the shell and the boundary

conditions at the inner and outer surfaces of the shell. The temperature at

the inner surface was at the melting point of the material. The exact

temperature at the outer surface depended on the heatup history of the fuel

rod stubs below the crucible and the peripheral rods. The presence of rod

stubs below the crucible and some intact peripheral assemblies would put the

maximum temperature at most of the outer surface of the shell about 2300 K.

With these conditions, calculations show that the equilibrium thickness of

4-6



the shell was about a 0.1 m, which is similar to that observed in the

core-boring operations.

During the pump transient, starting at 174 min, some coolant may hove

been forced into the region above the liquid surface of the partially molten

pool, causing the temperature of the surface to drop below the solidus

temperature of the material. Solidification of the surface would have

proceeded to form the top crust. With the formation of the top crust, the

partially molten pool inside the crucible was sealed off from the rest of

the core. The top crust was formed from the slumping of fuel rod segments

or rubble In the upper core region. So long as there was an appreciable

amount of fuel pellets inside the pool, heat transfer to the pellets was

efficient, and the pool temperature was kept close to the melting point of

the material. Volatile materials such as cadmium and 1Z9I were now

trapped in the pool; however, the examination results indicate that most of

the iodine was probably released before the crust formed. Because the inner

surface of the crust surrounding the molten pool was also at the melting

point, heat transfer from the pool to the crust was negligible and erosion

of the crust did not occur. When all the fuel pellets inside the pool were

melted (estimated to take about 10 min), the temperature of the pool began

to increase above the melting point of the material. Concurrently, heat

transfer to the crust was increased. Such heat transfer thermally ablated

the inner surface of the shell of the crucible and progressively reduced its

thickness until all the heat transferred to the shell was conducted to its

outer surface and dissipated to the coolant or the rest of the core

-aterial .

As for the top crust, heat transfer to its inner surface from the pool

initially slowed the crust's growth, then stopped its growth, and finally

started to erode away the crust, similar to the erosion of the shell of the

crucible. If the outer surface of the crust was kept at some constant

temperature and constant decay heat level was maintained, equilibrium would

be reached at about 205 minutes, after heat started to transfer from the

crust to the pool .
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4.2 Bulk Core Materials Distribution

Knowledge of the end-state distribution of core materials in the lower

core provides information that is useful in understanding and modeling core

damage progression. The following sections discuss the distribution of the

three principal groups of core materials present in the TMI-2 core: the fuel

materials, control materials, and structural materials. Specific issues

addressed in the examination section are discussed and related to

understanding the behavior of core materials during the TMI-2 accident.

To assess the distribution of core materials in the the lower core, it

was necessary to estimate the mass of metallic and ceramic constituents in

the various regions of the core. This was particularly difficult in the

case of the metallic constituents of the crusts and the central consolidated

region. Table 46 lists the ceramic and metallic masses of each region of

the lower core and the method used to estimate them. The estimates of metal

content have a high degree of uncertainty, but are the only estimates

available.

4.2.1 Fuel Materials

The distribution of fuel materials in the lower core is shown in

Table 47. The average uranium concentrations indicate relatively similar

concentrations in all regions of the lower core with the exception of the

lower crust. The lower crust contains only about half the expected amount

of uranium, as compared with the core average, indicating the presence of

significantly more structural components in this part of the core. However,

the uranium content of the ceramic region of the crust is near the core

average.

The average concentration data for zirconium indicate similar

concentrations in all core regions (within 6%). These data suggest a
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TABLE 46. ESTIMATED CERAMIC AND FUEL MATERIAL CONTENT OF THE LOWER CORE

Estimated

Metallic
b

Core region Quantitytko)" Content! kg )u Content (kg)

Estimated Total

Ouantitv(ko)a

Estimated

Ceramic
h

Content (kq)

2450 637

21490 490c

8760 3854

Upper crust 2450 637 1813

Central region 21490 490c 21000

Lower crust 8760 3854 4900

a. The estimated total quantities of material in each region were based on

defueling estimates, the core boring visual inspections, density, and

thickness measurements of the crusts. For the crust layers the associated

uncertainties are approximately 50%. For the total mass of the central

region determined from defueling records, the uncertainty is approximately
10%.

b. Estimates of the metallic and ceramic content of the crusts were based

on the average elemental analysis results for the crust.

