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ORAFT REPURT: TMI-Z CURE DEBRIS GRAB
SAMPLES--EXAMINATION AND ANALYSIS

PART 2

bue to its large volume, this report has been divided into two parts.

Part ! contains the main body of the report, and Part 2 contains the
appendixes.
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APPENDIX A
EXAMINATION TECHNIQUES

This appendix contains a brief overview of techniques used during
examination of the TMI-2 cure debris grab samples, {ncluding physical,

metallurgical, chemical, and radiochemical examinations.

Physical Examinations

¥isual Examination and Photography

The visual and photographic examinations of the bulk core debris grab
samples were performed through a glove box window for Samples 1 through 6,
and through a hot ce'l periscope for Samples 7 through 11. [Individual
particles were removed and examined in the glove box.

he’ght

The samples were weighed in the hot cell using an electronic balance
(Sartorius Model 1205 Mp).

Bulk Tap Density Measurement

The volume of each sample was determined by placing the bulk sample in
a graduated beaker, tapping the beaker to compact the material, and
measuring the sample volume. The weight (g) was divided by the volume
(cm3) to obtain the bulk tap density. The uncertainty associated with
this analysis {s large (<25%) because the irregular top surface of the
sample in the beaker prevented precise measurement of the volume.

particle Size Distribution

The core debris grab samples were subjected to a particle size
distribution analysis by steving each bulk sampie fnto progressively
smaiier (4000 um to <20 ym) particle size fractions (9 to U groups
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in most cases). Sieve sizes were predetermined during visual examination
of the samples, and new sieves (manufactured by Tyler, Inc.) were used for
each sample to prevent cross contamination. Each bulk sample was placed in
the top of the sieve column, and the larger (>1000 um) particle size
fractions were separated using dry, mechanical or hand-agitated sieving.
Smaller (<1000 um) particle size fractions were separated by wet

sieving to prevent loss of particles by aerosol transport or adherence to
sieve surfaces. Freon was used as the wash solution because it is not
chemically reactive. Each sieve fraction was visually examined,
photographed, and weighed.

Sample 4 was not sieved because it consisted of large particles.
Sample 5 consisted of mostly large particles and was sieved into only four
particle size fractions. Sample 7 was sieved after being agitated for
5 min and then again after 1 h to determine whether or not the sieving
technique had an effect on results of the particle size distribution.

Ferromagnetic Material Content

The quantity of ferromagnetic material present in each sieve fraction
was determined for Sample 6 (E9, 56 cm). This analysis was performed by
placing a small (2-1b pull) magnet in a small beaker and then placing the
beaker in contact with each sieve fraction. After stirring the beaker in
the sample material, the magnet, beaker, and attached magnetic material
were removed and placed in a container. The magnet then was removed from
the beaker, allowing the magnetic material to drop into the container. No
material adhered to the beaker after removing the magnet; therefore, it was
assumed that all material in the container had a ferromagnetic component.

Pyrophoricity

Pyrophoricity (pilot ignition) tests were performed on portions of the
core debris grab samples to evaluate potential safety hazards during core
recovery operations. The test procedure was verified by igniting zirconium
hydride powder, using a small Tesla coil (Fisher Scientific Model BD 10)
rated at 50,000 volts. Ignition of the powder was recorded both by video
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tape and stil1 ;notography before beginning the actual core debris
Pyrophuricity tests. An additional method used to produce higher
temperatures (a propane torch) also was tested on the zirconfum hydride
Puwder before beginning the actual test on the core debris material. The
sampie material was tested dry; then a drop of water was added and the
materfal was tested wet.

A difrerential thermal analysis was pertormed by Rockwell Hanford
Operatfons on small pleces of material which had been removed from some of
tne larger sized particles. Appendix H contains the report describing the
examination and analytical technique.

Metaliurgical Examinations

Uptical Metallography

This technique involved viewing highly polished particles using a
iight microscope at magnifications up to about 500X. In addition, the
particles often were treated with etchants to highlight grain boundaries
and second phases.

The foilowing grinding ang poiishing sequence was used for the TM]-2
core debris particles:

1. Luurse ground with water-iubricated silicon carbide 120 grit
paper in a whir'amat

2. Medium ground with 400 grit paper

3. Final ground with 600 grit paper

4. Initial poiish with kerosene-type, fluia-lubricated 6-um
atamond grit on a hard paper in a Whirlamat



5. Final polish with 1-uym diamond grit on a short nap nylon

6. Metallic (non-zircaloy) particles were polished further with
0.3-um A]ZO3 grit in a vibratory polisher.

In general, either an immersion or swab etching technique was used,
depending on whether a heavy or light etch was appropriate. The following

etchants were used on the various materials:
. Fuel - 85% H202, 15% H2504

° Zircaloy - 55% lactic acid, 19% HNO,
19% H,0, 7% HF

. Non-zircaloy metallic - 9.5% HN03, 90.5% methanol.

Scanning Electron Microscopy (SEM)

For this technique, a finely focused electron beam is swept in a
raster across the surface of a sample. The types of signals which are
produced when the focused electron beam impinges on a sample surface
include secondary electrons, backscattered electrons, and characteristic
x-rays. In SEM, the primary signal of interest is the variation in
secondary electron emission that occurs. The variation is due to
differences in surface topography. The secondary electrons are collected
by a scintillator-photomultiplier system, and the resultant signal is
displayed on a cathode ray tube (CRT). The scanning electron beam is
synchronized with the scanning of the CRT such that images can be presented
on a storage oscilloscope or a monitor oscilloscope for photographing.

This procedure also is used for backscattered electron images. These
electrons have a higher energy than secondary electrons, resulting in
greater escape depths. The primary advantage of backscattered electron
images is that they show different brightness values of phases of different
composition.



tnergy-uispersive X-ray Spectroscopy (EDS)

EDS analysis is performed by measuring characteristic detectable
X=rays trom elements abuve atomic number !0 on the periodic taut'e, which
are excitea by a scanning electron beam. The beam is typicaily 1 ym in
diameter, but scattering produces x-rays over a region up to ten times
~faer. A SEM/EUS system is very convenient for speedy area surveys of
e’emental content and spectrai uniformity, and produces good images and
photographic recoras. Other advantages are the low beam energy and
relatively 'ow vacuum required, both of which 'imit absorption of deposited
molecuies. The usefulness of this instrument is reduced by susceptibility
to background radiation, inability to detect oxygen and carbon, and absence
of binding energy information.

Scanning Auger Spectroscopy (SAS)

This instrument rasters an electron beam over a sample region,
fonizing surface atoms and generating characteristic x-rays and secondary
eiect~uns in the process. Rather than the x-rays, Auger spectroscopy
collects and energy-ana.yzes the emitted Auger electrons from elements
atcve sturdc aumber 2. The double-focusing electron optics ana tight
energy resoiution essentiaiiy e'iminate interferences from background
raciation. Moreover, the detected secondary electrons are only able to
escape the outermost atomic or molecular layers, so depth resolution is
extreme’'y 'ine. Most SAS systems incorporate inert gas fon sputter-etching
fu- botn specimen cieaning and depth (~ofiling; the positive fon tlux
Cuunter baiances cnarging by incident electrons. The elemental detection
threshola 1s typica’ly 0.1 at. %, which s comparable to EDS. SAS spatia’
resoi.tion is equal to the beam diameter, which varies between models from
0.1 to 20 um.

Chemical Examinations

Inductiveiy Coupied Plasma Spectrometry (]CP)

tiguid-based samples are nehulized and pulse-injected into an
fnguctively (radio trequeniy) heated plasma, causing all elements present
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to emit characteristic light wavelengths. The light is separated on a
diffraction-grating monochromator, and the wavelength intensities are
sequentially measured by photomultiplier tube. [As such, ICP is a
refinement of atomic emission spectroscopy.] This technique generally is
free of elemental interferences, is highly accurate, and has a detection
threshold of approximately 0.001 at. % (10 ppm). This analysis is
performed on liquids (dissolved sample material). The equipment used was
an ISA 2000 Scanning Spectrometer.

X-Ray Diffraction

Every crystalline substance scatters x-rays in its own unique
diffraction pattern, producing a "fingerprint" of its atomic and molecular
structure. The intensity of each reflection provides limited
semiquantitative information on the molecular structures present. One
unique feature of x-ray diffraction is that components are identified as
specific compounds. Small (<10 mg) portions of the samples were placed
in a powder camera, exposed to the x-ray beam, and characteristic x-ray
diffraction patterns produced. The equipment used was a Phillips X-ray
Diffractometer.

X-ray diffraction analysis was performed on several samples. However,
the following problems were encountered in analyzing the samples and data:

) Because of high radiation levels associated with the samples,
only small (1 to 2 mg) portions could be analyzed. Therefore,
several (up to 10) portions would have had to be analyzed and
averaged to characterize a large (20 to 30 mg) sample.

) The heterogeneity (many different phases structures) of the TMI-2
core debris grab samples made it difficult to characterize a
sample, because the lattice structure observed contained all
phases present.

0 Crystalline structures of most importance are the mixed oxides of
U and Zr. There are few or no materials standards for the
variety of lattice structure observed.
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o =nere U or Ir 1s a minur component, it fs difficult to resolve
the minor oxide species with available equipment. This makes
fuentit,ing minur but important structures in the samples
difticult,

Raogtochemical Examinations

Gamma Spectroscopy

The inftial radiochemical analysis performed was gamma spectroscopy.
infs technique fs based on gamma-ray emissions which produce a spectrum
specific tu indivfdual radionuclide species. The spectra were analyzed by
a computerized gamma spectroscopy system using DEC PDP-15 or PDP-11/44
computers ~ith a GAUSS V] analysis program.a This program identifies the
radionuclides assocfated with the gamma-ray energy peaks and determines
their emission rates corrected fur detector efficiency, random pulse
summing, anad decay during the count. The values were converted to
disintegration rates by dividing them by the gamma-ray emission
probabiiity. The equipment used was fabricated at EG&G ]daho and
cailbrated using standards of the Nationa! Bureau of Standards.

Dissoived portions of samples were diluted and analyzed in 60-mL
bottles at calibrated distances with the computerized Ge(L1) gamma
spectroscopy system. They were analyzed as point source geometries at
distances ranging up to 195 cm from the detector. The mass of each portion
analyzed was iess than or equai to 100 mg to keep the gross radioactivity
iom and minimize the effects of mass attenuation. The effects of mass
attenuation were evaluated and corrections applied, using different
gamma-ray emission iines from one radionuciide. The uncertainty of the
gamma spectroscopy analysis method is less than 10%, with the exception of
those racionuclides whose concentrations were measured using luw energy

152 125

gamma rays ( “"Eu and Sb). The uncertainty associated with these

radgtfonucifdes fs approximately 30%.

a. J. t. rleln, M. H. Putnam, R. H. Helmer, GAUSS VI, A Computer Program
tor the Automatic Analysis of Gamma Kays trom Germanium Spectrometers,
ENRC-T73, June 1973,
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Neutron Activation/Delayed Neutron Analysis

The fissile/fertile material content was measured by neutron
activation/delayed neutron analysis at the Coupled Fast Reactivity
Measurement Facility (CFRMF) at the Idaho National Engineering
Laboratory.a The total fissile/fertile material content was measured by
remotely exposing individual 1 x 5-cm cylinders containing sample material
to a fast spectrum neutron flux in the central region of the CFRMF core.
The cylinder was removed after a 1-min exposure, and the delayed neutrons
were measured after about 40 s, using a 3He detector in a hydrogen
moderator.

The fissile material content was measured by exposing the cylinder to
a thermal spectrum neutron flux, causing only the 235U and 239Pu within
the material to fission and emit delayed neutrons. It was assumed that the

quantity of 239

Pu was insignificant (<2 wt% based on theoretical
predictions). However, a 5 to 8% bias may have resulted. The fertile
material contents were determined by subtracting the measured fissile
material content (235U and 239Pu) from the total fissile/fertile

material content using appropriate calibrations. Calibration measurements
were made for both mass differences and enrichment. Standards were

depleted U, natural U, 4.3%-enriched U, and 93%-enriched U.

]291, 9OSr, and Tellurium Analyses

Analyses for 1291, 9OSr, and Te were performed on the dissolved

sample material. After organic separation, the volatile sample fraction

was analyzed for 1291 via neutron activation with a subsequent gamma
129
he

spectroscopy analysis. T I present in the dissolved material was

activated to 1301, a gamma-ray emitting radionuclide. The sample
material then was analyzed via gamma spectrometry, and the ]291
concentration calculated from the measured 1301.

a. Y. D. Harker, Feasibility of Measuring the Fissile Content of
Irradiated Fuel Samples, REA-83-022, February 16, 1983.




The 90y, analysis was performed on the nonvolatile sample fractions
by precipitating the Sr carrier and 9Ubr from the other radionuclides,
tolloweo ) deéta analysis performed in 4 liquid scintillation counter
(Packard Tricard 3385).

The elemental Te analysis was pertormed on the nonvolatile sample
fractions by ICP. Tellurium fs slightly volatile under the dissolution
conditions. Therefore, experiments were performed using a ]ZsTe tracer
that indicated a relatively consistent retentfon of approximately 80% in

the ".nvclatfle portion of the sample. No tracer was used for the sample
anaiysis,

There is a tota! uncertainty associated with the ]291, 9OSr. and
Te analyses of 10 to 15%. Uncertainties resuited from the sample
dissolution and individual analytical techniques. The uncertainty
associated wit: the dissolution is due to potential material losses on
glassware surfaces and the occasional presence of small (<10%) amounts of
frso’uble material after the dissolution. However, for some samples, the
uncertainties are 30 to 50%, due to uncertainties in the sample weight for
small (<10 mg) portions and losses during dissolution, as determined by
compa-ing the fissile/fertile and chemical analysis results.

Cesium xelease and Settling Tests

Cesium release and settling (turbidity and airborne fission product
release) tests were conducted on material from recombined bulk Sample 6.
Tests were perturiea on both as-recefved and crushed materials. Crushing
was intended to simulate the breakup of TMI-2 core material during reactor
gefueling.

For the leaching tests, the core debris material was mixed with
simulated reactor coolant (adjusted to the correct chemistry and pH).

For the cesfum release test, the quantity of fission products leached
into the coolant was measured as a function of time (0 min, 5 min, 20 min,
1 h, 24 h, up to 3 days). Cesfum was the main fission product of interest,
although other radionuc!ides were measurable.
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A two-part settling test also was performed which measured
(a) turbidity of the sample material/coolant mixture as a function of time
and (b) airborne fission product release as a function of time, with a
continuous air flow (0.5 linear m/s) over the liquid. Aliguots were
removed at the aforementioned times, and the turbidity was measured using a
turbidimeter (H. F. Instruments Co., Model DRT-100D). The airborne fission
product release test was performed on the liquid portion of the mixture
after 40 h of leaching. Radionuclide concentrations present in the

airstream were measured using a particulate air sampling system developed
by Science Applications, Inc.
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APPENDIX B
PHOTOGRAPHS OF SAMPLES AND PARTICLES

As part of the inftial unloading and weighing activities, visual
examination was undertaken and photographs made of the bulk samples after
their removai. Several larger sized (21000 um) particles from each
sampie were then selected for follow up examination and analysis. This
appenaix contains photographs of the bulk samples and individual particles
taken from all samples. The exceptions are Sample 2 (which was sent to
B&W) and Sample 3, in which the large individual particles were not
photographea. Photographs of individual particles smaller than 1000 um
are not included in this report due to the lack of acuity in the photos.

TABLE B-1. SAMPLE CROSS REFERENCE INDEX

Samp'le
No. Description Figure(s)
1 Bulk materiai/eleven particles B-1 thru B-7
3 Bulk material B-8 thru B-7
4 Bulk materfal/five particles B-10 thru B8-14
5 Buik material/eleven particles B8-15 thru B-21
6 Bulk material/eleven particles B-22 thru B-29
7 Bulk material/one particle size fraction/eleven 8-30 thru B8-41
particies
8 Bulk material/two particle size fractions/eleven B-42 thru B-54
particles
g Bulk material/two particle size fractions/eleven 8-55 thru B-67
particles
10 Bulk materfal/one particle size fraction/eleven 8-68 thru B-78
particles
1 Bulk material/two particle sfze fractions/eleven 8-79 thru B-93
particles
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CROSS REFERENCE INDEX FOR THE PARTICLES AND ASSOCIATED FIGURES AND TABLES

Particle Figure(s) Tables
1Ad C-1 through C-8 -
18P C-9 through C-20 C-1
1E4 C-21 through C-26 ==
1Ha C-27 through C-30 --
3Lb C-31 through C-38 c-2
3Mb C-40 through C-49 C-3
4AD C-50 through C-58 c-4
48b C-59 through C-69 C-5
4pb C-70 through C-85 C-6
5ED C-86 through C-95 c-7
683 C-96 --
6CP C-97 through C-109 c-8
6Da C-110 through C-114 --
6EQ C-115 through C-116 --
6Fa C-117 through C-119 --
7Ab C-120 through C-130 -9
78D C-131 through C-141 C-10
7ED C-142 through C-152 c-1
8AD C-153 through C-165 c-12
8cb C-166 through C-176 C-13
8Eb C-177 through C-189 c-14
gHD C-190 through C-204 c-15
9pb C-205 through C-219 C-16
9GP C-220 through C-232 c-17
10AD C-233 through C-247 c-18
10D C-248 through C-260 c-19
10FD C-261 through C-270 C-20
118D C-271 through C-281 c-21
11cb C-282 through C-294 C-22

a. Examination performed by EG&G Idaho and Westinghouse Idaho Nuclear Co.
personnel.

b. Examination performed by Argonne National Laboratory personnel.




APPENDIX C
METALLURGICAL DATA

The optical metallographic, scanning electron microscope (SEM) and
scanning Auger spectroscopy (SAS) analysis of the twenty-nine particles
examined from the TMI-2 core debris samples are presented in this
appendix. Twenty-two particles were studied Jointly by EG&G ldaho and
Argonne “ational Laboratories (East and West), while the remaining seven
~ere characterized by EG&G Idaho and Westinghouse Idaho Nuclear Co.
Representati.- photographs of each sample are presented, along with tables
of chemical composition for locations analyzed by electron dispersive x-ray
analysis (EDS), (in conjunction with the SEM examinations), and SAS
analysis.a Tne first one or two figures in each section are
photomacrographs of the particle with the locations of the subsequent
photographs identified usually by letters. The three digit number
identificitions refer to chemical analysis locations reported in the tables.

The SEM/EDS data presented here are interpretations of the x-ray
spectrums at representative locations. The location of peaks within the
spectrum identified elements; the relative peak areas were used to classify
the elements as major, minor or trace constituents. In instances where
there was difficulty in distinquishing between overlapping peaks or
background, the element was classified as questionable. Oxygen
concentrations are not included in this data because oxygen can not be
measured by this technique.