c. The estimated metal content of the central region was based on the metal

content retained in the core bore samples extrapolated to the volume of the

central core region. This method of estimating was necessary, as much of

the friable ceramic content of the core bores was washed out of the bore

during the coring operation, leaving the metallic components in the core

bore. This method is inaccurate and provides an estimate that is biased

low, as some metallics were probably swept out of the core during the core

boring operation.
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TABLE 47. FUEL MATERIAL DISTRIBUTIONS IN THE MOLTEN POOL*

(wt%)

Core Materials Distribution

Quantity

Uranium

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

Zirconium

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

Tin

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

Upper
Crust

Lower

Crust

Peripheral
Crust

Central

Region

Core

Average"

49 34 46 54 66

66 65 66 60 66

27 9.6 8.6 2.2 --

1.3 3.6 1.2d 12 --

9 22 16 16 18

15 13 15 19 18

8.3 29 20 7.6 --

1.5 8. 5 1. 8d 18.2

1.1

0.48

2.5

8.4

1.5

0.70

2.2

36

1.3

0.59

2.9

8.7d

2.1 0.3

0.69 0.3

4.5 --

5.8 _ _

a. This table summarizes the average concentrations for each region of the

lower core.

b. The core average data is the average concentration of all materials in

the core, assuming oxidation of part of the zircaloy and metallics, as

previously discussed.
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TABLE 4\ Continued

c. The average core materials inventory is the amount of materials located

in that region of the core as a percentage of the total core inventory,

assuming nominal masses for the upper crust of 2450 kg, the lower crust of

8760 kg, and the central core region of 21,490 kg. The metal content of the

central core region was determined based on the metal content of the central

core bore samples.

d. The peripheral crust data is extrapolated to the mass of the entire

upper crust 2450 kg for comparison purposes.
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similar average distribution in the entire lower core region; however, when

the samples are divided into metallic/ceramic groups, a different

distribution is apparent.

The data in Table 47 indicate similar zirconium distributions in the

ceramic regions; however, the metallic region samples indicate some

apparent depletion of zirconium in the upper crust and the central

consolidated region. These data would support the conclusion in Section 4.1

that some of the metallic zirconium melted and flowed downward to help form

the lower crust.

The average concentrations of tin in the lower core are four to

six times greater than the core average concentration (0.3 wt%) . The

metallic and ceramic average concentrations indicate that, although there is

a significant concentration of the tin in the metallic region as might be

expected from the chemical behavior of tin (i.e., a high free energy

requirement for oxidation), the concentration in the ceramic region is

generally twice the core average.

4.2.2 Control Materials

Table 48 lists the nominal control material distributions in the lower

core region. The average concentrations of silver are almost twice as high

in all parts of the lower core than the core average. The ceramic and

metallic sample average data indicate that the bulk of the silver is present

in the metallic region, consistent with the oxidation potential. However,

the silver concentrations in the ceramic regions are near the core average.

This is in contrast to the upper core debris bed, where the silver

concentrations were significantly below the core average. Much of the

silver in the upper core region apparently melted and flowed down to form

the crust regions and metallic inclusions in the central core region. The

data indicate that about half the total silver inventory is associated with

the lower core region, with the greatest amounts in the lower crust and the

central core consolidated region.
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TABLE 48. CONTROL MATERIAL DISTRIBUTIONS IN THE MOLTEN POOL*

(wt%)

Core Materials Distribution,

Upper Lower Peripheral Central Core

Quantity Crust Crust Crust Region Average

Silver

Average concentration 3.2 4.5 2.9 2.9 1.8

Ceramic region average 1.6 3.3 1.7 1.1 1.8

concentration

Metallic region average 5.9 5.5 7.1 7.3

concentration

Average core materials 3.6 18 3.3d 12

inventory
c

I"dium

Average concentration

(wtX)
Ceramic region average

concentration (wt%)
Metallic region average

concentration (wt%)

Average core materials

inventory (%)c

Cadmium

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

1.0 1.1 1.2 0.88 0.3

0.83 0.61 0.88 0.54 0.3

1.5 1.5 2.4 1.8 --

6.6 23 7.5d 29

0.09 0.07 0.14 0.16 0.1

0.05 0.04 0.08 0.04 0.1

0.06 0.09 0.24 0.32

1.0 4.3 2.4d 7.2

a. This table summarizes the average concentrations for each region of the

lower core.

b. The core average data is the average concentration of all materials in

the core, assuming oxidation of part of the zircaloy and metallics. as

;.re.iously discussed.
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TABLE 48. Continued

c. The average core materials inventory is the amount of materials located

in that region of the core as a percentage of the total core inventory,

assuming nominal masses for the upper crust of 2450 kg, the lower crust,
8760 kg, and the central core region, 21,490 kg.

d. The peripheral crust data is extrapolated to the mass of the entire

upper crust (2450 kg) for comparison purposes, but should not be added to

the upper crust data.
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The average indium concentrations are similar in all parts of the lower

crust with concentrations three to four times the core average. As in the

case of silver, a significant accumulation is present in the metallic

phases, although a significant amount is also present in the ceramic p j r t s

at concentrations two to three times the core average. These data indicate

that, if extrapolated to the mass of the various regions of the lower core,

approximately 48% of the core inventory of indium is present in the lower

core region. This estimate has a relatively large uncertainty due to the

heterogeneity of the debris and the possibility of selective sample material

retention in the central core region from the core-boring operations.

The cadmium concentrations for the lower core are similar to or less

than the core average concentration of 0.1 wt%. Lesser concentrations are

present in the ceramic regions than in the metallic regions, which might be

expected as cadmium has a high oxidation potential. The highest average

concentrations of cadmium are in the central core region, and the

co-relation with metal content suggests that much of the relatively volatile

cadmium was not released from the core, but was retained in the central

molten part of the core alloyed with other metals. Approximately 30% of the

core inventory of cadmium was retained in the lower core region.

h.2.3 Structural Materials

The structural material concentrations in the various parts of the

previously molten material are shown in Table 49. The average iron

concentrations are similar in the upper and lower crusts, and there are

greater concentrations of iron in the central core region at two to five

times the core average. Iron makes up large percentages of the metallic

ceases in all regions of the core, with the highest percentages in the

central region particles.

The concentrations for chromium in Table 49 are similar at

concentrations ranging from 1.4 to 1.7 wt% with the bulk of the material

located in the metallic rrrjion samples. The concentration of chromium in

?he metallic phase is about 4.7 times that in the ceramic phase. This is a
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TABLE 49. STRUCTURAL MATERIAL DISTRIBUTIONS IN THE MOLTEN POOL*

(wt%)

Quantity

Iron

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

Chromium

Core Materials Distribut-ion

Upper
Crust

Lower

Crust

Peripheral
Crust

Central

Region

Core .

Average"

11 11 6.4 14 3.0

2.3 3.0 1.6 3.5 3.0

28 17 23 44 --

8.6 23 4.6d 6.2

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

Nickel

Average concentration

Ceramic region average

concentration

Metallic region average

concentration

Average core materials

inventory (%)c

1.6 1.6 1.7 1.4 1.0

0.69 0.46 1.1 0.70 1.0

3.3 2.5 3.8 3.4 --

3.8 14.2 3.8d 14.5

5.2 5.5 2.7 6.8 0.9

0.77 2.4 0.48 1.3 0.9

14 8.0 11 22 --

13 45 6.4d 10
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TABLE 49. Continued

Core Materials Distributi on

Upper Lower Peripheral Central Core

Quantity Crust; Crust Crust Reqion Average"

Molybdenum

Average concentration 0.44 0.34 0.25 0.89 0.03

Ceramic region average 0.10 0.12 0.05 0.21 0.03

concentration

Metallic region average 1.1 0.51 0.75 2.1

concentration

17dAverage core materials 27 62 28

inventory (%)c

a. This table summarizes the average concentrations for each region of the

lower core.

b. The core average data is the average concentration of all materials in

the core, assuming oxidation of part of the zircaloy and metallics, as

previously discussed.

c. The average core materials inventory is the amount of materials located

in that region of the core as a percentage of the total core inventory,

assuming nominal masses for the upper crust of 2450 kg, the lower crust,

8760 kg, and the central core region, 21,490 kg.

d. The peripheral crust data is extrapolated to the mass of the entire

upper crust (2450 kg) for comparison purposes.
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smaller multiple than in the case of iron (11.2), and nickel (15.3). These

ratios reflect the increasing oxidation potential from chromium to iron to

nickel. The nickel data in Table 49 indicate higher concentrations in the

central core metallic particles and upper and lower crust layers. The data

range from two to six times the core average. The concentrations of nickel

in the upper and lower crusts and the central consolidated region are

similar and significantly higher than the peripheral crust. No rationale

for this difference is apparent. The nickel, as might be expected due to

its high oxidation potential, is more concentrated in the metallic phases,

with only a few percent located in the ceramic samples.