Quantitative concentrations were determined from the raw SAS data
through the .se of separate normalization factors (Sx) for each element.
These factors relate tnhe peak height of a standard material to the peak
neight of silver wnich is the normalizing element. The peak height for
normalization factors can be obtained from “handbook" data or, for best

a. Note that not all particles were analyzed by SAS.
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accuracy, measured from standard materials which contain the element of
interest in the form expected in the unknown material. Using the S

values, peak heights of different elements are put on a common bas1S SO
that relative ratios of measured peak heights become relative compositions.

The Zr and 02 S values used on the initial two particles (6C
and 4B) were measured from a piece of ZrO2 which had been quantitatively
analyzed by EDX. The S values for the remaining particles were measured
from a piece of ZrO2 wh1ch had been quantitatively analyzed by wet
chemical techniques. The S value for U on the initial two particles was
measured using U02 test fuel, assuming an S value for 02 from the
Lr0, standard. This value was updated for the majority of the remaining
particles using the corrected S value for 0,. Finally, a direct
measurement of the S, value for U and 0, from depleted U0; (which had
not been used in a high temperature test) was used on the final three
particies (10E, 10A, and 7E). The S values for the remaining elements
were obtained from NBS standards (Cr, Fe, and Ni), theoretical
interpolations (Tc, Ru, Rh, Pd, and Sn), or »handbook" data (C and Al).

A measure of the accuracy of the SAS system was obtained from 14
readings of the Ag peak. These were taken on pure silver foil, under
conditions similar to those of the analysis. From these measurements, a
standard deviation of 0.87 and a mean of 63.9 was determined which results
in a scatter band of about *2%. This represents the best precision
possible. However, most measurements are not this good. The scatter of
the data is lowest when the surface being measured is smooth and well
polished. Region G of Sample 5E, and to a lesser extent, Region 2 of
Sample 10A are examples of rough surfaces with corresponding high scatter.

Particles 1A, 1E, 1H, 6D, and 6F were separately characterized on
WINCO instruments in a somewhat different format. Semi-quantitative
SEM/EDS data were acquired from all five particles, while quantitative SAS
was performed only on Particles 1E and 6D. This was done primarily to

verify metallographic inferences on oxygen concentrations and to confirm
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related interpretations on Peak temperatures. Detailed SEM/metallogrphic
images, comprehensive data listings, and thorough discussions on these five
Particles are presented in this appendix.

EDS derived composition information is termed "semi-quantitative" for
two reasons: (a) oxygen concentrations cannot be measured, which induced
significant upward biases in weight percentages for those elements that
were detected; and (b) area fractions for x-ray peaks were converted into
elemental weight percentages without calibration to standards. The
theoretical corrections applied compensate for mass attenuation,
self-fluorescence, and atomic number effects. They are more appropriate to
metals than oxides. Deficiences in these correction factors can cause
uncertainties of -5wt¥. In addition, bias errors result from the
inability to detect oxygen. Consequently, the EDS values reported for
Particles 1A, 1E, 1H, 6D, and 6F should be interpreted as relative
indications of elemental amounts, rather than absolute determinations.

By comparison, the SAS measurements on Particles It and 60 of Zr, u,
and 0 contents were performed with rigorous calibrations and are accurate
to within 2 at.%. A U02/Zr interaction standard was graciously
Jonated by the Kernforschungszentrum Karlsruhe (Federal Repbulic of
Sermany) where U02. 1-2r(0), and (U,Zr) alloy were assessed by both
Auger spectroscopy and electron microprobe, each of which had been
previously calibrated to numerous standard materials. An extruded ZrO2
rod (Corning Glass Co.) was also supplied by Babcock & Wilcox Co. to
provide a known Zr-0 ratio for Auger spectroscopy calibration where the rod
composition was precisely determined by inductively coupled plasma
spectrometry at INEL. While the 15-um electron beam diameter prevented
analysis >f small discrete phases, the relatively large beam also reduced
sensitivity to local sample topography, with a beneficial effort on data
scatter.
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Particle 1A

Particle 1A (Figure B-2) is composed of an outer shell of partially
oxidized cladding, an intermediate region of prior-molten y-Zr-0 mixture,
and an interior piece of UO2 fuel. Thickness variations in the prior
g-Zr wall, and in the melt layer, jndicate that the cladding ballooned
asymmetrically (presumably as a consequence of unbalanced heat transfer),
with a radial increase of approximately 1 mm at the orientation shown in
Figure C-1. Zircaloy in direct contact with fuel pellets above the
ballooned region reacted to create a homogeneous (U,Zr,0) melt that
relocated downward to fill the balloon space. The large voids with
oxidized surfaces represent two portions of the melt that slumped further
downward to be replaced by steam. The extent of oxidation on Figure C-2
suggests that steam flow occurred through these voids between two axially
separated cladding breaches. Figure C-2 also demonstrates that the heat of
oxjdation permitted some segregation of melt constituents along the void
surfaces, since the random arrangement of a-2r(0) grains and (U,Zr) alloy
precipitates in the melt interior has been restructured into parallel bands
of dark-gray ZrO2 and light-gray (U,Zr)O2 in the oxidized regions.a

SEM/EDS results from Particle 1A are summarized on Figure C-3 and
presented in detail on Figures C-4 through C-8. One noteworthy finding on
Figure C-3 is Point 1, a Fe-rich deposit on the exterior surface that
jndicates post-accident rust accumulation. This explains the reddish-yellow
external coloration of many grab sample particles. The melt composition
(neglecting oxygen) was measured for area 6 as approximately 87-wt% Ir,
11-wt% U, and 2-wt% Ni, plus traces of Fe and Cr. The Fe and Cr content
could be attributed to Zircaloy-4 alloying ingredients, but the Ni
originated from another component source.b As shown in Figure C-4, the

a. Oxidized areas appear darker on backscattered scanning electron
micrographs, due to dilution of the heavy metal scattering centers hy large
concentrations of oxygen atoms.

b. An Inconel spacer grid, control rod guide tube, fuel assembly end
fitting, etc.
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melt seqregated into three phases upon coolduwn: grains of o-2r(0),
irreqular patches of (U,Zr) alloy, and a transition metal phase (N1, Fe,
Cr. plus substantial Zr) squeezed ii-tween the other twn phases. Fiqure C-4
also demonstrates that very little chemical and diffusional {nteraction
OCcurred across the cladding-melt boundary, despite the melt's tendency to
~ot both cladding and fuel. This was evident from the oval shape of both
»0ids in Figure C-1. Therefore, melt solidification probably happened
short!y after arrival at this fuel rod elevation.

Fiqure C-5 illustrates the phase make-up of the interior melt region
(Area 7)., which is very similar to that near the cladding. However, a Sn
X-r:v peak was partially resolved at this position, so the area
distribution of this element was indirectly mapped. As indicated, Sn was
found witin both the (U.Zr) alloy and the transition metal phase, but not
inside the a-.r(0) grains to any noticeable extent. Figures C-6 and C-7
display phase structures for Areas 8 and 9, respectively, that are nearly
identical to Areas 6 and 7.

Figure C-10 presents the fue) morphology and elemental distributions
adjacent to the melt. As shown, some inward diffusion of r and Fe has
occurred, but no clear signs of fuel liquefaction were found. This
suggests prompt melt solidification after contact. Note also that the
UO2 grains in Figure C-10 are typically in the 10-um range,
approximately the as-fabricated size. The lack of equiaxed grain growth,
plus the thin ZrO2 layer thickness on the cladding exterior, confirm that
the fuel rod region from which Particle 1A originated stayed relatively
cool--within a few hundred degrees of the 1245 K :-zircalov transition

temperature.
Particle 1B
Particle 1B (Figure B-3) appears to be a quarter section of a fuel

pellet with a thin layer of prior-molten U-Zr-0 as shown in Figure C-9.
Inittal preparation of this particle was difficult due to <overe pullout of
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individual fuel grains so the particle was backfilled with epoxy to h?]d
the grains in place. Figures C-10 through C-13 are optical photos which
show the etched grain structure from pellet center to outside surface. The
grain size is consistently about 12 um across the particle. Figures c-14
and C-15 are optical photos which show the thin U-Zr-0 layer at two
locations on the surface. Figures C-16 and C-17 are SEM secondary electron
images of the fuel (note the interlinked porosity in C-16) and

Figures C-18, C-19, and C-20 are SEM Back Scatter Electron (BSE) images
which correspond to Figures C-14, C-15, and C-12, respectively. Note the
layers shown in Figure C-18. Table C-1 displays the SEM/EDS elemental
analysis indicating the outer surface of this film is pure Zr with U
content increasing with position toward the fuel, and with little

penetration of Zr into the fuel.
Particle 1E

Particle 1E (Figure B-4) is a partially oxidized cladding section with
UO2 fuel bonded to the interior surface and Zr0, on the outer surface.
The two parallel, circumferentially oriented cladding bands in Figure C-21
(that are rich in uranium content) provide evidence of high temperature
zirca]oy-UO2 interactions. Radially oriented patches of ZrO2 within
the cladding matrix and large metallic stringers along the interior of the
ZrO2 layer indicate that cladding melting occurred. In addition, a small
amount of prior-molten (U,Zr)O2 (T > 2810 K) has solidfied on the
exterior of the ZrO2 layer.

Because of prolonged oxidation, the cladding structure at one point
during the TMI-2 transient consisted of the following layers (from the
outside inward): ZrOz, a-Zr(0), large 8-Zr grains at the cladding
center, a-Zr(O)b, (U,Zr) alloy, a-Zr(O)a, and the U0,. Then this
cladding structure melted, which accelerated oxygen uptake from both the
UO2 and external Zr02. For a brief time, UO2 dissolution by molten
cladding must have proceeded rapidly. Upon cooldown, the oxygen-depleted,
hypostoichiometric portion of the Zro2 decomposed into ZrO2 and

metallic stringers of a-Zr(0). Meanwhile, the heterogeneous (U,2r,0)
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melt near the fuel interface transformed into o-Zr(0), (U,Zr) alloy, and
(U.lr)Oz. The timing of the molten, single-phase (U.Zr)O2 attachment

to the exterior ZrOZ surface cannot be directly inferred from this
scenario,

Figures C-22 and C-23 (high magnification) detail the semiquantitative
elementa) analyses that were performed near the fucl-cladding interface.
Only relative weight percentages for U and Ir were measured, because oxygen
cannot be detected by EDS. Therefore, the approximate degree of oxidation
must be inferred from the gray-level contrast on the backscattered scanning
electron images, where brighter regions correspond to higher average atomic
nuwbers. For example, the bands of (U.Zr)O2 are considerably darker than
the small patches of (U,Zr) alloy, due both to lower U concentrations and
substantial dilution by oxidation. Point 7 of Figure C-23 demonstrates
tnat microsegregation of a Fe- and Cr-rich phase occurred at isolated
portions of this interface. UO2 grains on the left side of this
micrograph are typically 30 um in diameter, so some grain growth has
taken place at this position. This observation is consistent with the
determination that the cladding exceeded the a-2r(0) melting point of
2245 K.

Figure C-24 illustrates how the Ir0, layer was reduced by the
metallic cladding, creating patches of IrQ, in the a-7r(0) cladding
matrix and !=2ving radially oriented stringers of o-2r(0) within the
ZrO2 region. However, the sizable separation between these two phases in
both instances means that this area was not quenched abruptly from its
ma: imum temperature. As shown by the EDS results from Point 1 and the Al
x-ray image, a thin layer of Al-rich material collected at the interface,
which suggests an earlier cladding reaction with A1203, the dominant Al
source within the TMI core. Figure C-25 shows a different view across the
Zr02 layer, where substantial amounts of a Fe/Cr/Al-rich phase are
conspicuous at mid-thickness. Here, the metallic stringers were found to
contain significant U concentrations. These (presumably) originated across
the cladding in the fuel. Note also that the adherent (U,Zr)O2 at the
top of Figure C-25 has not reduced the adjacent Zr02. which confirms the
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metallographic interpretation that the ’(U,Zr)O2 arrived as a.molten .
ceramic (T > 2810 K) as opposed to a metallic melt oxidized 1n place a

lower temperature.

Although the (U,Zr)O2 adhered as a single-phase ceramic melt, the
attachment did not necessarily occur at a single time. As shown by the EDS
results on the left side of Figure c-26, significant differences were
detected in concentrations of transition metals between melt adjacent to
and away from the Zr0, layer. Some variation in U and Zr composition w§s
also found across the melt during quantitative SAS measurements, according
to the right side of Figure C-26. Therefore, the molten ceramic probably
arrived at this fuel rod elevation in separate rivulets, solidifying in
succession much like candle wax. Nevertheless, the temperature estimation
of at least 2810 K is unaffected, because SAS oxygen values are uniformly
close to 67 atom%. The exception is Point 9 from the ZrO2 portion that

was reduced by the molten cladding.
Particle 1H

Particle 1H, (Figure B-6), as shown in multiple views on Figure C-27,
has a very porous (foamy) appearance and is a quench-frozen agglomerate of
two distinctly different types of material. Single-phase, large-grained,
pore-free fragments have been surrounded by a fine-grained, porous,
multi-phase melt. After metallography, it was jnitially thought that this
particle was probably composed of fuel pellet pieces coated by a quenched
melt, which would have accounted for the apparent chemical dissolution of
the single-phase ceramic blocks. However, very little gray-level contrast
is evident between the porous and pore-free regions on the backscattered
scanning electron micrograph. This means there is overall similarity in
average elemental composition and extent of oxidation.

Metallographic and SEM images are presented on Figure C-28 of area A,
one of the regions of Particle 1H where porous melt attack of a solid
fragment is especially apparent. The upper photomicrograph shows the grain
facets of the pore-free material quite clearly, but grain surfaces along



the melt interface are irregular and pitted from dissolution. Melt
Peénctration along grain boundaries is evident from the wide thickness
variations of the intergranular material. This eliminates precipitation of
4 second phase during cooldown of the pore-free solfd as a cause for the
presence of this grain boundary substance. As shown in the lower
micrograph on Figure C-28, melt-solid interaction was evidently related to
Pore production, because small pores nucleate near the interface and
Combine to form larger voids with increasing distance.

T«0 smaller portions of area A were analyzed by EDS, and are shown at
high magnification on Fiqure C-29. Negelecting oxygen, which cannot be
detected by EDS, the melt has an average composition of 68-wt¥ U,
28-wt Ir, and 4-wtX Fe, plus traces of Ni, Cr, and A1.? The Fe content
s much higher than the nominal 0.225-wt% in Zircaloy-4 and Ni should not
normally be detected, so the mel!t almost certainly interacted with Inconel
or stainless steel early in its evolution. Three phases are apparent in
the melt: bright, relatively distinct grains, dark stringers, and mottled
patcnes, with the grains containing the largest U concentrations and the
stringers being high in transition metals. However, phase segregation
seems incomplete as a consequence of quenching, so the mottled patches may
in fact be a multi-phase mixture; the phase compositions might have been
different had equilibrium been attained. Note also, that the composition
and appearance of the mottled patches are very close to the material
between grains of tne pore-free solid. This suggests that tnis phase
preferentially wetted the large-grained fragments.

The single-phase, pore-free fragments are almost definitely (U.Lr)O
solid solutions, although this identification is a metallographic deductxon
and has not been precisely confirmed by SAS. The (l!.Zr)O2 "islands®
could represent a ceramic melt (T >2810 K) or a metallic melt oxidized in
tne liquid state to saturation and solidification (2175 K < 2675 K). No
shrinkage pores, nor trer features clearly associated with a prior molten
stat:, were observed, unlike the ceramic melt on Particle If. However,

a. The approximate atomic Zr:U:Fe ratio is 13:12:3.
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mixed ceramic melts that have been superheated and quenched can appear
pore-free. But, because the (U,Ir)0, regions were found to vary fron
67-wt% U and 33-wt% Zr to 59-wt% U and 41-wt% Zr? with no detectable AT,
Ni, Fe, and Cr, the pore-free solids did not originate within a single

molten region.

Figure C-30 presents micrographs from areas B (upper) and C (1ower) of
Particle 1H. Area B is quite similar in appearance and average composition
to the upper portion of area A, showing the same three-phase melt
microstructure. Like area A, area C illustrates how porosity from
melt-solid interfaces has coalesced into larger void features. Tiny
deposits of Fe, Cr, Al, Ni, and Sn were occasionally detected within the
smallest pores during EDS surveys at this position, so the porosity may be
nucleated at temperature by miniscule bubbles of metal vapor.b
Nevertheless, area C demonstrates that melt shrinkage during cooldown was
equally important in void formation. Note the parallel, elongated melt
strands pulled between two (U,Zr)O2 fragments in response to the strong
melt tendency to wet the (U,Zr)OZ. In addition, area C supplies
additional proof that mixed oxide dissolution occurred along all exposed
(U,Zr)O2 surfaces and not just within grain boundaries; two regions are
indicated where (U,Zr)02 grains are almost completely dissolved. The
rounded, bulbous shape of one of these grain remnants suggests incipient
melting, in which case the melt temperature was greater than 2810 K. Note
that the melting point of the (U,Zr)O2 would be the same whether the

(U,Zr)02 formed by ceramic melting or by liquid-state oxidation of a
metallic melt.

The melt behavior at temperature is difficult to precisely deduce from
the phase make-up after quenching. Because the dissolution of the

(U,Zr)O2 blocks had progressed quite far, some of the melt represents

previously dissolved mixed oxide. Thus, it is not certain whether the melt

a. See Figure C-30.

b. Such deposits might be more common on unetched samples,
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was initially homogenous or heterogeneous. The melt surrounding the
(U.CF)OZ blocks and along block grain boundaries was nearly indentical to
the average nottled patch composition. Therefore the patch phase was
1ikely responsible for attacking the mixed oxide tragments. Because Fe
forms a complex eutectic system with U, Zr, and 0, the dissolution
mechanism was probably eutectic decomposition. However, the melt
temperature may also have been higher than 2810 K, as suggested by the bulb
shape in area C. In that case (U,Zr)o2 melting would have accelerated
the dissolution process. In any event, the melt penetration along grain
boundaries confirms tnat the (U.Zr)O2 had definitely solidified before
melt contact concurred.

Particle 3L

From the photomacrograph of Particle 3L in the as-polished condition,
~n in Figure C-31, this particle appears to be formed from several
di‘ferent pieces of ceramic material. There are regions of large elongated
pores, large round pores, and smal) pores. Figure C-32 shows closer views
of the central section as polished and Figures C-33 and C-34 show typical
areas (no visible microstructure) after a very heavy etch with the fuel

elinant,

Figure C-35 is a BSE overal) image, with Figure C-36 showing a very
fine grain structure from Region A. Thisg type of structure is found
throughout the band of the particle identified by large elongated pores.
Figure C-37 is from the bottom of Figure C-35. Figures C-38 and C-39 are
SEM images of two regions containing large round pores with an Al-Cr-Fe-Ni
phase within,

Table C-. displays the SEM/EDS and SAS analysis. This particle is
predominant 1y (U,Zr)o2 with slight variations in Zr/U ratios between
regions ranging *:.n about 2.4 in the top edge, to about 2.2 in the bulk of
the samp!~, to about 1 in a small region seen in Figure C-38. The only
occurr-nce of other elements is in and around a few large pores (see
Figures C-37 and C-38).



particle 3M

Particle 3M appears to be a piece of (U0,) fue] which has interacted
with zircaloy and structural material along one side and in cracks. .
Figure C-40 shows the two region types that make up Particle 3M. Region
Type 1 is UO2 fuel which has experienced very little grain grovth
(current grain size ~11uym) but has a large void fraction. Region
Type 2 is mostly uranium with varying amounts of Zr and a trace of Fe.
Cr, Fe, Ni material fills grain boundaries and occurs in voids in
Region 2. Figure C-41 through C-49 are typical optical and SEM images of
the particle (see Figure C-40 for locations). Table C-3 displays the
SEM/EDS elemental analysis. A gradient in Ir was detected by the SEM/EDS

A

at the interfaces between Regions 1 and 2.
Particle 4A

Figure C-50 shows Particle 4A (Figure B-11) as-polished and after a
5 min. fuel etch. The base material in the over etched region is UO2
with a trace of Fe in some places. The base material in the region that
did not over etch is U with some Zr and Fe; the amount of Zr increases with
distance away from the over etched region. There is an Al-Cr-Fe-Ni second
phase found throughout the particle but more often in the Ir bearings
regions. See Table C-4 for a summary of the chemical composition from the
SEM/EDS analysis.