The molybdenum data indicate that molybdenum is significantly

concentrated in all metallic regions of the lower core at concentrations

10 to 20 times the core average. The average ratio of molybdenum

concentrations in metallic to ceramic phases is similar to that of iron, as

might be expected because the oxidation potential for the two metals is

similar. The Ni/Mo ratio data from Section 3 indicate that the Ni/Mo ratios

in the metallic phase are near those for Inconel (a factor of 2). These

data suggest that the crust layers in the core contain a substantial

contribution from the Inconel grid spacers.

4.3 Fission Product Behavior

The following sections discuss the examination results from the bulk

fission product examinations performed on the lower core region samples.

The sections are divided into low, medium, and high volatile radionuclide

behavior. Because of the heterogeneity of the sample materials, and the

wide range of concentrations in some of the core regions, a number of

different correlations are presented that provide bounds on fission product

retention and the inventory present in each of the repositories. The

average retention data provide a lower bound on the retention of the

radionuclide because these data are a comparison with the average content of

1 g of uranium. The normalized retention assumes that the fission product

content is associated with the uranium content of the sample and is most

appropriate for those radionuclides expected to stay with the fuel
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material. The ceramic and metallic data are the distribution of the

normalized data between the two types of samples. The fission product

inventory lists the percentage of the total core inventory present in each

region of the lower core based on the average concentration of the fission

products in all samples.

Note that these are nominal values based on the examination results

available; there are indications that, particularly for the central

consolidated region, the samples are not representative of the bulk

material. However, as discussed in the previous section, the difference

between the composition of the metallic and ceramic samples is quite

distinct; therefore, the normalized data for the ceramic samples in the

consolidated region are probably the best indication of the properties of

the materials in the lower core region that were preferentially washed out

of the bores during core boring.

5-3.1 Low Volatiles

Table 50 lists the fission product retention and distribution in the

lower core region for the three low volatile fission products measured

(i.e., Ce, 15,,Eu, and 155Eu). The average retention data for

'""Ce provide little information for the low volatile radionuclides

because they are expected to remain in the matrix of the fuel material;

however, the normalized retention indicates that the lower and peripheral

c/.ts and the central consolidated region are composed of relatively high

burnup fuel material from the central core region. In contrast, the average

normalized retention in the upper crust is lower in some samples and

suggests the possible loss of Ce near the periphery of the core.

Inspection of the individual sample retentions for the upper crust

(Table 15) indicates that the retentions are generally lower for these

sa-ples and, in some cases, at less than 30% of the expected retention. It

is suggested that
1

Ce probably was removed from the uranium through

:remica1 or other interactions, such as very high temperatures, in the upper
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TABLE 50. LOW VOLATILE FISSION PRODUCT DISTRIBUTION IN THE MOLTEN

POOL* -

(%) retention

Fission Product Distribution

Quantity

144
Ce

Average retention"

Normalized retentionc

Ceramic region average

retention

Metallic region average

retention

Percent fission

product inventory (%)"

154

Upper
Crust

Lower

Crust

Peripheral
Crust

Central

Region

43 51 50 93

76 132 87 121

85 130 91 125

49 134 59 78

1.4 5.9 1.6e 24

Eu

Average retention"

Normalized retentionc

Ceramic region average

retention

Metallic region average

retention

Percent fission

product inventory (%)"

155

57 61 57 114

98 143 102 149

105 149 105 146

80 131 82 185

2.0 7.9 2.0e 32

Eu

Average retention"

Normalized retentionc

Percent fission

product inventory (%)c

47

81

1.6

44

125

5.1

39

83

2.5e

85

103

22

a. This table summarizes the average retention and fraction of core

inventory for each region of the lower core, assuming nominal masses for the

upper crust of 2450 kg, the lower crust, 8760 kg, and the central core

region, 21,490 kg.

b. The average retention data is calculated using uranium equivalent
concentrations that provide a lower bound on fission product retention.