There is a gradient in the pore and grain size across this particle
where the minimum grain size (which is on the right side of the particle)
is about 18 uym. Figure C-51 shows three as-polished optical photos of
the same magnification from opposite sides of the particle and Figure C-52
shows equivalent SEM images. The grain boundary phase seen in the SEM
images in Figure C-53 can be seen in the etched optical images in
Figures C-54 and C-55. Figure C-56 SEM images showing the Al-Cr-Fe-Ni
bearing grain boundary phase in the over etched region are seen in

Figure C-56. Figures C-57 and C-58 are representative SEM and optical
images of the particles.
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Particle 48

Figure C-59 shows all of Particle 48 (Figure B-12) as-polished and the
middle section after being etched fur fuel. The center portion of this
particle is U0, fuel which has experienced some grain yrowth (to about
18 um) and void formation. Pullout of individual grains of U0,
occurred in this region when etched (see Figure C-60). A1l around the edge
of this particle is (U.Zr)O2 with a small amount of an Al-Cr-Fe-Ni second
phase material and a few Ni-Sn inclusions. The amount of Ir in the rim
decreases w'th position from the edge toward the center fuel region. See
Table (-5 for composition data and Figures C-61 through C-69 for typical
optical and SEM images.

Particle 4D

From the optical as-polished photographs (see Figures C-70 through
C-73) Particle 4D appears to be a relatively homogeneous and dense
particle. Fiqure C-74 shows the effect of a two minute immersion fuel etch
which tended to preferentially dissolve material around clusters of small
pores. Figures C-75 through C-77 show the effect of a one minute swab fuel
etch which also did not reveal any grain structure. Figures C-78 through
C-85 are typical SEM-BSE images of Particle 4D. The different shades of
gray indicate that the particle is not homogeneous. In general there was
no irain structure or second phase material detected, but there were
inclusions of a Cr-Fe-i-Al material.?

Particle S

Particle 5¢ (Figure B-18) can be di ided into six regions based on Zr
content, Figures C-86 shows the as-polished and etched view of the
particles. A map of the regions is shown in Figure C-87; Table C-7 shows
the composition in the different regions. Region § in the bottom tip of

a. See Table C-t for a summary of chemical compositions,



the particle has less than 1 atom% Zr and Region 6 within Region 5 has only
a trace of Zr and appears to be U409 from the SAS data. The four

regions in the upper areas of the particle vary from 2 to 9 atom% Zr.

There is a small amount of Ni-Fe-Cr in some of the grain boundaries and a
few Ru-Ni inclusions. Figures C-88 through C-96 are typical optical and
SEM images of Particle 5SE.

Particle 6B

Particle 6B appears to be a piece of zircaloy; SEM or SAS measurements
were not performed on this particle. Figure C-96 is the photomacrograph
and Figure B-24 in the particle macro-photograph.

Particle 6C

Particle 6C (Figure B-25) appears to be two pieces of oxidized
cladding stuck together with prior molten material as shown in
Figure C-97. Assuming the cladding pieces became stuck together while part
of an intact fuel bundle, the radius of curvature and relative positions of
the cladding pieces indicate about 30% ballooning strains. See
Figures C-98 through C-109 for typical optical and SEM magnified images.
Table C-8 shows representative compositions. In general, the cladding
pieces are ZrO2 with small amounts of carbon and the prior molten base
material is (Zr,U)Oz with a high Zr to U ratio. There is a large amount
of second phase materials and inclusions in the prior molten material made
up of A1-Ni-Sn-Fe-Cr. There is an inordinate amount of Al and C in this
particle indicating a possible interaction with a A1203-B4C poison
rod.

Particle 6D

Particle 6D (Figure B-26) is a large fuel pellet fragment with a tiny
portion of (U,Zr,0) melt attached at one end. As shown in Figure C-110,
the fracture surfaces appear atypically irregular for UOZ’ while the fuel

matrix has a distinctly unusual speckled cast. The external surface of the
particle appears "glazed."



The photomicrograph at the upper-left of Figure C-111 shows that the
fuel experienced elevated temperatures, since considerable porosity has
dccumulated at grain boundaries. This phenomenon is also observed in fuel
Operated at standard reactor conditions, but only after burnups of
approximate.y 15 to 20 GWd/t. The extent of equiaxed grain growth is
small, indicating that the peak fuel temperature did not greatly exceed
1900 K over a significant time duration. Figure C-111 also shows the fuel
appearance after etching to expose grain boundaries, whereupon a second
fuel phase emerged. The existence of a second ceramic fuel phase suggests
fuel oxidation, but the UY-Q phase diagram (see Figure 31 of the main text)
shows several possibilitifes for two-phase mixtures, depending on the
average oxygen content, Accordingly, SAS was performed on two
representative, widely separated fuel regions, the results of which are
listed on the right side of Figure C-111, The average concentration of
approximately 71 atom¥ (+2 atom% at worst) converts to U02.44. which
means that the fuel was oxidized beyond the U02 crystal structure into a
two-phase mixture of U409 and U02_6.a Despite efforts to center
the 15- =m SAS beam on grains of each phase, the oxygen concentrations of
the major and minor phases could not be separately identified within the
resolution and accuracy limitations of the instrument.

The most probable mechanism for fuel oxidation is inward diffusion of
oxygen gas, ~hich necessarily presupposes a hyperstoichiometric excess of
oxygen in tne steam at some phase of the TMI-2 transient. As shown in the
U-0 phase diagram, this could only have occurred at fuel temperatures above
1900 K, where tn- two phases segregated during subsequent cooldown,
However, temperatures much above 1900 K would presumably have induced more
equiaxed grain growth than was observed. Consequently, an approximate
temperature of 2000 K is tentatively concluded for the fuel oxidation
process. Diffusfon calculations are recommended to bracket the time
duratiun involved and to help determine the source of the surplus oxygen,
which is not readily apparent at present.

a. The crystal structure of Uo?.ﬁ is in Jdispute, with opinions divided
betw2en Ug0y3 and Ug0y).
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Behavior and origin of the adherent melt on Particle 6D were similarly
of major interest. EDS derived melt data are summarized on Figure C-112.
As shown, the melt composition was uniformly measured as approximately
66-wt% U and 34-wt% Zr, excepting near the melit-fuel interface where the
U/Zr ratio increased abruptly. No traces of Fe, Cr, Ni, Sn, nor other
alloying impurities were detected. Figure C-112 further demonstrates that
melt interactions were not confined to the metallurgical examination plane,
because a second Zr-rich area is evident about 100 um below the
conspicuous interface. Therefore, the fuel region near the interface was
almost surrounded by melt.

Metallographic examinations of the fuel-melt interaction zone were
also quite revealing. As displayed in Figure C-113, the melt is composed
of smooth ceramic grains exhibiting only one metallurgical phase at room
temperature, which suggests (U,Zr)OZ. The melt evidently absorbed some
oxygen from the nearby fuel, because a clearly defined reaction layer was
exposed by etching, while only one fuel phase could be perceived adjacent
to the melt after etching. This is unlike the two-phase fuel structure
elsewhere on Particle 6D. Figure C-133 further illustrates that
interfacial fuel experienced somewhat higher temperatures than the rest of
Particle 6D, because individual pores collected at grain boundaries have
interlinked here to form connected pathways and because grain sizes are
somewhat enlarged. These findings infer that the (U,Zr)O2 was a metallic
melt at the time of fuel contact and that it was subsequently oxidized in
place until solidified. Moreover, the metalliic melt was apparently
superheated well above its melting point, because considerable heat was
transferred to the adjacent fuel by conduction.

These preliminary deductions were later confirmed by quantitative SAS
measurements that are presented in Figure C-114. Oxygen concentration
values over the six points are consistently close to 66 atom¥%, in complete
agreement with metallographic indications that this region is composed of
UO2 and (U,Zr)02. Because these SAS measurements were taken under
jdentical conditions to those elsewhere on Particle 6D, the SAS agreement
with metallography lends additional credence to the 71 atom% oxygen
concentration result for regions not reduced by metallic melt contact.
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The lower portion of Figure C-114 represents continuous 0, U, and Zr
information along the band through the middle of the SAS micrograph. These
line scans were signiticantly perturbed by sample porosity. For example,
the oxygen profile should appear flat over most of th: scan length, but
instead falls otft noticeably over the porous fuel region. Note also that
all three profiles display conspicuuus depressions at two particularly
Porous places. These places are poorly imaged on the SAS micrograph,
unfortunately. In any case, the Ir line scan provides an accurate measure
¢f the diffusion bond width (approximately 50 um), which could be very
valuable for time-at-temperature estimates. Consequently, this continuous
line scan approach is recommended for further development. This is
especial’y recommended where state-of-the-art SAS devices can be employed
to compensate automatically for variations in sample topography, to produce
quantitative line scan output, and to provide high quality micrographs.

Particle 6t

Particle 6t appears to be a piece of zircaloy with layers of ZrO2 on
both sides. SEM and SAS measurements were not performed on this particle.
Figure C-115 is the photomacrograph and Figure C-116 is a close up of a
ZrO2 layer unetched. See Figure B-27 for the particle macro-photograph,

Particle 6F

Particle 6F (Figure B-28) was originally selected for detailed
characterization after it was found to be partially ferromagnetic. Despite
the comp!icated overall appearance in Figure C-117, the source of the
ferromagnetic nature of Particle 6F was readily identified as the three
large metallic ingots. These inqgots were determined by EDS to be 96-wt¥ Ni
and 4-wtX% Fe, with a small additional amount of Sn.

The process whereby Inconel-718 (initially 52-wt% Ni) was "refined” to
nearly pure hi is not definitely known but is probably related to higher

oxyqgen affinity tor tne Fe and Cr.constituents. Because of the low extent
of oxidation, the "ti rich melt presumably contacted the remainder of
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Particle 6F late in its evolution, penetrating along large pores and
solidifying from heat losses to a cooler matrix. Thus, the temperature of
the oxidized portions of this particle was almost certainly well below
1725 K (the melting point of Ni) when the Ni-rich melt arrived.

In addition to the ingots, Particle 6F consists of roughly equal
amounts of porous and solid (U,Zr,0) materials at the cross-sectional
orientation studied. The granular, relatively pore-free structure
evidently solidified before contact with the porous melt. The
metallographic appearances and etching behavior of both types of (U,2r,0)
material suggest a high degree of oxidation.

The backscattered electron micrograph at the base of Figure C-118
i1lustrates major differences in average atomic number of Particle 6F. The
composition of the solid-grained structure was determined by EDS to be
approximately 32-wt% U and 68-wt% Zr (neglecting oxygen), while the porous
heterogeneous melt ranged between 50- and 60-wt% U and 45- to 35-wt% Zr,
with the remaining 5-wt% composed of varying amounts of Fe, Cr, Ni, and
A1.2 Therefore, most of the gray-level contrast between the
solid-grained and porous structures in Figure C-118 is due to a marked
difference in U content. However, the porous melt could conceivably be
less oxidized, because oxygen concentrations were not measured by SAS.

The large solid grains are almost definitely (U,Zr)Oz. The mixed
oxide contains no detectable alloying impurities, as with comparable
pore-free (U,Zr)O2 in Particles 1H and 6D, and unlike the adherent mixed
oxide in Particle 1E. The preponderance of shrinkage pores and the absence

of grains in the bright, irregularly shaped melt confirms solidification on
cooling.

Figure C-118 also shows several bright regions lacking both shrinkage
pores and grain structure. These regions represent diffusion bonding
between the solid (U,Zr)O2 and the partially liquid heterogeneous melt.

a. Fe and Cr tend to dominate the impurities, which suggests prior
interaction with stainless steel.
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Much of this diffusional interaction was caused by nelt-solid contact
Outside the plane of study, because the interfacial area at this
orientation is quite small. One such bonding reqion is shown in closer
detail at the right of Figure C-118. Note the absence of diffusional
exchange witn the Ni ingots, which confirms that the heterogeneous melt had
cooled and solidified before the Ni-rich melt arrived. Note also that the
heterogeneous melt has not attacked the (U.Ir)o2 grain boundaries.

Figure C-119 provides close-up views of the room-temperature
heterogeneous melt microstructure. Metallic ingots present during initial
metallography were evidently dislodged or dissolved by etching, so the
small inclusions only appear in the upper-left image. Two phases are
apparent on the lower backscattered electron micrograph: the (U,Zr,0)
matrix and the dark-gray stringers. The matrix composition at this
position is approximately 57-wtX U, 38-wtX Zr, 4-wtX Fe, and 1-wt% Ni (plus
a substantial concentration of oxygen), while the stringers here are
composed of 34-wtX Cr, 33-wtX Fe, 17-wtX A1, and 16-wt¥% Ni.

Based on the metallographic appearance and immunity to etchants, the
matrix seems to be mostly (U.Zr)Oz. Much of this mixed oxide would have
been in the form of (U.Zr)Oz_x at temperature, so the metallic inclusions
could conceivably be (U,Zr) alloy that emerged as the (U.Zr)oz_x
dissociated upon cooling. However, it is more likely that the inclusions
were relatively inert metals like Sn or Ni whose low oxygen affinity
prevented incorporation within the matrix.

Despite fncomplete understanding of the melt structure, the makeup of
Particle 6F resembles Particle 1H in that a porous melt has contacted
previously solified (U,Zr)oz. Nevertheless, the melt-solid interactions
in these two cases are very different. In Particle 6F the two materials
nave bonded by d:ffusion, whereas in Particle 1H the melt has dissolved
substantial amounts of the (U,Zr)oz. The heterogeneous melt composition
s quite similar in the two particles, although the U content of the mixed
oxide §s liwer in Particle 6f, Therefore,K the major distinction between
the t~o sftuations seems to be the melt temperature. The heterogeneous

c-21



melt in Particle 1H was apparently liguefied and superheated above the
(U,Zr)O2 melting point, thus accounting for the extensive grain boundary
penetration and dissolution of the solid mixed oxide. By comparison, the
heterogeneous melt in Particle 6F was evidently a viscous slurry at a
temperature well below 2810 K, so only diffusional interactions occurred

where the two materials were in contact.
Particle 7A

On a macro scale, Particle 7A (Figure B-33) appears to be a relatively
homogeneous particle with many large (~300 um) round and jrregular
shaped pores and small (~10 um) irregular shaped pores as shown in
Figure C-120. On closer examination a second phase and metallic inclusions
appear uniformly throughout the particle. The base material is U and Zr
with a trace of Fe. The second phase contains Cr, Fe, Ni and some Al; the
metallic inclusions are mostly Ni with a Cr, Fe phase that occurs around
the inclusions (see Table C-9 for compositions). See Figures C-121 through
C-130 for typical optical and SEM images of Particle 7A.

Particle 7B

In Particle 7B (Figures B-34) as shown in Figure C-131 there is an
outside layer of ZrO2 followed by layers of alpha-zircaloy, prior molten
zircaloy mixed with uranium, and a region of U0, fuel, respectively. See
Table C-10 for elemental identification and Figures C-132 and C-133 for
100x montages of two regions of the particle. The section for this
particle appears to be longitudinal rather than a cross section based on
the large radius of curvature. The prior molten material seen in
Figures C-134 and 135 apparently flowed down from above and filled a
0.35 mm gap. This is four times the radial gap as fabricated; therefore,
there was probably ballooning at this point in the fuel rod. It was
determined that the prior molten Zr,U material flowed in from another
location by the clear interface with the original cladding and from the

known dimensions of the original cladding. There is very little zr

C-22



penetration into the fuel at this point, so most of the U in the prior
molten U,Zr material came from above. See Figures C-136 through C-141 for
typical optical and SEM images.

Particle 7t

A1l of Particle 7€ (Figqure B-37) is shown in Figure C-142 and an edge
and central region is shown in Figure C-143 after etching. The central
portion of this particle is UO2 fuel which has experienced grain growth
(from ~10 to ~28 um) and void formation. Some loss of individual
grains of UO2 occurred in this region when etched. All around the edge
o' this particle is (“'Zr)02+x ~i1th Al-Cr-Fe-Ni second phase material and
high Ni/low Sn inclusions. Along one edge there is a cluster of high
Ni/low Fe inclusions w:th Cr and Fe in the base material and Al-Cr-Fe-Ni in
a8 second phase. The amount of Zr in the base material and the amount of
second phase material decreases with position toward the central region of
this particle. See Table C-11 for more detailed chemical composition and
Figures C-144 though C-152 for typical optical and SEM images.

Particle 8A

Particle 8A (Figures B-46) is relatively homogeneous with many
irregular shaped pores of various sizes as shown in Figure C-153. The
surfaces of the pores tend to be rounded. See Figure C-154 for an example
of rounded pore surfaces and the slight effect of etching. Note that some
of the pores could be caused by pull out of grains. This particle is
predominately (U.;r)o2 with slight variations in the U,2r ratio, and
there is an Al-Cr-Fe-Ni material in some of the voids and grain
boundaries. See Table C-1¢ for chemical composition data. See
Figures C-155 through C-165 for typical optical and SEM images.

Particle 8C

Particle 8C (Figure B-48) can be divided into three regions based on
void morphology and elemental distribution as shown in Figure C-166. In
all three regions the base material is (U..'v)02_x with an Al-Cr-Fe-Ni
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material at grain boundaries and in voids. See Table C-13 for composition
data. Region 1 contains irregular shaped pores and grains with nonuniform
chemical composition. Figures C-167 and C-168 show two different areas
within Region I at two different contrast settings of the SEM, so that the
variation of U and Zr composition within the grain can be separated from
the Al-Cr-Fe-Ni grain boundary phase. The effect of etching can be seen in
Figure C-169 which seems to be mainly on the grain boundary material.
Region 2 contains large round pores and somewhat more uniform grain
composition. Region 3 contains elongated grains and fairly uniform grain
compositions. See Figures C-170 through C-176 for more SEM and optical
images.