(i.e., assumes total sample weight is uranium)
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TABLE 50. Continued

c. The normalized retention data assumes that all fission product content

is associated with the uranium content of the sample and provides an upper

bound on retention.

d. The percent fission product inventory is the percent of the total amount

of each fission product located in the core.

e. The peripheral crust data is extrapolated to the mass of the entire

upper crust (2450 kg) for comparison purposes.
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The normalized retentions for the ceramic samples are similar to those

of the total normalized retention and indicate that the metallic region

reduces the average retention only slightly (due to the relatively few

metallic samples analyzed). The metallic region data indicate significant

reductions (a factor of 2) in the retention of the low volatiles in the

metallic regions with the exception of the lower crust. Uranium present in

metallic melt could be U02 dissolved in Zr-Fe-Ni-Cr alloy. The U02
structure is destroyed in this process. Ce02/x\ is more stable than

U02 and may form an immiscible ceramic phase, thereby separating from the

U02. The metallurgical data indicate that the fuel material in the lower

crust had recrystallized from the melt as (U,Zr)02. It is interesting

that the Ce02 inventory is apparently retained during this process.

The inventory data indicate that approximately 31% of the core

inventory of 144Ce is located within the crusts in the lower core region.

The intact fuel rods below this region account for another approximately 11%

of the total. The data for the other regions in the lower core indicate

that the lower crust contains about 6% of the total, with the upper crust

approximately 1.5% of the total.

The 154Eu and 155Eu data indicate similar trends to those seen for

the 144Ce, except for variations in the measured retention values and

total inventory for 154Eu, which is due mostly to variations in the

inventory data because of the relatively large uncertainty associated with

the inventories of radionuclides produced by neutron capture by another

radionuclide. In this instance, 155Eu is produced by neutron capture by

154Sm, a stable fission product.

4.3.2 Medium Volatiles

The nominal fission product distributions for the lower core region are

listed in Table 51. The data for 90Sr, the radionuclide in this category

that exhibited the least mobility, indicates relatively low average and

normalized retention data in the upper and peripheral crusts and the
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TABLE 51. MEDIUM VOLATILE FISSION PRODUCT DISTRIBUTION IN THE MOLTEN

POOL*

Fission Product Distribution

L%J

ui^lLl

90
ill

Upper Lower

Crust

Peripheral Central

Crust Reqipr

-.e^age retention"

':alized r-ete,-tio-:

Cera- c region average
r e t e r 1 1 o

*

"etallic regie- average

retef,tion

Percent fiss io"

P'-odJCt inventory"

125
Sb_

:.e^age retention'

Sor-alized retention0

Cerj--c region average
"* ten t ion

"etallic region average

--tionq

5ercer;t fissior

Proo:wCt inventory'3

23 38 24 33

39 104 35
-c

56 IF 3: 6

15 94 58 59

0.^3 4. 5 0.45e 8.3

330 490

880 "7C

16 29

640 860

8.3 43.4

220

80

I960

350

903C

1291

10
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TABLE 51. Continued

Fission Product Distribution

Quantity

106
Ru

Average retention"

Normalized retention0

Ceramic region average

retention

Metallic region average

retention
q

Percent fission

product inventory"

Upper
Crust

Lower

Crust

Peripheral
Crust

Central

Region

193 330 97 510

770 990 1070 14,100

50 34 47 107

370 580 420 1,240

4.6 29.7 3. 4e 11.2

a. This table summarizes the average retention and fraction of core

inventory for each region of the lower core assuming nominal masses for the

upper crust of 2450 kg, the lower crust, 8760 kg, and the central core

region, 21,490 kg.

b. The average retention data is calculated using uranium equivalent
concentrations that provide a lower bound on fission product retention.

c. The normalized retention data assumes that all fission product content

is associated with the uranium content of the sample and provides an upper

bound on retention.

d. The percent fission product inventory is the percent of the total amount

of each fission product located in the core.

e. The peripheral crust data is extrapolated to the mass of the entire

upper crust (2450 kg) for comparison purposes.

f. Result biased high by a single high value with some metallic content.

g. Normalized to average retention rather than normalized retention, which

is appropriate for the radionuclides associated with the metal content of

the debris.
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central consolidated region. In contrast, the data for the lower crust

indicate approximately 100% retention of the 9()Sr in the fuel material.