Particie 8t

Particle 8E (Figure B-50) can be divided into five regions based on
void morphology and chemical composition. The five regions are shown in
Figure C-177, and the chemical composition in the five regions is given in
Table C-14. Region 4 which is the narrow band of many small voids running
across the lower part of the particle provides a distinct boundary between
Regions 3 and 5. The other boundaries are not as visible but can be
detected on the SEM. The base material in all five regions is (U,Zr)0
with variations in U to Zr ratios from region to region. The grain
boundary phase brought out by etching shown in Figures C-178 through C-180
is much higher in Zr than the base material and contains a small amount of

2+x

Fe with a trace of Cr and Ni. There are also Ni-Sn inclusions and Cr-Fe
and Cr-Fe-Ni materials found in and around voids. Figures C-181 through
C-189 show typical optical and SEM images.

Particle 8H

Particle 8H (Figure B-52) consists of a ceramic material mechanically
bonded to a Ag metallic material. The ceramic material consists of U with
some Zr and a trace of Fe. It contains many irregular shaped pores of
various sizes and generally rounded surfaces. It can be divided into three
regions as shown in Figure C-190 based on the Zr-U ratios.

See Table C-15
for elemental identification.
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The central region has the lowest Zr content with some increase toward
other regions. A Cr, Fe, Ni material occurs in some gratn boundaries and
voids particularly in Region 3 which has the highest Zr content.

The silver metallic material is pore free with round nickel-low Sn
nclusions occurring around the edge. This can be seen in Figure C-191
which shows the results of a spontaneous galvanic etch that occurred in the
polisher, See Figures C-192 through C-204 for typical optical and SEM
images of Particle 8H.

Particle 9D

Particle 9D (Figqure B-61) consists of a Ag metallic material
mechanically bonded to several small pieces of U-Zr ceramic material as
shawo in Figure C-205. The Ag metallic material has round inclusions
containing Ni, Sn and traces of fe (see Figure C-206). The surfaces of the
Ag regions are textured with parallel rills which were possibly caused by
etching (see Figures C-207 and C-208).

The Zr-U ratios in the ceramic materia) varies from piece to piece as
shown in Table C-16. There are traces of Fe, Ni, and Cr in the ceramic
base material, Hut only the small piece within the large metallic piece
¢.ntains an Fe-Ni material in grain boundaries and voids. See
Figures C-209 through C-219 for typical optical and SEM images.

Particle 9G
Particle 9G (Figure B-64) consists entirely of Ag metallic material
with Ni and Sn inclusions. See Figure (-’20 for an overall as-polished

view, Table C-17 for elemental identification and Figures C-221 through
C-232 for typical optical and SEM images.
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Particle 10A

Figure C-233 shows Particle 10A (Figure B-71) before and after a five
minute immersion etch. Rather than reveal a grain structure, the etch
tended to preferentially dissolve material around clusters of small pores.
This particle was later repolished so the large void seen in Figure C-233

disappeared as shown in the SEM macro in Figure C-234.

This particle is composed entirely of (U,Zr)0, with no grain
boundary or other phases and practically no inclusions. There are three
different zirconium contents within this particle. The high zirconium
content material is about 7 atom% Zr and is generally found around cracks,
edges, and voids. This material tends to be almost pore free and contains
a trace of iron (Fe). The middie zirconium content material is about
1-1/2 atom% Zr and is found throughout most of the particle. This material
contains many small (<10 um) voids. Figure C-235 shows these two
materials. The low zirconium content material is about 0.5% to no
zirconium and is found in a small central region (see Figure C-233). This
was the only material in this particle to exhibit a grain structure; the
grain size is approximately 28 ym. Figure C-236 shows this material.

See Table C-18 for composition data and Figure C-237 through C-247 for
typical optical and SEM images.

Particle 10E

Particle 10E (Figure B-75) appears to be two pieces of fuel stuck
together by some prior molten material. Figure C-248 shows the overall
mounted particle and a closeup of the upper piece which appears to have
broken off during the mounting process. This figure also shows the severe
effect of the etch on the fuel regions and the negligible effect on the
prior molten material.

The fuel regions contain UO2 only, and according to the average of
nine SAS readings is slightly hypostoichiometric. See Table C-19 for
composition data. The fuel grain size is 10 \m indicating essentially no
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qrain gromth from as-tabricated fuel. The adherent prior molten material
's composed of (UZr) 1 with Xi, Sn, and Ag inclusfons. The Zr/U ratfo
decreases with position moving trom the outer edge toward the furl. See
Figures C-249 through C-260 for typical optical and SEM images.

Particle 10F

Particle 10F (Figure B-76) is composed of two distinct regions as
shown in Figure C-261. Figure C-262 is a closeup of the region interface
before and after etching. Region 1 contains many small jrreqular shaped
pores and is composed of (U‘Zr)OZ*x with a trace of fe, There is very
little grain boundary or second phase material in this region. Region 2
which cuts across Region 1 contains large round pores and is also composed
ot (U.:r)u:*x with a trace of Fe. The Ir to U ratio is slightly higher
in Tegfon 2 and there is an extensive amount of grain boundary phases
containing Cr, Fe, and Ni. There is also a fine grained second phase
material found in Region 2 that contains the same constituents as the base
material but ~ith more Fe, slightly more Zr and less oxygen. The second
phase material is hypostoichiometric while the base material is
hyperstoicniometric as shown in the composition data given in Table C-20.
See Figures .- o3 through C-270 for typical optical and SEM images of
Particle 10F.

Particle 118

Particle 11B (Fiqure B-84) is composed of metallic material
mechanically bonded to ceramic material as “nown in Figure C-271. The
metallic material has irregular shaped interior voids and one complex
rectangular inclusion. See Figure (C-272 and Table C-21. The base metallic
material is Ni with some Fe and a trace of Sn. The second phase material
is also i but with substintial amounts of Sn and small amounts of Fe and
~3. There are also Ag inclusions containing small amounts of Mo, Ni, and
Fe throughout the metallic material.
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The ceramic material is very porous with generally small irregular
pores and with rounded surfaces. The base material is U with low Zr, and
there is a grain boundary phase containing Cr and Fe, small amounts of U,
and a trace of Al and Ir. Throughout the ceramic material there are Ni and
Fe inclusions and blisters (see Figure C-273). The inclusions contain some
Sn; the blisters contain some Mo and occasionally some Ag, In, and Cd. See
Table C-21 for composition data and Figure C-274 through C-281 for typical
optical and SEM images.

Particle 11C

Particle 11C (Figures B-85) originally appeared from its dimensions to
be a half section of a fuel pellet. Part of this particle was removed for
other analysis so the macros shown in Figure C-282 are not half sections.
This particle was ground down further after initial analysis in an attempt
to find the surface layer seen in Figure B-85. Figures C-283 and C-284 are
a 100X cross-section of the particle showing the relative uniformity of
grain size from pellet center to surface. Figure C-285 is a closeup, as
polished view of fuel showing the high porosity at the grain boundaries
which makes the grains distinct without etching. The grain size is about
10 um indicating virtually no grain growth. The material adhering to the
pellet surface is Zr and U with the amount of Zr decreasing with position
toward the fuel. There is a smal] amount of Zr diffused into the surface
fuel grains. See Table C-22 for composition data and Figures C-286 through
C-290 for typical optical and SEM images.
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TABLE C-i. CHEMICAL (uUMPUSITION UF SELECTED AKLAS OF PAKTICLE 18
3
lv u i 0 Al L fe Ni Sn_ Mi.oellaneous Comment -

Ny + .- - - .- - .- - -- Contral fuel region, see Fiyure (-9
usd . .- .- .- -- - .- -- -- Central fuel ceglo, see tigure (-9
Ubd . . - .- - -- .- .- -- fentral fuel region, .o Figure (-9
(XY + - .- - ? 1 -- .- .- hear large ..tg, see Flyure C-9
Ob! . - . .- - . .- - .- B1.c material, see tigure C-9 ana

c-17
031 . - .- .- .- ? .- .- .- fdge of fuel regfon, <er Figure (-4
034 + - -- -- .- Tr - -- -- tage ot fuel region, see Figure (-9
ues + - -- -- - 1r -- -- -- Eage of fuel regicn, see Figure (-9
o3l + -- - -- - Tr .- .- .- Base mater fal, see Figure (-t
032 + -- -- -- - Tr -- - Te(+), Hu(+) Material in vold, see Figure C-16
Qs . -- -- -- -- ? -- -- -- See figure C-19
017 . 0 -- -- - Tr -- -- -- Lragient across melt-fuel Intertace
Olo 0 + .- .- -- Tr -- .- --
015 0 + -- -- ? Tr Tr - -
0!9 + 0 .- .- .- ? Tr .- LN(Q)--Pa{*) Inclusion at melt-fuel interface
022 0 ) -- -- Tr Tr Tr -- .- See figure C-20
Uds + + -- - Tr Tr -- -- -- Gradient across melt-fuel interface
0,3 + - - - Tr - - -
025 . -- -- .- - Tr -- -- --
026 + 0 -- .- -- Ir Tr -~ Ru(0) Inclusion at melt-fuel intertace
04 -- . -- -- -- -- -- -- -- See figure (-18
a1 - . .- -- .- .- -- .- -- Gradfent across melt-fuel interface
04¢ Tr N -- -- -- -- -- - .-
043 + . - - -- .- - - --
s + Ir - -- - -- - -- -
a. + thyures mentioned §n tne comments for location of JU numbers.

fjuantitative (SAS):

Qualitative (5EM/EUS):

?

Tr

0

+

uncertatn
trace
minor
major

Data is fn stum percent.




TABLE C-2. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 3L
10 u ir 0 Al cr Fe Ni Sn Miscellaneous Comments

671 + + -- -- .- - - - - Dark phase (low Z) in Figure c-36

676 + + -- -- -- -- - -- -- Light phase (high ) in Figure C-36

@él/ 10.0 25.0 65.0 -- - -- -- -- -- Average of two phases

6

709 8.0 20.0 72.0 -- -- -- -- -- -- Base material, see Figure C-31 and
c-35

710 9.0 22.0 69.0 - - - - -- - Base material, see Figure C-31 and
C-35

677-1 0.0 23.0 67.0 -- -- - - .- - Base material, see Figure C-37

677-2 10.0 22.0 68.0 -- - -- - - - -

713 8.0 27.0 65.0 -- - .- -- -- -- Base material, see Figure C-31

691 9.0 23.0 68.0 -- -- -- - -- -- Base material, see Figure C-31

688 7.0 23.0 70.0 -- -- -- -- -- -- Base material, see Figure C-31

685 8.0 23.5 68.4 -- -- - -- -- -- Base material, see Figure C-3]

699 7.0 23.0 69.6 -- -- -- - -- - Base material, see Figure C-31 and
C-38

697 + + -- - Tr Tr ? - -- Material in void, see Figure C-38

589-1 13.5 20.0 66.5 -- .- - -- -- -- Base material above void, see
Figure C-31 and C-39

689-2 14.4 15.0 70.4 - -- -- -- - -- Base material below void, see
Figure C-31 and C-39

700 + + - -- + + + - .- Material in void, see Figure C-38

704 + + -- + + + + -- - Grain boundary material, see
Figure C-39

706 + + - -- -- Tr Tr -- -- Grain boundary material, see
Figure C-39

714 + + -- -- 0 0 0 -- -- Material in void.

715 + + -- + + + - -- Grain boundary material, see

a. See figures mentioned in the comments for location of 1D

Quantitative (SAS):

Qualitative (SEM/EDS): ? - uncertain
Tr - trace
0 - minor

+ - major

Data is in atom percent.

numbers.

Figure C-39




TABLE C-3. CHEMICAL COMPOSITION OF SELECTEU AREAS OF PARTICLE 3M

oy 0 Al Cr fe
899 . .- .- e .- .-
88 . .- - - . .-
887 ¢ - -- - -- 1r
Vel * -- - - - .-
w07 . .- - .- -- -
599 . 3 - -- Tr Ir
890 M 0 == .- Tr Tr
89 * Ir -- .- - Tr
8yt . -- -- - - .-
Ji ) + + - - - 0

903 . 0 - .. - Tr
912 * 0 -- - Ir 1r
913 3 Tr .. .- ? -
916 . 0 - - Tr 0

9;5 * T- - - ’ +

99 . 0 - .- -- 0

4.0 Tr + -- - Ir Tr
"2' + T- - - - Ir
905 0 -- -- -- . .

Yo * . -- -- +

Y4 . Tr -- .- -- 1r
92y Tr -- -- -- -~ Tr

4. See figures mentioned In
Quantitati.« {SAS): Data is

ualitative (SiM/ii):

the comments tur location of

in atom percent

uncertain
trace
minor
major

LR

0

sSn ."J"' ) I.gm-jﬁ,‘-, Comerieats
s .. Region | Base Materisl, see Figure C-40
.- . Region | Base Materfal, see
Figure (-40) and (-44
-- Te{*)--Ru{+}) Bead in Region 1, ~re fligure (-44
.- - Region | bage material, see
Figure C-40 ano C-44
- . Region 1 ang 2, Fiqure, (-40, (-46
- .- Rgflon 2 Material, <ve Figure C-40 ang
c-49
- -- Fegion 2 bese material, see
figure C-40 and C-48
.- Mo(?7) Material in vo'q, see Figure C-48
.- - Region 2 base material, see
Figure C-40 and C-49
. -- Mater{al in void, see Figure C-47
.- -- Base material, see Figure C-40 and (-47
Te(+)--Ru(+) Materfal in vuid, see Figure i -47
10 numbers.




TABLE C-4. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 4A

a
10 ] Ir 0 Al cr Fe Ni Sn Miscellaneous Comments

953 + 0 - - - Tr - -- - Base material, see Figure C-57

954 + + -- -- - + 0 --  Ti(0) Material in void

957 + - - 0 + + 0 .- -—- Material in void

986 + Tr -- - - Tr -- -- -- Base material, see Figure C-53

981 Tr 0 -- 0 Tr + + 0 Ti(0 Material in void

984 + + -- 0 0 + + + Ru(+ Inclusion

985 Tr - - -- - 0 + 0 Ru(+)--Tc(+) Inclusion

964 + Tr -- -- Tr Tr .- -- - Base material, Figures C-52, C-53

967 r - -- - - - + + Ru(Tr) Ag(?) Inclusion

968 + 0 - 0 + + 0 -- -- Second phase

963 + 0 - - - Tr - - -- Base material, see Figure C-57

951 Tr - .- - -—- -- + + Ag(?) Second phase

969 + Tr -- -- -- Tr -- -- -- U-2r base material, see Figure C-50
973 + 0 -- -- Tr Tr -- - a- --

975 + 0 - - Tr Tr - - - -

976 + 0 - - - Tr - - - --

978 + Tr -- -- -- Tr -- -- -~ --

979 + Tr - - - Tr - - . -

980 + Tr - - - - - - . -

970 + - - .- - ? -- -~ -- Base material, see Figure C-50

958 + -- - - -- -- - -- -- Base material, see Figure C-52

974 + . - - - - Tr -- - - Base material, see Figure C-58

988 + - -- 0 + + 0 -- - Grain boundary material, Fig. C-56

991 + 0 -- 0 0 + + -- Ru(?) Grain boundary material, Fig. C-56

a. Sce figures mentioned in the comments for location of ID numbers.

Quantitative (SAS): Data is in atom percent.

Qualitative (SEM/EDS): ? - uncertain
Tr - trace
0 - minor

+ - major
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TABLE C-5. ChtMICAL tUMPUSITIUN OF SELECTLD AREAS OF PARTICLE 48

1wt ir 0 Al ir Fe_ A Sn
125 R 67.7 .- .- . .- .-
e .. 63.9% -- -- -- - --
.4 .. 65.% - .- -- .- .-
138 * - - - .- Ir - -
(12 3.9 2 w52 .. L - -- --
760 e . - .- - - . .
7ol . -- - - .- - - -
762 0 -- .- .- - 0} . *
763 0 -~ -- -~ 0 0 0 --
146 32.0 0.9y o©b.4 - - . -- .
FESS * 0 .- 4] + ’ 0 -
147 3l.e 3.0 b -- - -- - -
i ¢l 1.8 10.% - - Trt - --
] SaU 8.0 67.7 -- .- 1rC . .-
729-1 1. .. 61.7 -- 3.s 12.7 9.9 ..
730 + 0 .- -- - Ir .- -
738 . + . Tr + N N --
732 . . .- Tr + + + -
733 13 0 e - Tr 0 Tr --
157 + Tr .- - - .- -- -
753 . Ir -- -- -- - - --
152 + 0 -- .- .- -~ -- --
) -- EI -- -- .- 84.0 |
75% 9.8 4.9 5./ - 6.5 11.5 10.7  --

ﬂiagullancous

C ommen L

.=

-

Ru(+)

S(+)

Ru(+)
Ru(+)/Tc(+)

c-11.6

8. S5¢¢ figures mentioned in the comments tur location of [U nunuers.

b. Not detected Ly SEM/EDS.
C. Detected by SEM/EUL and not by SAS,
uantitative (LAS): Data is in atom percent.
Qualitativ e (SEM/EDS): 7 uncertain

Tr - trace «lement

- minor constituent
t - major constituent

Interior base mat.r ta!
See figure C-63

Base matrrlal, see Figure L-69

Bead, see Figure C-61
“ati-ctal tn viiig
Bead In vicinity .t /by

Secona bead tn vicinity ot J60

Base material, see Figjurs
Hatertal in vola
Base material

Base material, sce Figure
bratn boundary phase near
Paterlal in vold

bBase material

Base material, see Figure

Incluston
Grain boundary material

i-hl

C-66

7¢9

=64




TABLE C-6. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 4D

10? U lr 0 Al Cr Fe Ni Sn Miscellaneous Comments
747 + Tr -- -- - - -- - - High Z material, see Figure 70
748 + 0 -- - - - - -- -—- -

757 + 0 - - - Tr - - - -

334 + 0 .- -- - - - -- -- High Z material, see Figure C-85
332 + + - - - - - - -- Low Z material, see Figure C-85
333 + 0 - _- - -- - -- - High Z material, see Figure C-85
335 + 0 -- Tr + + + -- -- void material, see Figure C-85
752 + + - -- -- Tr -- -- - Low Z material, see Figure c-81
753 + 0 - - - ? - .- - High Z material, see Figure c-81
749 0 - - - Tr - - -- High Z material, see Figure c-81
323 + + -- -- -- Tr -- -- -- Base material, see Figure C-78
324 + 0 -- - -- - -- - - -
325 + 0 -- ? + + + -- Ti(?) Dendritic material, see Figure C-78
327 0 0 -- -- 0 + + 0 Ti(Tr) Other material in void

755 + + - -- - Tr -- -- -- Base material, see Figure C-80
756 + 0 - -- - - - - - -

746 + 0 - -- -- -- -- -- -- Base material, see Figure C-80
729 + 0 -- -- -- - - -- - Base material, see Figure C-82
728 + + -- - -- -- - - - -
734 + 0 -- -- -- Tr Tr -- -- Base material near void
731 Tr Tr -- ? + + + 0 Ti(Tr) Material in void
732 + 0 -- -- Tr Tr Tr -- -- --
733 + 0 -- ? + + + - - .-
735 + 0 -- -- -- Tr Tr -- -- Bead in void, see Figure C-83
739 0 0 -- Tr + + + 0 Ti(0) Material in void
;40 + 0 -- ? + 0 0 -- -- -- .
741 Tr + -- -- -- Tr - -- Ag(0) Fragment off sample edge, see Figure C-79
744 + + -- -- -- -- -- -~ -- Base material, see Figure C-79

4. See figures mentioned in the comments for location of ID numbers.

Quantitative (SAS): Data fs in atom percent.

Qualitative (SEM/EDS): 7 - uncertain
Tr - trace element
0 - minor constituent

+ - major constituent
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TAbLt C-7. CHEMICAL CUMPUSITIUN OF SELECTED AREAS OF PAKTICLE SE
i Y - 0 Al Cr be Ni 5n Miscellaneous (omment s
866 3e2.2 2.u  65.6 -- -- rd - -- .- kegion 1 Lawe material, <ve Flgure C-87
846 + 0 .- -- -- -- - - -- --
862 + Tr -- .- -- ir .- - .- --
852 . 0 -- - - Tr .- .- . .-
873 Tr r .- .- + + + -- - Grain boundary phase, see Figure ( -2y
855 * Tr -- -- -~ Tr -- -- -- Base mater iy, see Figure C-87 and (-90
854 e -- - - -- 2.1 5.4 Tc-lu.e, Inclusfon, see Figure C-90
Pa-13.4,
Ku-5¢,06,
Rh-15.6
L 4.5 .- .- -- 23.7 5.3 Ic-7.9, Inclusfon, see Figure (-90
Pa-9.5,
Ru-34.9,
Kh-13.4
Y 21.5 2.6 69.7 -- -- “Trb -- -- - Region 2 base material, see Figure ( -5/
365 + 0 - -- -- Tr -- -- -- --
456 Tr -- -- -- -- Ir + -- Ru(+) Inclusion fn regfon 2, see Figure 9
868 0 -- - -- + + + -~ -~ Grain boundary phase, see figure (-88
860-A 21.u 9.1 69.8 .- .. b -- -- Region 3 base material, see Figure (-87
£ed-8  22.0 8.0 69.8 .- .- -- -- -- -- --
860-C 22.1 8.9 b5.8 - .. -- -- -- -- --
Bb0-U  22.- 9.2 68.1 -- -- -- -- -- -- --
844 25.1 5.9 68.8 -- -- -- -- -- -- .
863 28.3 2.6 B9.0 -- -- -- -- -- .- Reylon 4 base material, see Figure C-87
28 ' 0 -- - .- -- -- -- -- --
sh1 + 0 -- -- -- ? -- -- -- --
851 + 0 -- -- -- ? .- -- -- --
wiG + 0 -- -- ¢ + + .- -- Grafin boundary phase, see Figure C-87
and C-95
3.7 -- 40.8 -- 2.0 22.5 30.8 -- -- Dark/grain boundary phase simlar to 874
14.7 2.3 54.9 -- -- 10.8 17.0 -- .- Light/grain boundary phase simlar to 874
850-A 31.0 0.4 68.% -- -- -- -~ -- -- Region § base matertal, see Figure C-87
850-6  30.9 .6 68.4 -- - -- -~ -- -- .-
E50-C 30.7 0.9 ©2.3 -- -- -- -- -- -- --



TABLE C-7. (continued)

102 U Ir

0 Al cr Fe Ni sn Miscellaneous Comments
8b4-A  32.9 0.6 66.4 -- - - -- -- - Region 6 base material, see Figure C-87
864-8  27.0 0.0 72.9 -- -- -- -- -- -- --
864-C  24.9 1.0 74.0 == - - - - - -
804-D 31.3 0.0 68.6 --  -- -- - -- - --
8o4-£  32.2 0.5 67.3 -- -- -- -- - -- -
864-1 26.4 0.5 73.0 -- -~ -- .- -- -- Region 7 base material, see Figure C-87
804-2 28.1 1.1 70.6 -- -- - -- -- -- -
864-3 29.2 1.6 69.0 -- -- -- -- - - --

a. See figures mentioned in the comments for location of ID numbers.

b. Detected by SEM/EDS and not by SAS.

Quantitative (SAS): Data is in atom percent.

Qualitative (SEM/EDS):

?
Tr

0
+

uncertain

trace element
minor constituent
major constituent
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TAbct C-8. CHEMI

v
[ %]

62%.1
[ Y4)
(%7]

oY

634
(¥
(2 1]
[ X7
48

37
48
[ %3]
(274

odd
4]

850
[ 1Y
b3
655
B
658
59
(1. ¢}
661
662

6221

660

CAL COMPOSITIUN OF SELECTED

u

2.2

3.2

0.8

Tr

ir

Tr

27.8
Tr

29.6
0.3

6.6

62.8
65.6

5.7

67.1

68.7

Al o Fe n A Mt
0 L . .- .- -

. - - -- - -e

* - .- - - -~

. - -- - - -

* - -w - - -

* -- -» - - .-

-- - - .- -- (-4.9
- e LT s
. e e e e
S -« o L e
. -- - - - -
$3.7 30 8.6 -- Le -

o o o I o I

- - - -- * -
6 o - o

* - - - - -

4. v tigures mentioned in the comments for location of [D numbers.

b. ODetected by SEM/EDS and not by SAS.

Quantitative (5AS):

Qualitative {SEM/EDS:

Date fs
7 -
Tr
0 -
* -

in atom percent.

uncertatn

trece elvement
oingr ot tent
major constituent

AREAS OF PARTICLE 6L

N S

Large incluston, ~re Figyres C-97, (106
ang (- 107

Aluminum bearing phases, see Figure (=108

-
-
-

iru; layers, see Figure C-100
IrO;-(U.l')U;, thterface, see
Figure (-10!

irQ, layer, ve Figure (-99
ir0; intertace, see Figure (-109

ir0; interface, see Figure C-99

Base material sample center, see Figure

Base materfal sample center, see
Figure C-104

A ——————- - . s e

Ly




TABLE C-9. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 7A

102 U lr 0 Al Cr Fe Ni Sn Miscellaneous Comments
449 + 0 - - Tr Tr -- -— - Base material, see Figure C-124
450 + 0 -- 0 + + 0 - -- Grain boundary phase
451 + 0 - - .- Tr - - - Second phase
452 + + -- -- - 0 - -- - Inclusion
465 + 0 - - - - -- - -- Base material
466 + 0 - + + + 0 - -- Grain boundary phase
469 + 0 - - - Tr -— - - Second phase
464 + 0 - + + + 0 - - Grain bounaary material, see
Figure C-130
456 + 0 -- -- - Tr -- -- - Base material
457 + 0 -- -- -- Tr -- -- -- Second phase
461 0 Tr -- + + + 0 - -- Complex mixture, see Figure C-129
402 + + -- -- 0 0 Tr -- - --
463 + + -- -- Tr 0 Tr - -- --
555 -- -- -- -- -- 0 + -- --

a. See figures mentioned in
Quantitative (SAS): Data is
Qualitative (SEM/EDS): 7?7 -
. Tr -

0 -

+ -

the comments for location of ID numbers.

in atom percent.

uncertain

trace element
minor constituent
major constituent

Inclusion, see Figure C-127




TABLE C-10. CHEMICAL COMPUSITION OF SELECTED AREAS OF PARTICLL 7B

B

10*

b 1)
976
92?7
yls

89
vl
998

001
Ry

003
A

98!
983
985
S9n

w37

Gy
934

991

992
593

006
007

965
99
Y66
o7

959
957
758
955

971
4712
973

—

-’ o

........:.o.o.oooo‘

>+ @ .

-

+ s+ .0

* ¢+ o

*

0 Al Lr fe Ni 5n Biscellaneous _ omments

-- .- .- Ir -- - . Compie: layering, see figure C-134

- P - - . Ir - P

-- -- .- .- - ? .- -

.- .- Tr Tr - .- -- .-

-- .- 0 0 T -- -- .-

- -- Tr 0 0 0 -- --

- - Tr 0 0 -e - -

-- -- 0 0 0 0 .- --

- - - Tr - - - -

- - Te 0 0 0 e .-

-- .- .- -- - Tr -- Complex mixture, see Figure C-135

- - r 0 0 - - -

- .- an 1r Te - P -

. - V- . - - -- Base material tn crack, see Figure C-138
- .- .- -- -- .- -- Material at interface, sce Figure C-136
.- -- Ir Ir ir - - -

- - .- ? .- .- .. .-

.- .- .- -- ? Ir .- --

-- - -- -- -- ? -- Price molten (U,{r,0), see Figure (-3t
-a - Tr Tr - - :- ::

- - ? Tr - - e .-

. .- .- .- 7 -- Base matertal, see Figure C-137

. - Ir Tr .- - .- Second phase

- -e .- P - -- .- Second phase



TABLE C-10. (continued)

10? U lr 0 Al cr Fe Ni Sn Miscellaneous Comments
008 - + - - - - - - - Base material, see Figure C-131
935 -- + -- -- - -- - - - -

009 Tr + -- -- Tr r -- -- - -
934 ? + - - - - - ? - --
010 + ? - - - - - - - -
933 + -- -- - .- - - -- - -
936 + - - - - - - - - -
a. See figures mentioned in the comments for location of ID numbers.
Quantitative (SAS): Data is in atom percent.
Qualitative (SEM/EDS): ? - uncertain
Tr - trace element
0 - minor constituent
+ - major constituent
y gy & B
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TABLE C-11. CHEMICAL CUMPUSITIUN OF SELECTED AREAS UF PARTICLE J7E
l(l‘ ] e [¢] Al Cr ”j:—» ) Pﬂ sh ,H,t‘f ';il‘,’lﬁ'f’.‘/‘ { iW'“-’L’»
A7B~A  3i.% ew 65.6 -- .- .- - - .- Ba e matertal in sample (enter, see Fiqure C-14%
478-8 Ja.S .- 65.4 .- - -- .- -e -e .o
478-C 3.7 - 64.2 -- -- -- .- .- - -
507-2 .- .- -~ .- -- 3.8 92.7 -- C-3.4 Metallic base materfal, ~ev Figure (=149
wWI-8 - .- -- -- -- 0.7 84.3 0.4" (-14.5 .
S07-C - - 0.4 -- -- - 95.4  0.3% (¢-3.2 -
SUB-A 24,9 4.6 69.* -. rc TrC .- . -- Ceranic base material
Sd-H 27.4 4.4 68.0 .- Tr¢ 1w -- “- -
SU8-C 0.8 3.7 b9.3 .- e Trc -- -- .- -
RAtE o e 3;.8 Juen 3.0 10.4 5.7 - .- Low [ second phase
4319 w.2 4.y 57,8 b ¥.6 9.0 8.2 -- -- High I second phase
Si4-A  13.8 6.9  719.1 .- - .- -- .- -- bavc material, see Figure (-142
5.4-8  22.7 5.3 11.8 -- -- -- -- -- .- --
5:.4-C 0.2 .- b5.%  -- -- -- .- -- €-4.2 --
535 . .- -- -- .- - - .- -
536 . -- .- .- -- .- -- .- .- --
537 .- -- -- -- -- -- + 0 -- Incluston, see Figure (-152
538 . 0 -- -- -- - -- -- .- Base matertal
545 . 0 -- .- -- - -- .- -- Base material, see Figure C-152
=4k Te -- -~ 0 .- .- .- Cd(0), Mo(0), Yoid materigl
Si-Tr
50 - .- .- 0 .- ’ .- -- Mo(0), Ag(0), Particle near locatlon 546
$i-Tr
§5¢ Ir .- -- - .- + -- -- Cd(0), M) Second particls near location 5456

a. See figures menttoned In

b. Mot getected Ly SEM/EUS.

C. Ueteited uy “EM/EDS oniy.

the comments fur Jocation of [0 numbers.,

d. SAS examination not colncident with SEM/EDS.

Uu‘g’nt'{dl‘n: {SAS):

Gual:tat ve (SEM/ELDS): 1
Tr
0

13

t

Data fs tn atom percent,

uncertain

trace element
ainor constituent
m3jor constituent




TABLE C-12. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 8A

w oy Ir
003-1  24.8 3.6
003-2 26.9 3.5
003-3 25.8 4.6
003-4 26.6 4.5
003-5 27.4 3.7
003-6 26.8 4.6
ou3-7  30.5 4.1
003-8 27.6 4.5
003-9 27.6 4.2
003-10 30.2 4.0
003-11 29.1 4.3
003-12 28.7 4.9
020 27.6 3.7
044 28.4 4.0
007 + 0
499 + +
948 + +
002 + 0
15 17.5 7.9
16 21.9 10.9
17 20.2 6.1
18 5.7 2.9
01e 4+ o]
014 + +
018 + 0
ule 0 +
25 +
022 + -~
130 + +
031! + +
U34 Tr +
038 + 0
U39 + +
042 + o]

a. See figures mentioned in
b. Uetected by SEM/EDS only.
Quantitative (SAS): Data is

Qualitative (SEM/EDS):

Ccroc T AR~
g\'u-trccmxo\o—-
CNLwamNwnna

[=a)
w
~

=
(=]
w

66.3
68.5
67.5

68.1
65.8
73.5
30.9

Tr -

v
+ -

- - b
+ + +
-- 0 0
-- r "
? -~ 3.1
-- - 0.7
47.4 -- 4.2
-- ~- ?

0 0
-- 0 0
-- -- ?
-- 0 0
+ + +
-- -- r
- 0 0
+ + +
+ + +

Comments

the comments for location of [0 numbers.

in atom percent.

uncertain

trace element
minor constituent
major constituent

Region 1 base material see Figure C-153

12 consecutive SAS readings with continuous sputter reveals
a depth profile of about 1 um; Avg:27.9 U, 4.2 Ir,
67.8% 0

Region 2 base material, see Figure C-153

Region 3 base material, see Figure C-153

Second phase, see Figure C-161
Second phase, see Figure C-161
Base material, see Figure C-l61
Second phase, see Figure C-162
Base material

Base material

Grain boundary phase

Base material, see Figure C-158
Second phase, see Figure C-158

Base material, see Figure C-158
Suface material, see Figure C-158

Base material, see Figure C-165
Inclusion, see Figure C-165

Grain boundary phase see Figure C-163
Base material, see Figure C-163
Surface material, see Figure C-163

Base material, see Figure C-164
Void material, see Figure C-164
Void material, see Figure C-164
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TABLE C-13. CHEMICAL CUMPUSITIUN OF SELECTEU AREAS OF PARTICLE 8C

10 u ir 0 Al Lr Fe LA $h_ ve e Comment s

175 5.3 10.1 644 .. Ea T .- .- Base materia! Region 1, see Figure (-16/

176 ’ * e * * * 0 .- - Grain boundery msterial Regiun |

1 3.0 4.1 JJ-J 46.2 3. 7.0 1.4 -n -a cars phane il(-&"oﬂ '

180 3.4 2.5 .1 45,0 4.0 8.0 1rb - . Average rilectic Regiun 1

181 N * - == - Tr -- - -- Secong pha-~ Reglon )

182 2.6 6.7 66.6 - -- -- - .- .- Base matertal Reglon

L . e e e == Ag(+) $(0)  Bead in vold Reglon I

<A * o - - - - - .- -- High contrast Region 1 material, see Figure (-168
232 * * =" -- -- Tr -- -- .- Medium contrast Region ) materia!l

233 * * .- .- Tr Tr -- -~ - Low contrast wegfon | material

201 * 0 -~ - -- ! -- -- -~ Base metertal - yion 2, see Figure C-172

2 0 0 o ¢ * ¢ 0 -- -- Dark phase keglon 2, see Figure C-172

ce3 ¢ X .- ¢ * ¢ 0 - - Denaritic matertal Reglon 2, see Figure C-172
226 ¢ * - -- Tr Tr -- -- .- Light phase kryfon 2, see Figure C-172

227-1 ¢5.1 11.4 64.3 .- - -- -- - .- Region 2 base material, see Figure C-172
227-2 2.y 1.z 0.8 .- .- - .- -- - -

2:7-321.0 10.3 b5 .- it - .- =" -- Nine consectuive SAS readings with continue sputter reveals
227-4 0.0 7.0 62.8 -- - -- -- -- -- 4 depth profile of about | \m

227-5  2v.9 8.5 o6l.4 .. .- .- .. - -- .-

227-6 3.3 7.4 62.2 -- .- - -- - -- -

227-7 3l.& 7.6 60.4 .. -- .- -- .- .- -

227-8 231.4 6.8 616 -- -- -- -- .- .- .-

2¢7-9  30.8 7.3 6.7 -- -- -- .- -- .- -

22/-10 27.3 7.4 65.1 .. -- -- -- -- -- Edge of 227 grain

2:7-1% 28.7 7.3 63.9 -- -- .- .- .- .- -

2¢1-12 21,9 10.6 67.4 .- -- -- .- -- -- Dark grain near 227

227-13 4.0 1.7 eE.Z -- -- -- -- -- .- Light graln near 227

195 * 0 -~ -- -- Tr -- -- -- Region 2 base material, see Figure C-171

2¢9 ¢ 0 - - -- -- -- -- -- Reglon ¢ base material, see Figure C-174

235 ¢ 0 -- -- -- -- -- - -- Regfon 2 base matc-ial, see Fiqure C-171

238 * 0 -- -- -- fr -- - -- Keglon 2 base materfal, see Figure C-174

185 ’ + -- * ¢ M o -- -- Second phase Reglon 3 materfal, see figure C-il6
1do-1  24.4 7.9 67.5 . -- e L -- - Base material Region 3 material

le6-2  26.5 8.5 65.1 .- -- -- -- -- -- Base materfal near 186 Region 3

187 + 4 -- 0 0 0 -- -- -- gb material Reglon 3

169 Ir M -- -- Tr 0 0 -- Ag(+) Surface materfal Region 3

ty! r ‘ .- -- 0 0 0 -- Ag(0) surtaece material Region 3



TABLE C-13. (continued)

102 U ir 0 Al Cr Fe Ni Sn Miscellaneous

Comments

192 + + - - Tr - - - -

a. See figures mentioned in the comments for location of ID numbers.

b. Uetected by SEM/EDS only.
Quantitative (SAS): Data is in atom percent.

uncertain

Tr - trace element

0 - minor constituent
+ - major constituent

Qualitative (SEM/EDS): ?

Region 3 base material, see Figure c-175




o

TABLE C-14. (HEMICAL LuMPUSITION OF SELLLTED AREAS OF PARTILLL 8t

19 ] r ] Al cr fe w A miLellaneaus B aild )

80 .6 133 2.0 - .- . . . - Region 1 bete material, see Figure (-17)

812 7.+ 0.7 1.8 . . 1 0ad . - - Region 2 tase eatertal

§34 5.6 1).7 J0o.6 -- .- 1ed -- - .= Reglon J bate saterial

704 122 1. 100 . .- 10 - . - Region 4 bere materia)

83 4.9 153 697 .. .. ™ .. .. .- Reglon % bere saterial

80) . . . . .- . - - . Base Aogion | matersl, see Figure C-179

oot . . .- - we te . -e . Graln poundery #eqion | eeter il

807 2.8 .».6 0.8 .. - 1w .. .- - Grein boundery scqton | satertal

808 6.7 253 3.8 -. 1@ a0 1 . Gratn boundery Reglon | saterial

832 . . . . e 0 - . .. Grafn boundery vry' .~ | matertel, see Flgure (-180
810 . . .- .- - 1r - . - bese Regfon | material, see Figure C-182

"o . . . - [+ 0 - - - Light phase kegion J msterial, see Figure C-184
m G o0 - .- . . .- .- - Lars phose kegion ) eeteris!