The retention data indicate generally higher '*^Sr retentions in the

ceramic parts of the samples, but that there has been some transport of the

'wSr to the metallic region samples.

1 ?5
The 1C3Sb data in Table 51 indicate average and normalized retentions

much higher than the core average at all locations in the lower core

region. lcJSb content in the lower core is on the average 2.2 to

4.9 times the average concentration found in intact fuel. When these data

are normalized to uranium content, the ratio changes to 7.7 to 90 times

those found in intact fuel. However, this comparison is inappropriate as

the bulk of the *"Sb is located in the metallic regions at high

concentrations and is not associated with the fuel material present in the

crusts or consolidated reqion. The ceramic sample data for *"Sb indicate

that the concentrations are relatively low (generally less than 50% of the

a.erage inventory). The data for the peripheral crust and central region

are biased by the presence of metallic material in several mostly ceramic

samples.

The 105Ru data listed in Table 51 follow a similar distribution to

that observed for the 125Sb data. Much of the 106Ru is found in

association with metallic samples at concentrations 4 to 12 times those of

irtact fuel. The reaction mechanisms allowing this behavior are discussed

ir Reference 18. It is more likely that the metallic materials were present

in the consolidated region before or during the time that ruthenium and

antimony were released from the fuel. This must be true for these fission

products to be segregated in the metallic phases.
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4.3.3 High Volatiles

The retentions for the high volatiles (X"I and 1-i/Cs) are listed

in Table 52. The average and normalized data indicate that ^9j is found

in all core regions, and that it is also found in the metallic regions of

the core. These data suggest that there may be reaction mechanisms that

cause accumulation of 1Z9I in the metallic sections. The fraction of core

inventory found in association with the lower core region prior-molten

material is 2.4%, which indicates that, although some retention of this

species occurs, most is released.
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TABLE 52. HIGH VOLATILE FISSION PRODUCT DISTRIBUTION IN THE MOLTEN

POOL*

137
fcL

Fission Product Distribution

L%J

Quantity

129

Average retention"

Normal i zed retention0

Ceramic region average
retention

Metallic region average
retention

Percent fission

product inventor.
L

Upper Lower Peripheral Central

Crust Crust Crust Region

8.1 30 2.8 8.1

19 66f 14 65

7.2 98f 3.5 9.1

35 93 52 186

0.27 3.5 0.1e 2.1

-.erage retention" 13 12 2.7 3.0

'lor-.al ized retention0 26 31 12 10

Ceramic region average 4.9 35 3.2 7.1

r-'ent ion

"etallic region average 28 27 41 19

retention

Percent fission

product inventory"

0.41 1.4 0.1e 0.87

a. This table summarizes the average retention and fraction of core

inventory for each region of the lower core assuming nominal masses for the

upper crust of 2450 kg, the lower crust, 8760 kg, and the central core

region, 21 ,490 kg.

b. The average retention data is calculated using uranium equivalent
concentrations that provide a lower bound on fission product retention.

c. The normalized retention data assumes that all fission product content

is associated with the uranium content of the sample and provides an upper

bound on retention.
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TABLE 52. Continued

d. The percent fission product inventory is the percent of the total amount

of each fission product located in the core.

e. The peripheral crust data is extrapolated to the mass of the entire

upper crust (2450 kg) for comparison purposes.

f. Result biased by two high retention values.
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5. CONCLUSIONS AND OBSERVATIONS

The metallographic examinations of the TMI core bore samples indicated

that the upper and peripheral crust material, as well as the material from

the central consolidated region, were very similar. Samples from these

regions can basically be described as a mixture of metallic and ceramic

^elts, with some segregation of metallic and ceramic phases. This

segregation is due in some cases to immiscible metallic melts, particularly

Ag-ln and Fe-Cr-Ni, and sometimes the segregation is simply due to melts

flowing over and through previously solidified melt material. Examples of

metallic melts flowing through cracks in the solidified ceramic melt

-aterial are certainly evident in samples from the upper crust, which

suggests that metallic melts from higher in the reactor core flowed down

over the solidified upper crust. This also indicates that the melt

progression was incoherent and took place over time.