1 .- - . - e "W r6.e 193 (-4.0 Inciuston Region J materia)

169-A 8.9 6.7 Sl.s . 12, (w0 .- .- .- Uers phese Region ) matertel, .re Figure (-168]
1o09-8 4.3 22,4 60.4 .- .- 2.8 e - .. Lignt phese Region 3 meterial

Tewel -- 1.4 &) - 30 14,2 .- .- C-33.8 Average of A and B =522 ) material

7Tob-A 12,6 9.4 ).8 .- .- .- . .- .- gt materia} Reglon J saterial

779 e - .- -- .- 0 . ¢ Ru(0) Inclusion Region ) metertsl, see figure (-187
78é . . .- . -- 0 -- . . Second phese Reglon ) materis!

m . . . . -- ? - . .- S8ase Heglon 3 materlal

8 . . - -- .- -- -- .- St(+) Farticle 'n jold

789 1r .- - . . . 0 .- - Darkt phese Keglon ) material, see Flgure (-18%
I EY] Tr 0 .- -- [} . 0 .- TH(1) Dark strip Region } sateriy!

Tk . . - -- . . Tr - - Light -trip Reglon ) matertal

79 . . .- - .- Tr -- .- -- Base iriion ) material

196 . . - - .- 1r . - .- Bese 'n void Reglon J meterial, see Figure (-189
. .- . .- - .- Te . . Ru(l) Sase in inclusion Reglon 3 matertfel

e - . .. . .- - . . Ru(?) Other phase Reglon ) ~ste- el

80! 1Tr Te . .- .- Tr . -- Te(*)/Ru(*} Other phase Region ) material

a. See tigures meationed in the comments ‘.- locetion ot [D nusbers.
b. UDetectec by Lim t.- only.
vaantitat®e- (SAS): bate ts tn atom percent,
Qualitet . (SEWEDS): 1 - wuncertain
Tr - trece element

0 - sminor constituent
¢ - sajor comtituent
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TABLE (-16. CHLMICAL LUMPULTTIUN UF SELECTED AREAS OF PARTICLE 9U

1t U ir 0 Al (r fe N 5n Miscellaneous Comments
160 .- -- - -- .- . . -- Ag(+) Base metallic materfal, see Figure (-207
705 - -- - - -- 1r + 0 Ag(Ir), Ru(Tr} Inclusion metallic material
764 . 0 -- -- Tr 1r r .- - Ceramic piece number | tase materfal
117 * . .- .- ? Ir Tr - - Ceramic pivce number 1 base material
b -- -- -- -- -- Tr + + Aq(Tr), Ku(Tr) High 2 material In round two-phase

inclusions in metallic material

’6Y -- -- -- -~ -- Tr + 0 hg(Tr), Ru(Tr) Low I matertal, sce figure C-206

80! -- -- -- -- .- Tr + 0 Ru(1r) Low / materisl

802 -~ -- -~ .- -- Tr ¢ + Ru(Tr} High 2 material

783 + + -- -- Tr Tr Tr -- .- teramic plece number 2 base materfa’, see
Figure (-208

o + + .- -- Tr Tr Tr -- .- Ceramic plece number 2 base material

178 Ir -- -- -- -- Tr ‘ 0 Ru(+) void material in piece number 1, see
Fiqure (-213

785 + + -- -- -- 1r Tr .- -- secund phase piece number 2

747 -- -- -- -- -- Tr + 0 Ag{Tr) Void material piece number 2

791 + + - -- Tr Tr r .- -- Base plece number 3, see Figure (-.10

19¢ + 0 -- -- Tr ir .- .- -- Base piece number 3

793 T .- -- -- -- r + 0 Ru(0) void material piece number 3

7494 Tr -- -- -- -- Tr + 0 Ru(+) void material piece number 3

795 + . -- .- Tr Ir Tr -- -- Ceramic piece number 4 base material, se-
figure (-21%

799 . + -- -- Tr Tr Ir .- -- Ceramic piece number 4 base rmaterial

a. See figures mentioned in the comments for location of [U numbers.
Quantitative {SAS): Data fs in atom percent.

Qualftative (SEM/LUS): 7 - uncertain
Tr = trace element
0 - minor counstituent
+ - major constituent




TABLE C-17. CHEMICAL

10? 1] Ir 0 Al cr Fe Ni Sn Miscellaneous Comments

809 - -- - -- - Tr + 0 Ru(Tr), Ag(Tr) Inclusion Area D, see Figure 224

810 - - -- - - -- - - Ag(+) Base Area U, see Figure 224

811 -- -- -- - Tr Tr Tr -- Ag(+), Cu(Tr), Surface bead Area D, see Figure 232
Mo(0)

832 - -- - - -- - -- -- Ag(+), S(Tr) Surface lump Area D

833 -- -- - Tr - Tr Tr -- Ag(+), Cu(Tr), Void material Area D
S(Tr)

836 - -- -- 0 -- Tr 0 -- Ag(+), S(Tr) Void material Area D

837 -- -- -- -- - -- + ? Ag(+) Inclusion second phase Area D, see Figure 227

841 - -- -- - - - 0 -- Ag(+) Base Area D

842 -- - -- - - - + 0 -- Inclusion Area D

846 - - - - -- Tr + 0 Ag{+), S(0) Surface bead Area A, see Figure C-221

847 -- -- -- -- -- Tr + 0 Ag(Tr) Inclusion Area A

848 - - - -- -- -- - - Ag(+) Base Area A

862 -- -- - 0 Tr Tr Tr -- Ti(+), S(0), Void material Area A, see Figure (C-223
Ag(+), Cu(Tr)

864 - - -- -- -- - -- -- Ag(+) Base Area A

852 -~ -- -- - -- Tr + 0 Ag(?) Inclusion Area A, see Figure C-222

853 . -- - - -- - Tr + + Ag(0) Inclusion second phase Area A

854 -- - - - -- Tr + + Ag(+) Inclusion phase Area A

855 - -- -~ -- -- Tr + Tr Ag(+) Inclusion phase Area A

856 -- -- - - Tr Tr Tr -- Ag(+), Cu(Tr) Inclusion phase Area A

868 -- -- -- -- -- Tr + 0 Ag(Tr) Inclusion Area B, see Figure C-229

867 -- -- .- - - -- -- -- Ag(+) Base Area 8

870 -- -- -- 0 -- Tr Tr -- Ag(+), S(0) Surface bead Area B
Cu(Tr)

871 -- -- -- -- -- -- -- -- Ag(+) Sample center base material, see Figure C-220 and 230

874 -- - - -- - - - - Ag(+) Base Area F, see Figure C-226

875 -- -- -- -- -- Tr + 0 Ag(Tr), Ru(Tr) Inclusion Area F

a. See figures mentioned in the comments for location of ID
Quantitative (SAS): Data is in atom percent.

Qualitative (SEM/EDS): 7 - uncertain
Tr - trace element
0 - minor constituent
+ - major constituent

numbers.




TABLE C-18. CHEMICAL COMPOSITION Of SELECTED AKEAS OF PARTICLEL 10A

1Y U Jr Q Al cr Fe [} 5n Mgl ANeOL Lomments

do-A %8 6.3 7.8 - - - .- .- .- Low [ keglon 1 base material, see figure (-235
21e-8 (5.2 7.0 #89.v -- -- - .- -- . Low / Heglon 1 vase material

2712-C 4.0 7.0 68.2 - -- - - -- -- Low Z Region | base material

&13-A 3207 1.2 5.9 -~ -- -- -- .- - High Z Region 1 base material

213-8 32.% 1.5 w58 .- -- .- .- . e High Z Region | base material

273-C 32.2 1.8 b4.9 -- -- .- - -- .- High 2 Kegion | ta.r material

291-A 31,9 1.9 66.0 -- .- - .- - - Region 2 base materfal, see Figure (-c3b
..\’:'B 34.2 0.u 4.7 - - - - - -

2910 5. 0.7 06.b -- -- .- - -~ --

J9t-U Ju.s U.3 89.2 .. -- .e .- . --

29'-t 4.6 0.3 65.0 - -- -- .- - e

291-F 35.2 0.0 64.7 -- .- .- .- -- .-

/4 Tr Tr .- - -~ .- Ir .- Tci+), Ru(+) Mmaterial in volds, see Figure (-247

R + -- -- -- -- -- ir -- Te{U}, Ru(0) Materfal In votds, see Figure L-c36

302 0 -- .- Tr 0 0 * 0 14(0} Materfal in voids, see figure (-237

313 * -- .- -- .- .- 0 .- Tc(+), Ru(+) Material in voids, see Flgurs (-238

286 . 0 . . a- -- Tr .- .- -- Low I Regfon | base materfal, see Figure (-242
287 . ir -- -- -- 7 -~ -- -- High 7 Region 1 base material

oY + Tr -- -- -- -- .- -- -- High Z Reglon 1 base mate-ial

4. See figures mentioned in the comments for location ot [0 numbers,
Lusntitative (SAS): OData {s in atom percent.

Qualivati,e (SEM/EDS): 7 uncertaln
Tr - trace element
0 - minor constituent
+ - major constituent




TABLE C-19. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 10E

108 U ir 0 Al Cr Fe N1 sn Miscellaneous Comments

062-A 16.5 15.1 68.2 - - - - - - Three scans at location 062, see Figure c-258
062-8 16.0 13.3  70.6 -- -- - - - - .-

062-C 16.2 14.7 69.0 -- - -- - - - -

063-A  33.1  -- 66.8 -- -- - -- -- -- Four separate fuel grains near 063,
063-B 35.4 -- 64.5 -- .- -- -- -- -- see Figure C-258

063-C  35.9 -- 64.0 - - - - - - _—

063-E 37.2 -- 62.7 - - -- -- - - -

064-A 37.6 -- 62.3 - - - -- -— -- Three separate fuel grains near 064,
064-B  33.5 -- 66.4  -- - -- -~ - - see Figure C-258

064-C 34.3  -- 65.6  -- -- -- -- - - --

0b1 Tr -- -~ - - ? + + - Inclusion, see Figure C-258

097 Tr Tr -~ -- -- -- 0 -- Ag(+), Mo{0) Material in void, see Figure C-258
101 Tr .- -- -- -- Ir 0 + Ag{+), Mo(0) --

102 Tr -- - -- —- -- + + Ag(+), Mo(0) -

078-A 35.0 ~-- 65.0 -- -- -- -~ -- -- Three separate grains near 078 (sample center),
078-8 37.0 -- 63.0 -- -- -- -- -- -- see Figure 250

078-C  36.0 -- 64.0  -- -- - -- - - -~

075-A 23.7 6.7 69.4  -- -- e -- - - On Zr band, see Figure C-251

075-8  33.2 -- 66.7  -- -- -- -- - - 0ff Zr band

075-C 34.7 -- 65.2 -~ -- -- -- _— - off 2r band

073+ - - - - -- -- -- .- Base matrial, see Figure C-257

088 Tr Ir - -- 0 0 Tr -- Ag(+), Mo(0) particle in void, see Figure C-256
092 + + -- - + + -- -- -- Base material

081 Tr Tr -- -- Ir Tr + + Ag(0), Ru(Tr) Inclusion, see Figure C-255

083 r Tr - -- -- Ir -- -- Ag{+), Mo(0) Inclusion

086 + + -- -- - Tr -- - -- Base material

084-A 12.4 le.1 713 -- -- b - - - Two locations, near 084

084-8 11.8 15.6 72.4 - -- -- -- -- - Two locations, near 084

085-A 32.1 3.5 64.2 -- -- Trb -- -- -- 10 w In from interface

085-8  32.2 1.9  65.7 -- -- -- -- -- -- 60 » in from interface

a. See figures mentioned in the comments for location of ID numbers.

b. Uetected by SEM/EDS only.

Quantitative (SAS):

yualitative (SEM/EDS):

pata is

?

0
+

in atom percent.

uncertain

trace element
minor constituent
major constituent




TABLE C-20. CHEMICAL CUMPUSTTION Ut

T y (e v Al

SELECTEU AREAS Ut PAKTICLE 10F

911 ¢y 3.3 0.8 ..
89 3.6 5.y J0.4
WO 5. 4.0 B89l .-
Wi 9.2 1.7 InN.s

882 {o.d 5.8 ol.b -~
883 . 0 - -
8 . ’ - -
885 i -- 5.7 --
590 * 0 - .-
v [+] -- -
gty ¢ o - -
89 , 0 -- ?
T * . - .a

ERYEY §.7 1.4 51.¢ --

8. -8 2.6 0.9 53.4 --
By8-A  23.1 .

A -
~
=g
L 5%
4
+
v

u98-8 23.0 10.8 2.l -

am . 0 -- --
w06 U Tr -- 1

907 10.9 3.6 59.5 -
412 .s - -- --

a. .ee figures mentioned in the
b. etected by SEM/EDS only,

C. Nh.t detected by SEM/EDS.

Comment s

S de ML sa ke laneows

i "'b N 2 -~ -n
-- | Lo .
- Tl - . ..
-- 1.6 .- .- ..
-- 1rb - -- .
Ir .- .- --
. 0 Tr .- .-

11208 - 1c-5.0F,

Pg-3.4¢

Ru-60,5

Kho12.5¢
.- Ir -- - -
.o Tr - .o -
* + - -
? 0 Tr - .-
13.0 17.6 11.4 -- -
15.8 15.5 1.5 - -
-- 3.5 .- -
.- 3.y .. - .-
- Ir - .- -
. L) - - -
1.7 10.8 7.1 -- .-
- * - - - -

comments for location of U aumbers.

Quant ftative (SAS): OData is in atom percent.

fualitatise (LiM/ELL): 2 - uncertain
Tr - trace element
0 - minor constituent
¢ - major constituent

Frgion 1, base matertal, see Figure C-¢6!
Reglon 1, bese material
Region 1, tawe matertal
Fegfon o, base mater gl

Base materlal, see Flgure C-/64
Base materia!

Grain boundery material
Inclusfon

Base material, sce Figure (-(b9
Groln tiunuar, material

Base material, see Figure C-270
Grain poundary material
Fine gratn material

Grain boundary material, materisl simtlar to puint 897
{see | igure C-270) 1n center of Reglon ¢

Grain boundary materfa)

Fine grain material, material simflar to point 898
(see Figure (C-270) in center of Reglon 2

Fine grain material

Base, see Figure C-270
Grain bounaary materfal
Average of t~u eutectic phases

Inclusion in vold




TABLE C-21. CHEMICAL COMPOSITION OF SELECTED AREAS OF PARTICLE 11B

10® U Ir 0 Al cr Fe Ni sn  Miscellaneous Comments
566 -- - - - - + + Tr - Base, metallic region, see Figure 277
567 - - - - - 0 + 0 Ag(+) Second phase, metallic region
568 - - - -- — 0 0 _— Ag(+), Mo(0) Inclusion, metallic region
574 + 0 -- -- -- 0 Tr -- -- Rectangular inclusion in metallic region,
575 -- -- - - + + 0 -- -- see Figure C-272
576 -- -- -- -- + + 0 --  Mo(+) --
577 - -- -- -- + + 0 -- Mo(0) --
578 -- -- -- - 0 + 0 --  Mo(0) --
579 -- -- - -- Tr 0 - --  Ag(+) --
584 0 Tr -- Tr + + -- -- -~ Other phases, see Figure C-273
585 0 -- - 0 + + - - - -
586 + + -- 0 + + -- -- -- --
587 + + -- - + + - - - -
588 + 0 -- - -- -- -- - - -
589 + + -- -- -- 0 -- - .- --
593 Tr -- -—- -- -- + + 0 S/Mo(+), In{0) Material in blister, see Figure C-274
- -— - - - - - -- Ag(0), Cd(0)
594 0 -- - - - + + -- Mo(+) Material in blister
599 0 0 -- 0 + + -- - -- Other phases, see Figure C-281
600 - + + - -- + + -- -- -- Other phases
601 - - -- - - + + 0 - Inclusion
602 + + -- -- -- 0 -- -- -- Other phase

a. See figures mentioned in the comments for location of ID

Quantitative (SAS): Data is in atom percent.

Qualitative (SEM/EDS): ?
Tr -
0o -
+ -

uncertain

trace element
minor constituent
major constituent

numbers.




TABLE C-Z2. CHEMICAL CUMPUSLITION OF SELECTED AREAS OF PARTICLE 11C

10t ] i 0 Al Cr fe NS Sn Mivee D tanec Comments
i y .- - .- .- -- .- .- .- Center region (6) base materisl, see Figure (-290
¥ 0 + .- -- -- Tr -- - -- Surtface, adherent melt, sce Figure (-287
953 0 + -- -- - -- - - - Interior, aghierent melt
931 0 + -- - -- -- -- -- -- Interfor, adherent melt
93% + ’ .- .- .- .- .- - .- Interface, adherent melt

930 . .- -- - - -- -- .- .- Base, acherent melt
938 0 + -- -- Ir ir - -- -- Surface base material, sce Figure C-289

3 + + .- - . N .- ? -- Beaas anu inclusions, -.rface reaction layer
AR + 0 -- -- -- Tr -- -- -~ Beads ond fnclustons, surface reaction layer
943 0 + -~ -- + + -- 0 -- Beaas and iInclusions, surface reaction layer
944 . 0 -- .- -- Tr .- -- .- Intertor, ~urface reaction layer
950 -- -- -- -- - -- -- .- Ag(+) Inclusion, surface reaction layer

a. See figures mentioned in the comments for location of JD numbers.
Quantitat v (SAS): Data is in stom percent.

Qualitatt. (i™tir.): 1 - wuncertain

Tr - trace element

0 - minor cunvtituent
+ - major constituent















































































Once-moiten
(U, 27)02

Oxygen.
depleted
Zr02

Bakelite

Melalllg: &

claddifig

4 m— P —

31 um
Backscattered scanning electron micrograph

Point 1: 11,1 weight % U, 89.0 weight % 2r
Point 2. 71.3 weight % Zr, 11.4 weight % Cr, 13.6 weight % Fe, 3.8 weight % Al
Point 3: 80.9 weight % Zr, 10.3 weight % Sn, 4.2 weight % Al, 4.0 weight % Fe,
0.6 weight % Cr
Point 4: 39.9 weight % U, 60.2 weight % Zr
Area average: 10.6 weight % U, 86.0 weight % 2r, 2.0 weight % Fe,
1.1 weight % Cr, 0.4 weight % Al, plus trace of Sn

Figure C-25. Energy-dispersive x-ray spectroscopy measurements within the
IrCp layer on Particle IE.



