Fuel liquefaction by zircaloy melts was observed in regions of the

upper crust, which indicates temperatures in excess of 2200 K; however, the

presence of (U,Zr)02 melt regions indicates that temperatures in some

regions of the upper and peripheral crusts exceeded 2810 K prior to

solidification. Localized temperatures within material in the center of the

consolidated region exceeded the 3120 K melting point of the U02 fuel, as

evidenced by large voids and porosity in some fuel pellet remnants. Average

temperatures in the central consolidated region were certain!, above 2810 K,

in order to form the molten (U,Zr)02 that eventually flowed out of a

breach in the crust and relocated to the lower vessel head.

In contrast to the other regions, the lower crust consisted primarily

of metallic melts which flowed down and surrounded intact fuel pellet

stacks. This metallic melt material can be assumed to represent material

w r i c r relocated early in the melt progression. The lowest extent of this

material probably solidified near the lowest water level during the

accident. Oxidized cladding remnants were dissolved by thf.e metallic

melts, and any unoxidized zircaloy (no significant zircaloy oxidation was

observed in the intact rod regions just below the lower crust) would
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probably have liquefied as a result of eutectic interactions between the

zircaloy, silver, iron, and nickel. These interactions become significant

above approximately 1400 K, with complete solidification of these materials

expected by approximately 1200 K. Minor amounts of fuel liquefaction by the

metallic melts were observed, which suggests localized maximum peak

temperatures of approximately 2200 K. Based upon this information, a best

estimate average temperature for the lower crust material is approximately

1300-1500 K.

The thickness of the crust varied from 4.5 to 11.5 cm, with the

greatest thickness measured in the upper crust. These data suggest a

relatively uniform crust thickness, which might be expected if it is assumed

that this crust contained a molten pool of material of relatively uniform

temperature. The density of samples from the upper and peripheral crusts

varied from 7.6 to 9.7 g/cm , which reflects a consolidated mixture of

(U,Zr)02 and metallic materials, whereas the density of the lower crust

varied from 7.0 to 7.6 g/cm3, which reflects the presence of significant

amounts of zircaloy melt. The density of samples from the central

consolidated region ranged from 5.5 to 8.8 g/cm3, which reflects the

segregation of immiscible metallic and ceramic melts.

The condition of the intact rod segments below the lower crust

indicates that very little zircaloy oxidation occurred in this region, and

that the rods remained ductile. Temperatures varied as a function of

reactor core position and axial heights, but in general the temperatures

were relatively cool. Molten control rod material indicated temperatures in

excess of 1073 K on the upper endtips of some of the intact control rod

segments on the periphery of the core, whereas the as-fabricated condition

of the zircaloy cladding in many parts of this region indicated that

temperatures were below the recrystallization temperature of 920 K. The

fuel rod lengths varied from approximately 60 cm near the center of the core

to approximately 120 cm near the periphery of the core. These data suggest

that the lowest water level during the accident was approximately 60 cm

above the lower end fitting in the center of the reactor core. The presence

of longer rod segments in the peripheral regions suggests that the lower
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crust solidified in a hemispherical shape, reflecting the cooler

temperatures which would generally be expected in the peripheral regions for

a given axial elevation.

The radiochemical examination data indicated that the upper and

peripheral crusts were primarily ceramic material with some metallic

material. The examinations indicated that the metallic portion of the upper

crust was mostly made up of structural materials with lesser amounts of

rirconium. For zirconium, the data from the ceramic regions range from

10 to 20 wt%; the average is 13 wt%, which indicates that zirconium is

oepleted in the upper crust relative to the core average concentration of

18 to 19 wt%.

Control materials were measurable in both metallic and ceramic material

sa~ples of the upper and peripheral crusts at an average concentration of

about 3 wt%. which is greater than the expected core average concentration

of silver (1.9 wt%) . Indium and cadmium were both also measurable with

indium at approximately 3 times the core average concentration. The Ni Mo

ratios in the upper crust suggest that the Inconel grid spacers contributed

lo the formation of the crusts along with some stainless steel.