(a) Location E (b) Location F

S - e

Figure C-34. Photomicrograph of Particle 3L (H8, 56 cm) in the etched
conaition showing pore morphology.
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Figure C-60. Photomicrograph of center of Particle 4B (E9, surface)
showing fuel pullout.
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(b) Location C

(a) Location B

Photomicrographs of material near center of Particle 4B (E9,

surface).

Figure C-62.
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Figure C-68.

(c) Location J

Typical structures of material from Particle 4B (E9, surface).
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(a) Photomicrograph (b} Photomicrograph (c) SEM backscattered electron image

Figure C-91. Photographs of material from Region 1, Location D, of
Particle S5t (EY, 8 cm).
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(@) Unetched

Figure C-228.
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(c) Unetched

(b) Silver etch

raphs of material near the center of Particle 9G
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Figure (C-285. Photomicrograph of material from location A of Particie 11C
(E9, 94 cmg showing high porosity at grain boundaries.
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ELEMENTAL ANALYSIS






APPENUIX D
ELEMENTAL ANALYSIS

This Appendix contains results ot the elementa’ analysis performed on
the TMI-¢ core debris grab samples, using inductively coupled plasma
Spectroscopy. The analysis was performed on the nonvoiatile dissolved
portions of the particles and aliquots. The results are given in mg
element/g sample (Tables D-| through D0-10).

The uncertainties are large (~50%) for some analyses. The
uncertainties were determinea by comparing the resuits of the elementa’
analysis with those <t the fissile/fertile material content analysis
(Appendix E). The iarge uncertainties are caused by the small (<10 mg)
sample portions and possible josses during the dissolution and analysis.
Analysis of sma!l portions was required because of high radiation levels
associated with some sampies.



RESULTS OF ELEMENTAL ANALYSIS OF SAMPLE 1

(mg element/g sample)

TABLE D-1.

particle Size Fraction

(um)
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>4000
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Uncertainty is 30-50% because of problems associated with the analysis.

a.

Not reported because of analysis problems.

b.




i YSTIS UF SAMPLE 3

RESULTS OF ELEMENTAL &

TABLE D-2.

(mg element/g sample)

Perticle Stre Fraction

{um)

168504000
Particle M

1680-4000
Perticle 36

1680-4000°

Particle i

»4000

Perticlie 3¢

A0
Fartivie 10

<000
Particlie 3C

4000

Particle 38

*4000
Particle JA

£ lementy

e - - - -
[ . (] ’
- -d -l hd

000.&9]00000)‘6.0 y

. . " e e .
ssla‘jq,vlsz-«ssz,]‘l
¥ ¥ v -

Lol
46 i
K X

6,0 (-1

O -~
~ e - - . »
3 . ] . -
- -

- - 6”
OOUUGI-O .0000.00.0' 'y
" . e . 3
86’2‘28‘°2,f.2b6"83
- v v N v v ER
e o e - ey e
L T ] 4 .
et v i nad - - -t

0.0.000000001.00
‘9.{‘5"0?296'
vV oy v o v v

«7.0 -
4.0

100 Ee3
S.0b te!

(‘d_il

e N NN ——— . = - S

LI I I ) L] + L I,

-t e bl A i - e - ©

!0000.!030'001..!40.{2

. e . .

351226557112132577-
v

ey O 0N N -
LA Y I ‘
i Ul had ad i ad

25'5,655‘56‘83}5‘9
¥ vy v vy v

hbbbbbbbbbbbbbhbbb
+ [ R e [ I SR
. L

]
....-..._.....

e - . - -
[ 0 ) -’ . w

-4 - - - -t
~ [~

"0 NnO 000030.0.0!
L . .
20'1‘55.‘('2‘63’8)’
v v ¥ v v A 4 A

-

- N By e g e g - e
L N Y LU L )

- ettt bl ad ot - bk -t b
100000'70’)00'00“3

R

5‘9:.‘922'3590..2432
L v ¥ "

t

[ O« 3VOE - @ 3
- LW RN Ry Py th\..&lu.l

b-5

<30
Aliguot

L]

’
/

SU-

74.149?
Al 1quot Al iguot

dy-o9?

Al fquot

s
i

297-207
Al iguot

107-1000

Aliguot

Particle 3

1000~ 1080*

Particle 3)J

1000- 1680*

P00 1 it

Particie 31

88000 NDALIBRAL LD
\ i Saria
-"”.O"..annnto.

-
—— - —— -— .- -
. [ * 3 * e
B ) -l L -l

"~
eqe > Q- .
LIGJBBZHIAIBGIG.I}J

2

.ﬂo ’

- et -
0279‘5’03"82'9052
R .

*
‘ad o

- -—
- B

~
- - —— - . ¢
1 .t, ' Vo o]
-t .l.l -
ogai2s x
31.00.40 94 0’0 0077
. s . .
‘2"’2’33‘J~Id4 O -
v v
- P
—— - - . .
o [NV ‘' -
-t w  ad

o ~ v
’0007820070004n0!‘|

- . P
e e o w — -
-l et - - -t

” bt w Do
TOoOSrNOoOMOBOornOOI S
" e e e e v s e e s x e e s
TN TR T DD QYN — s

S ) T3

—_— ey = - e

JBOOOOUOIOW?

B.IO._U.JZ‘S-IZ.I"IJJ.I"
~

. .
S

29

N~
LI
s

oooooss.UO.UUOUGQ.O

l?)r.?.,lll.djbbqs.)l.lz

1
£
t
t
£-!

—— - -—— e

- -
[ oy -
w adad Wb e -t

00000010.0800.0000

s
L
6
QZA <‘qsh]2‘sq‘14?58

Twll3838i 83058,

4. Uncerla'nt, s 30-'4/1 because ! problems associated with the enalysts,

MOt reporled because of enalysts protiems .




S-a

TABLE D-3. RESULTS OF ELEMENTAL ANALYSIS OF SAMPLE 4

(mg element/g sample)

Particle Size Fraction

(um)
>4000 >4000° >4000 40002 >4000
Element Particle 4A Particle 4B Particle 4C Particle 40 particle 4E
Ag 1.4 <0.7 4.6 E-1 --b 1.2
Al 5.1 5.6 2.0 --b 5.0
B <0.6 <0.9 <3.0 E-1 .-b <8.3 E-1
Cd <0.1 3.7 E-1 <7.0 E-2 --b 3.3 E-1
Cr 5.1 2.4 3.8 --b 2.2
Cu 1.6 <4.6 E-1 <1.6 E-1 --b 4.2 E-1
Fe 1.3 E41 1.5 3.0 ..b 3.0
Gd 0.8 <1.3 9.2 E-1 .-b <1.0
In 3.0 1.1 E+1 2.0 .-b 5.0
Mn 1.8 E-1 9.0 E-2 7.0 E-2 --b 8.0 E-2
Mo <1.0 <1.9 <7.0 E-1 --b 1.7 .
Ni 5.9 1.9 2.1 --b 8.3 E-1
Nb <3.0 <6.0 <2.0 --b 5.0
Si 4.0 26.0 E+1 7.70 -.-b 1.0 E+1
Sn 1.1 E+1 9.3 3.3 -.b 8.0
Te 4.6 3.7 2.6 -.b 6.7
U 9.38 E+2 5.83 E+2 5.14 E+2 --b 8.83 E+2
Ir 1.34 E+2 1.8 E+1 1.23 E+1 --b 2.62 E+1
a. Uncertainty is 30-50% because of problems associated with the analysis.
b. Not reported because of analysis problems.
g— 2N



SAMPLE 5

RESULTS UF ELEMENTAL ANALYSIS OF

TAbiLt D-4.
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Uniectataty fs 3JO-50% because of problems s.soclated with the analysis,
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1680-40002
pParticle 6H

1680-4000
Particle 66

1680~4000
particle 6F

>4000°
pParticle 6E

Particle Size Fraction
(um)

>4000
Particle 6D

>4000

Particle 6C

>4000
Particle 6B

RESULTS OF ELEMENTAL ANALYSIS OF SAMPLE 6

(mg element/g sample)

>4000°
Particle 6A

TABLE D-5.
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Uncertainty is 30-50% because of problems associated with the analysis.
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»AMPLE 7

<

RESULTS OF ELEMENTAL ANALYSIS OF

TABLE D-6.

{mg element/g sample)

e e e < < i . e
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Perticle Size fre 'ion
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RADIOCHEMICAL ANALYSES
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APPENDIX E
RADIOCHEMICAL ANALYSES

This appendix contains results of the radiochemical analyses of the
TMI-2 core debris grab samples (Tables E-1 through t-12). Al analyses

were performed on the same portions of each sample. Gamma emitting radio-
106Ru IIOmAg

» »

nuc!ides measured by gamma spectroscopy were 6060,
12> Sb, }345c. ‘37Cs. ]‘4Ce, ‘54Eu. and }55£u. Results of the

905r analysis were obtained by radiochemical separation and subsequent
beta emitter analysis. The ]291 and fissile/fertile materfal results
were obtained by neutron activation analysis, with subsequent gamma
spectroscopy ana de'ayed neutron analysis, respectively. Results of all
analjyses are reported in uCi/g sample, except for the fissile/fertile
materfai contents which are reported in mg.
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RESULTS OF RADIONUCLIDE ANALYSIS OF SAMPLE 1
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Uncertainty is ~30% because of problems associated with the analysis.

a.

Not detected.

b.




§-3

TABLL t-. .

(uCi/y sample)

RESULTS UF RADIUNGLLTUE ANALYSIS UF SAMPLE 3

iarticle ‘A‘ tra:stion

4000 ! 4 n]). »4000 4000 O 4:;,-0‘

% a0iongg ! toe Particle 1A Fart e 3§ Particle X Perticle 30 Perticie M Particie ¥
&0co Y87 2 0.0 BT 8,98 0 04V ES) 100 s GuK el 2.0 e ULy .33 ¢ 0.24 2./0 4 0.33
905, 7.5 s u.4 g 2.6730.) g §.3 5 0.4 143 41Ty g 8.47T .4 e} 9.7+ 0.4 ()
106y, s..'s%'g.u!'. 3.7 Tg.xs A0 T Ut 1A T uGy ey .4172.03 £ !.u?g.mu:

) EL. T Tb Tt . T.
L™ 403 0029 t01 5.9 ¢ 0.8 1.88 2 013 iet 1.4 2 0.08 e 1,294 0.08(c +.40 + 0.73 €
129; .1+ 0.5¢-5 58 1.9¢-¢ -.b 8.4 5 03¢5 1.4)70.08¢-3 245034
bag, .25 7 0.0 5.00 % 0,42 t-1 2.23 s 0.18 5.66 1 0.3 (+1  $.197 .30 £+ 2.93 % 0.33 ¢+
;Ju; 9.B7 0 0.34 £+ 117 2 0.00 €+ 4.55 ¢ 0.20 to1 9.49 7 0.57 Fev 8.36 + 0.4/ 12 5.00 : 0.80 £+7
e L2202 60 879 20,82 €47 1.8 70,00 123 37370 .08 g 3.9 90 0.25€+3 4.6 v 0.8E:
gy 3.0 2 uolg el 1S T OIS LY 204 T 014 (0] 8,67 5 041 o 6.83 - 0.42 101 7,827 0.4 (01
195 TAT Ll 2,927 0.99 6992 ai kel 199 T 0328 L33 0.27 6. 2.0 3 0.40 £+
| BV T TY Tes- 4000 1000- Tobt 1000- 1680° 1000- 18+ 107 - 1000
Particle 36 Particle Iu Particle 1} Particie 3J Particle W Aliquot
60¢o 6.41.0.7% .14 - 0.7} 7.13 0049 t+1 00y 0 0,27 £4) 5.4 s Q.41 9.21 ¢ 0.%9 £+
o'k g VT 0056 257 0.1 143 3.8 £ 0.2¢603  1.897 0.0 [¢3 J.5_70|§-.' 4.470.2¢6%)
Wéy, AT 20,21 602 36 T 047641 2395017 100 2.087% 0.4 Ee. 417 ‘e 2.0 %y e
Hos,g Th Tb T.b T.b <. T
1Yo 188 0 0,22 4.4 1.3 4.45 2 I E1 2 129308 9. . 0.8 337 - pas el
9, 1.5 7 0.3 €-4 3.170.7 -4 T.b T 2.0350.3¢€ bt
1340 1.06 + 0.12 L1 6.5770.71 £+ 4.80 ¢ U.33 Ee! ©.48 + 0.78 136 2 0,07 1 3.10 + 0.20 €+!
137y g 3.95 20,45 €0 LIIT 0605 9.3210.63 v 1013 0,12 £02 .0 F0.0 (4 5,40 7 Q.34 g,
Mige 5.70% 0.69 £ 1.9 T 019 6+1 (58T 019 e 131 5 0. 18 e £.53 % 0.0 ke3  2.38 7 0,16 ivs
x4, 4.34 ¢ 0.% S5 V0.30 E0) 4297 0,31 f¢1 2.3) ¢ 0.28 ¢+ 4.69 70,28 €} 4.46 7 0.5y (!
155 2.82 2033601 8.6 B iel 1037 0.20€02 8.72 7 0.66 () 1.0 20226+ 1.00 = 0.20 €+
N 149-297 74-149 30-74* 30
B ot Aliquot Aliquot Aliquot Allquot
&co 2.21 2 0.18 £+ 6.61 + 0.37 ¢! 8.99 + 0.6 €+ 1.40 ¢ 0.4 L o0 1.02 2 0.26 €+,
90+~ 3LV T 0.2 60 262 T 0.09 €43 2.9% 0.2 1.6 % 0.2 (43 9. ¢ 0.2 Eer
106, 1,197 0.09 € CRULRCINEIR § I 2.337 0017 ¢, 6.50 % U.44 [ .46 ¢ Uk g,
lomag T T 1,227 0.3 L -
1254y 1.9+ 0.19 ¢+ 1.09 » 0.06 £+ 1.9 ¢+ 0.4 foy 2.21 0 015 9! 1.78 ¢ 4k o,
129 1.63 0.2 -4 z.b 7.6 0.3¢-4 S.6 e 0.4 E-4 1.17 + 0.01 €-3
Trdrg 1.50 7 0.27 s} 457 0 024 50 5,19+ 0.37 ¢! 5.16 ¢ 0.35 ¢! 2.8/ + 0./4 g+
1370 8.90 © 0.60 [+ N T 1) B 8.35 7 0.65 £/ +.00 T 0.49 £+ 9.05 > 0.68 : -,
£ T e 1.80 7 0.15 €+ 1.64 7 0.10 €43 1.48 ¢ 0.12 g+ T19 0 009 L) 7.5+ 2.0 €o
Iy, IS ICN T T IR T4 Y 0.28 B 3.6 € 0,06 Eei 2.%9 ¢ U.ib [l 2.30 ¢ 0.1y o}
155¢, 53 1.0 €1 307 2wy e LRS00 e 8.2 bt 6.3 1.3 ¢
4. Uncertal-t; 13 + @ because of protiems a330Ctated with the analyiy,

b.

Wl delecten,
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TABLE E-3. RESULTS OF RADIONUCLIDE ANALYSIS OF SAMPLE 4
(uCi/g sample)

Radionuclide Particle 4A Particle 48° Particle 4C particle 40° Particle 4E°
60¢o 6.45 + 0.73 E+1  5.33 + 0.33 E+1  2.51 + 0.17 E+2  1.77 # 0.33 1.99 + 0.20 E+1
90sr 5.9 F 0.3 E+3 9.4 ¥ 0.4 E+] 1.9 7 0.1 E+3 5.4 ¥ 0.3 E+43 9.2 ¥ 0.5 E+3
106py 1.52 7 0.17 E43  1.12 ¥ 0.71 E+3  6.00 * 0.41 E+2 9.4 ¥ 1.2 E+2 1.37 ¥ 0.15 E+3

110mpg —b —b b —b -b

1254y 9.9 + 1.1 E+) 3.21 + 0.25 E+1  4.94 + 0.38 E+] 9.7 + 1.2 E+] 6.43 + 0.72 E+2
1297 1.0 ¥ 0.2 E-4 2.7 % 0.6 E-5 4.9% 1.3 E-5 7.8% 3.0 E-4 --b

134¢s 4.64 ¥ 0.54 E+1  8.16 * 0.6] 1.36 ¥ 0.10 E+1  1.13 ¥ 0.14 £+2  2.44 *+ 0.26 E+]
137¢5 7.7770.86 E+2  1.68 ¥ 0.10 E+2  3.65 ¥ 0.24 E+2  2.52 % 0.31 E+3  4.00 * 0.42 E+2
144¢e 3.91 7 0.46 E+3  3.65 ¥ 0.25 E+3  2.51 ¥+ 0.19 E+3  2.96 ¥ 0.38 E+3  3.80 * 0.41 E+3
154gy 6.82 ¥ 0.77 E+1  4.39 7T 0.28 E+1  2.03 ¥ 0.16 E+1  3.89 + 0.50 E+]1  6.34 + 0.68 E+]
155y 1.43F 0.29 E+2  1.40 T 0.28 E+2  1.07 ¥ 0.21 E+2  3.99 ¥ 0.77 E+1  1.29 % 0.14 E+2

a. Uncertainty is ~30% because of problems associated with the analysis.

b. Not detected.