The bulk of the uranium enrichment data for the upper crust suggests

that the upper crust is a composite of the 1.98% and 2.64% enriched

assemblies with a very homogeneous distribution of the fuel material from

the two assembly enrichments in the upper crust. Also, the high relative

retentions for the low volatile fission products suggest that the fuel

material forming the upper crust came from a relatively high burnup region

of tne core and that the upper crust was not formed by fuel material from

tne upper periphery of the core.

The
'
Sr data for the upper crust indicate a wide range of

concentrations with no apparent distinction between metallic and ceramic

samples. The data indicate mobility of this radionuclide with no obvious

correlation with elemental composition or other radionuclide

characteristics. Comparisons with the elemental analysis results were also
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performed for 125Sb and 106Ru. These comparisons indicate a general

increase in metallic content generally correlated with large increases in

125Sb and 106Ru content.

Examinations for the high volatiles 129I and 137Cs indicate

retention of these fission products in both metallic and ceramic materials.

Comparisons indicate retentions in the ceramic phase that are approximately

5%, whereas in the metallic phase the uranium-based, normalized retentions

are about 35%. However, the concentration data are similar in both types of

material, which indicates that the high concentrations in the metal phases

are an artifact of the normalization to uranium content which is low in the

metallic samples.

The lower crust generally is composed of relatively intact columns of

fuel pellets embedded in a metallic mixture. The intact columns contain

some veins of metallic materials that extend into the cracks in some fuel

pellets. The elemental data indicate that zirconium is concentrated in the

crust and that tin is not transported with the zirconium and may tend to

form accumulations separate from the zirconium in the lower crust. The

average concentration data for the lower crust indicates that iron is the

principal structural material present (average 11 wt%) and that it ranges up

to 34 wt% in the metallic regions of the crust. Lesser concentrations of

nickel (average 5.5 wt%) and chromium (average 1.6 wt%) are also present

(zirconium is 30 wt% in the metallic region).

The presence of significant amounts of molybdenum in the lower crust at

ratios appropriate for Inconel suggests that Inconce was a significant

contributor to the formation of the crust.

The average retention of low volatiles for the ceramic and metallic

regions of the lower crust are between 130 and 134%. These high

concentrations (i.e., >100% retentions) indicate that the fuel material

forming the lower crust came from a relatively high burnup region of the

core.
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For the medium volatiles, the data generally suggest that the bulk of

90
the Sr has been retained In the ceramic regions with only small amounts

present in the metallic regions of the lower crust. For 12"*Sb and

Ru. comparisons were performed with the concentrations of elemental

constituents of the crust; no correlations were observed with the exception

that a general increase in metallic content generally correlated with an

increase in 125Sb and 106Ru content.

The samples obtained from the central core region debris are quite

heterogeneous; man, samples are either metallic or ceramic, and some samples

are a mixture of the two types of material. Examination of the data

indicate that the least volatile control material, silver, was measurable in

both metallic and ceramic material samples at an average concentration of

about 2.9 wt%, with a range of concentrations from 0.07 to 34 wt%. Also,

indium was measurable In all samples at concentrations averaging 0.9 wt%

(core average 0.3 wf), with the data ranging from 0.05 to 7.6 wt%. Cadmium

was measurable in only about one-half of the samples obtained from the

central core, principally the metallic ones. It is suggested that cadmium

alloyed with other materials at relatively low concentrations, which reduced

the vapor pressure substantially and caused retention in the reactor vessel.

The low volatile radionuclides have relatively consistent average

retentions from 78 to 185%, which suggests that much of the central core

region was formed from fuel material from a relatively high burnup region

close to the center of the reactor core. The data generally suggest that a

fraction of the
*
Sr has not been retained in the uranium fractions of

either the ceramic or metallic samples.
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TABLE 45. ESTIMATED POSTAC*CIDENT CORE MATERIALS DISTRIBUTION

Estimated Uncertain^ ^^^
Core region OjjmLlMM tt>

Intact fuel assemblies 5
33.4

(Partially or fully intact) 44,500

Central core region
resolidified mass

Upper core debris bed

Prior-molten material on the

Lower reactor vessel head

Lower core support assembly

Upper core support assembly

Outside the reactor vessel

32,700
5 24.5

26,600
5 19.9

19,100 20 14.3

5,800
40

4.3

4,200
40 3.2

450
_.c 0.3

that have not have relatively high uncertainties.

boundary of the core.

auxiliary buildings. They range from 60 to -430 kg.
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