TABLE £-4. RESULTS UF RADIONUCLIUE ANALYSIS Ub LAMPLE &
(uCi/g sample)

Particle Size Fraction

} (vm)
Qo0 SUHH 4000 »4000° »>4000 1680-4000°
Kadionuclige Particle %A Particle 58 Particle SC Particle 50 Particle 5t Particle 5
bU, o 2.06 ¢ 0.36 E+!  4.51 + 0.:1 b+l 3,98 + 0.2k E¢1  2.1) + 0.25 1.20 ¢ 009 E+2 2.0/ + 0.19
o 6.. ¥ 0.3¢¢3 4.0 % 0.2 ¢+ 4.7 0.7 £43 6.2 0.5 43 3.2 50.2 €4/ 8.2 % 0.4 £+
Ok 1.20 ¥ v.21 k+: 1.25 3 D.0B £+3 1.04 7 0.07 Ev5  5.40 7 U.3b Eov 119 % p.ui 43 5.58 3 p.34 £2¢
1lomyq s T <-b T P <.
12545 9.11 ¢ 0.16 £41  1.47 + 010 £o¢  2.47 ¢ 0.o3 B¢ 3.1+ U.ZB Es]  3.00 ¢ 0.22 £+ .35 + 0.40 £
9 1.1+ 0.2 £-4 <.b 3.0% 0.9 -5 1.9 % 0.3 ¢-4 T.c 1.3%0.3¢-3
S Cs oo/ 023 k07 153 « g1l B¢l 9,55 % 478 2.25 ¥ 0.15 E+]1  6.78 + 0.55 2.9+ 0.18 £}
137¢s 2.14 2 0.38 €42 2.9530.20 £+ 1.64 3 0.11 £+2 6.893 U5 E+c 1.48 3 0.11 £+2  7.90 7 0.47 £+
44c, 3,607 0.65 €43 3.3 7 0.27 E+3 3.157 0.24 €43 1.81 3 (.13 E+3 2.137 0.17 £+3  1.86 % 0.12 £+3
154, oot DU ENL 5.4 3042 £0) 4273 0.32 641 .58 3012 €01 3823 0.29 €41 1.73 3 0.12 £+1
155¢ 1482 0.0y €+ 1,331 027t 1353007 ke BT 16641 593 2.0 641 7.4F 1.5 gel
1680- 4000 1680-4000 1000- 1680 1000- 1680° <1000°
Particle 5 Particle 5H Particle 5] Particle 5) Aliquot
b0co 3.10 % 0.18 E+1 --C b.5/ ¢ 0.40 E-} 1.09 + 0.18 5.53 + 0.34 £+
W, 5.0 7 0.2 £+1 --C 3.9 0.1 g+ 2.97 0.1 €+ T.C
06y, 6.937 0.38 t+, --¢ 1.44 7 0.09 €43 1.69 % 0.uy €43 6.55 2 0.40 £:
Clum, -b ..C —.b . .
74 X9 1.32 + 0.11 ¢} --€ 1.02 + 0.07 E+¢ Tl & 0,08 E+2 8.01 + 0.5 . 1!
ey 5.5% 0.8 £-4 --C c.b 5.8 % 0.9 E-5 T.c
134¢¢ 2.56 ~ 0.¢6 --¢ 3.17 4 0.0 £+1 3.9 % U.23 £+ 9.85 + 0.59 g+l
137¢g 3.78% 0.21 g4 --C 5.087 0.31 £+2 5.36 % 0.37 €40 1713 0.10 E+3
44 e 2.36 % 0.4 E+3 --C 3.5 % 0.5 £+ 3.40 7 0.26 £+43 2.28 7 (.17 £43
154¢ 2.9 % 0.18 £+1 --C 6.26 % U.4¢ 9] 6.23 + 0.45 g} 3.54 ¢+ 0.25 E+!
1554y 1.02 % 0.20 £+ --¢ 162 % 0.32 £+¢ 1.39 + 0.28 £+2 1.06 + 0.20 E+2

a. Lncertainty 1s ~5u3 because of problems assoclated with the analysis.
b. Mol cgetected.

€. ™ oreported tecauss a portion of the sample was lost in analysis,
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TABLE E-5. RESULTS OF RADIONUCLIDE ANALYSIS OF SAMPLE 6
(uCi/g sample)

’ Particle Size Fraction
(pm)
>4000 >4000 >4000 >4000 >4000 1680-4000 1680-4000 1680-4000
Radionuclide Particle bA Particle 6B Particle 6C Particle 6D Particle 6E Particle 6F Particle 66 Particle 6H

6o 6.07 + 0.67 1.66 + 0.09 3.34 + 0.23 --b 1.24 + 0.09 4.89 +0.35 9.3 + 2.1 E-] --D

90sr 3.5% 0.2 E+43 7.9 % 0.7 £+ 2.7F70.2 k42 2.3+0.1 1 3.8 % 0.4 £+] 1.5% 0.2 €42 1.4 0.1 EH] 1.19 + U.06 £+2
106y, 1.07 7 0.11 E+3  2.39 % 0.23 1.16 ¥ 0.07 E+2  9.15 ¥ 0.62 E+2 1.32 % 0.14 7.0+ 1.0 1.03 + E.oe E+3  8.05 * 0.45 t+2
1ompg b <.b <.b =.b <. —.b - b

}?3% 9.74 + 0.99 E+1  3.05 + 0.17 E+2  4.22 + 0.26 E+] 6,95 + 0.53 E+] 2.40 + 0.16 E+1  1.46 + 0.11 E+1  9.97 + 0.66 E+]1  8.16 * 0.50 E+]
13&1 1.6 ¥ 0.6 E-3 4.87 0.7 E-3 2.270.8E-5 6.64 70.07E-3 2.9%0.9E-5 1.6 0.4 £-4 3.5% 0.6 E-5  4.47 ¥ 0.06 E-4
1§7gs 3.90 F0.39 E+1  7.11 ¥ 0.4 9.73 ¥ 0.59 5.47 ¥ 0.38 £+1 2.22 ¥ 0.15 3.25 ¥ 0.20 E+1 1,69 ¥ 0.09 £+2  4.67 * 0.26 E+]
1aaLs 1.19 T 0.12 E+3  1.24 $0.07 €+3 1.82 T 0.11 €+2 1.30 ¥ 0.09 £+3 4.41 % 0.29 £+1  6.22 * 0.38 E+2 3.79 ¥ 0.2) E+3  1.07 ¥ 0.06 £+3

Ce 3.657 0.38 E+3  2.84 ¥ 0.98 €43 1.96 * 0.17 E+2  2.66 + 0.21 E+3  1.91 * 0.38 1.8 T 0.35 41 3.06 % 0.20 E+3  2.50 % 0.16 E+3
154y 2.88 ¥ 0.30 E+) --b 2.93 7 0.25 3.25 7 0.25 E+] - -- 4.3 T 0.28 E+1  2.46 % 0.16 £+]
155ty 1.51 7 0.30 £+2 2.21 + 0.88 E+1  1.03 7 0.07 £+1  1.16 ¥ 0.23 E+2 --b --b 1.37 # 0.27 E42 =-b
1000- 1680 1000- 1680 1000- 1680 707-1000 297-707° 149-297° 74-149° 30-74
Particle 6l Particle 6J Particle 6K Aliquot Aliquot Aliquot Al iquot Aliquot

60co 2.74 + 0,16 E+2  7.33 + 0.43 6.87 + 0.55 1.43 + 0,08 E+2  5.15 + 0.29 E+]  9.21 + 0.59 E+1  1.11 + 0.06 E+2  1.25 + 0.09 L+2

905r 3.870.2 E+2 1.4 7 0.6 E43 4.2 7 0.2 E+3 8.9F 0.4 E+1  1.14 3 0.05E+2 2.5 % 0.1 E43 2.3 % 0.1 £+3 2.6 % 0.) E+3
106y 2.64 7 0.16 £+3 2.92F 0.16 E+2  5.81 T 0.35 E+2 4.20 T 0.23 E+2  2.19 X 0.13 £+2  2.94 * 017 E42 3.74 1 g-21 42 5.23 % 0.37 ke
10mgg <-b b . =-b —.b . Tb - - --

1255 8.28 + 0.49 E+1 1.78 + 0.11 E+1  8.15 + 0.59 E+]  8.77 # 0.52 E+1 9.7 + 0.57 E+]  1.46 + 0.08 E+2  ].89 & 0.11 E+2  1.67 + 0.12 E42
129y 9.49 F0.03 £-4 2.1 F0.1 €5 1.2170.03E-3 5.0F0.1E-4 4.77F0.05E-4  6.730.3E-4 1.92%0.02E-3 2.4 0. £-3
134¢s 2.080.34 4.97 T 0.57 €-1 1.76 T 0.10 £+2  5.66 ¥ 0.31 £+41  5.82 ¥ 0.32 41  5.36 ¥ 0.30 £+1  4.81 % 0.27 E+] 5.00 ¥ 0.35 b+]
137¢5 2.9870.18t+1  1.107 0.06 E+1  4.06 ¥ 0.24 £+3  1.23 ¥ 0.07 E+3  1.13 ¥ 0.06 £+3  1.07 * 0.06 £+3 9,58 ¥ 0.53 E+2  9.54 ¥ 0.67 b+2
144 e 3.20 % 0.30 E+2  6.90F 0.44 £+2 3.48F 0.24 E+3  2.29 1 0.15 E+3  2.11 T0.15 E+3  1.40 7 0.09 €+3 1.27 ¥ 0.09 E+3  1.11 ¥ 0.09 £+3
154gy 5.04 * 0.64 1.34 ¥ 0.08 £+1 5.07 ¥ 0.34 E+] 3.63 ¥ 0.22 E+] 3.55 ¥ 0.22 E+]  2.16 * 0.14 E+] 2.4 70.14 E+1 1.83 F 0.14 4
155y - --C --C 1.07 ¥ 0.21 E+2  9.19 ¥ 1.80 E+]1 6.7 ¥ 1.3 E+] 7.87% 1.6 E+] 4.5 % 0.9 41

a. Uncertainty is ~30% because of problems associated with the analysis.

b. Not detected.

c. Not reported because of problems associated with the analysis.
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TABLE t-b. KESULTS Ut RAUIUNUCL JDE ANALYSIS OF SAMPLE 7
(uCi/g sample)

Particlie “ize Fraction

V1.0 S
=4000* 4000 »4000° 4000 4000* 1680-4000°
Radionuc! ige Perticle 7a Particle 78 Particle IC Faticle g Perticle 7t Particle It
50¢, 2.06 ¢ 0.0] i+, 1.49 ¢ .63 Lol Stk v 0.7% 2.00 ¢ 0,03 £ 491+ 0,11 ol 4.06 ¢ 0.3
I’“s' 5.35 7 0.5 1o} 2.33 7 .03 104 Y FECN 0 AN RF 1.58 7 0.1 o 2.7370.30 €4 1.3+ 0,10 L4
Too 1053 0.1 ke 88T 0 ke 8B T 0.y kel 1.04 30.01 k2 1.04 70,01 k03 2./5 7 U.28 (ol
b 5.11 3 0.66 £ 135 30010 0. 3,427 U.49 ot £.53 3 0.1 6} 9.97 7 0.45 o1 108 2 p.is b0l
vy -.b £.16 70,20 ¢-3 1.46 7 0.28 t-4 9.06 % 2,15 k-5 B.21 Y 2.0y -4 e
gy B.UD ¢ U4 b 2.02 7 0.05 1+ 9.50 ¥ 0,24 fo! 1.4z 70N 3.0 T 0.0 ke 2.27 4 0.t te)
:ﬁc; 1.47 % 0.01 to3 5.437 0.0/ te) 1,173 0.07 £} .17 30,03 102 7.46 5 0.4 Eoy 4.22 » 0.0¢ togz
(e 5.28 ¢ U] ks 2.02 + 0.3) ¢+ 2.7 ¢ 0.UY L .90 ¢ 0.31 92 3.26 ¢ 0.15 §+3 1.37 2 0.11 toes
I54g, 9.87% 1.1 g+! 2.04 U1 k01 5017 U5l ke 1.35 % 0.9 4397051 kel 2.66 7 0.20 £91
185¢y 2151020692 1,067 0.35 £+ TI3T 037t 204 Gk kel 1383 0.44 £y 5.2 7 1.7 €41
T A TekU- 4000 1000- 1680% 1000- i+ .* 1000- 1680 107-1000°
Partio e Farticie /N Partiv te 10 Particle 7J Particle 7% Aliguot
60¢o Fooh s 0,07 £ 5.75 + 0.53 5.98 + 0,4 117 ¢ 0.7y ¢! 3.6 ¢+ 0.4 5.43 ¢ 0.27
90y, B.67 % 1.4y f.96 T 0,6) Loy 9.51 7 0.y tey 3.97 7 0.36 £¢3 6,787 0.71 € 1.49 7 0.35 ey
:951.. 4.49 7 0.0 £ 9.139 0.4 ¢, 3.93 70,42 ¢ 576 % U0 e 5.06 ¥ 0.4 bl 9.7&;03510‘:
Sy 1.28 7 0.33 €41 1057 0,37 el 1.06 5 0.15 kot 2.3970.39 ¢! 1.14 70,16 £+1] s.u;g
Loss 5.28 ¢ 1.4 £-9 -.b 4.77 7 0.30 £-3 -.b 8.5 + 4,13 £-§ <
Y 6..6 + 0.12 £+ 6.60 ¢ 012 1 1.337 0.06 £+! 6.49 0,1/ ¢! 1.18 7 0.05 ¢+ .63 + 0,03
UL 1.110 + 0.005 t+3  1.410 < 0.006 £+3 2.6 7 0,02 ¢t~ 1.140 + 0.005 €¢3  2.1370.02 €-. 1.33 7 0.00 ¢~
44, 2.64 % 0,15 g3 (.64 % 0,15 €43 1.58 ¢ 0.10 £e) --b -.b 1.45 ¢ 0.07 (o3
341 4.60 7 0.57 K¢l 3.78 7 0.5) k1 2,707 0.31 €o1 5.52 + 0.51 £el 5.31 4 0.31 k1 2.2 50,09 10,
155¢y T.04 7 40 €. 8.872.9 ¢ 5.83 1.9 ¢ 1,22 7 .4 ke Lus T 036 E+0 6.2130.20 £
292-101 1! 74-144° 3p-74* 20-30 <20*
Aliquot Al iguot Al fquot Al fquot Aliquot Aliguot
v0co 131 ¢ 5. fol 1,14 4 0,30 oz 6.30 ¢ 0,11 ¢! 5.76 2 p.11 Lo 1.14 + 0.02 £+ 3.63 40,10 t-
LT 2.74 7 5oy el 3013034 by 5.39 2 0.67 £+ < 3.29 % 0.25 €43 Fod T 030 bey
My J.eb % 0,14 ¢} 2.957 1.47 (o7 1,45 % 0,05 e 1.21 2 0.07 42 8.09 % U4 o2 1.74 30,05 t-.
12ayp .5y 2 pe10 kel 1.037 0,06 tor 1,21 70,03 tor 2,703 0.38 (1 b J.ZJ7g 3¢
i B 2.0570.30t-4 4.5 7 1.33¢-4 --0 4.57 + 0.40 ¢ -4 ol
i 4.84 + 0.4 7.4470.18 (o} 4.75 3 0.09 tel 2.49 ¢ Uy Eel 3.90 5 0.1¢ ¢+ 1.63 ¢ 0.71 ¢91
Ry 1.0 7 0.08 : - 1.46 7 0.01 ¢+ 9.0730.03 ¢+ 8.76 3 0.03 £+7 7.7570.08 (-, 3.3 70.0¢ b
e 1.07 % 0.08 t+) 2.79 7 0.22 9] 1.6 3 001 B+ 1.0 % 0.12 £+ 2.1 54508 ¢ 9.6 % 10w ges
isdy, 1.84 4 0.10 £+ 5.20 3 0.76 t+ 2.86 + 0.31 {41 2.04 ¥ 0.41 g1 3.58 ¢ 0.50 ¢+ Toeg + 030 L
155¢, 423 14 1,057 4.3 £92 5.3% 1.7 ¢! EI I T 7.57 2.5 €0 3.3 e

4. Uncertainty !5 ~;uX because of problems svsociated with the analy.is.

b. Rot getectled,
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TABLE E-7. RESULTS OF GAMMA SPECTROSCOPY ANALYSIS OF SAMPLE 8
(uCi/g sample)

Particle Size Fraction

(wm)
) _ 40002 >4000 >40002 >4000 >4000 1680-4000
Radionuclide particle 9A Particle 98 Particle 9C particle 9D particie 9E particle 9F
60¢o 5.55 + 0,11 E+] --b 6.72 + 0.43 9.18 + 0.43 5.15 + 0.08 E+) 2.54 + 0.05 E+]
90sr 5.67 ¥ 0.61 E+3 --b 1.37 % 0.15 E+4 =c 5.31 % 0.51 E+3 1.59 ¥ 0.14 E+3
:Obku 8.297 0.14 £+2 --b 4.35 ¥ 0.56 E+]  3.370 + 0.004 E+3  6.60 ¥ 0.28 E+] 1.97 ¥ 0.14 E+]
12550 --C --b 2.09 F 0.26 E+] 2.11 7 0.24 41 3.23 ¥ 0.15 E+] 5.37 ¥ 0.67
I ..C ..b - - cC -.C -.c
H&?LS 5.19 + 0.12 E+1 --b 4.98 + 0.11 E+] 5.60 + 0.09 E+) 1.06 + 0.03 E+] 1.64 + 0.12
1oaCs 9.85 % 0.04 E+¢ --b 8.93 ¥ 0.04 E+2 9.85 ¥ 0.03 E+2 2.84 ¥ 0.01 E+2 3.67 T 0.04 £+
Ace 3.26 7 0.15 E+3 -.b 2.02 7 0.15 E+3 2.957 0.15 E+3 1.65 ¥ 0.09 E+3 9.94 ¥ 0.62 E+2
154y 5.41 % 0.51 E+] --0 3.98 ¥ 0.31 €41 5.41 % 0.31 E+] 1.33 % 0.20 E+] 1.43 ¥ 0.10 €41
155gy --C -0 7.7% 2.5 £ 1.13 7 0.37 €42 6.7F 2.2 E+ 5.7 % 1.9 £+
1680-40007 1680-4000 1000-1680° 1000-1680° 1000- 1680 707-1000
pParticle 8G Particle 8H Particle 8] pParticle 8J Particle 8K Aliquot
60co 6.40 + 0.75 3.95 + 0.11 E+] 1.53 + 0.14 £+] 12.3 + 0.4 E+) 1.07 + 0.05 E+] 5.14 + 0.08 E+]
90sr 9.62 F 1.01 £+3 5.47 7 0.61 E+3 1.29 7 0.09 €43 8.10 ¥ 0.81 E+3 1.03 T 0.10 E+4 2.43 ¥ 0.20 E+3
106y, 7.44 7 1.26 €+ 9.41 ¥ 0.14 €42 8.88 T 1.92 E+] 7.3% 1.7 3.51 ¥ 0.42 E+] 5.76 ¥ 0.28 E+)
1255p 5.36 ¥ 0.66 E+] 5.72 ¥ 0.32 £+] 3.82 7 0.91 £+ 6.15 ¥ 0.91 1.87 ¥ 0.26 E+ 2.49 7 0.15 E+]
129 3.83 F 1.34 E-4 T.¢ 5.08 % 1.86 E-5 =-C pts =.¢
134¢s 1.31 ¥ 0.02 E+2 1.25 + 0,71 £+ 1.36 ¥ 0.03 E+2 1.37 + 0.03 E+] 3.00 + 0.82 E+] 7.32 + 0.35
137¢s 2.350 7 0.009 E+3 2.07 7 0.02 E+2 2.51 F 0.13 £+3 2.54 ¥ 0.01 E+2 5.28 ¥ 0.03 E+2 1.80 ¥ 0.01 £+
144, 3.11 7 0.31 €43 3.7370.15 E43 2.54 F 0.5 €43 5.28 7 0.62 E+2 2.48 7 0.15 €+3 1.54 ¥ 0.09 E+3
154y, 5.41 ¥ 0.6 E+) 6.84 0.5 E+] 1.18 ¥ 0.11 €42 8.27 ¥ 0.12 4.70 ¥ 0.4] E+] 2.55 ¥ 0.20 E+1
155¢y 1.15 ¥ 0.38 E+2 1.47 ¥ 0.48 E+2 3.11 7 1.02 €42 1.56 ¥ 0.52 E+] 1.00 ¥ 0.33 E+2 6.6 ¥ 2.2 £+1
297-707° 149-297 74-149 30-74 20-30° <20
Aliguot Aliquot - Aliquot Aliquot Aliquot Aliquot Sweepingsa
50 2.63 + 0.53 E+1  4.48 + 0.11 E+]  9.39 + 0.2] E+1  8.86 + U.10 E+]1  8.85 + 0.15 7.68 + 0.21 €+ 8.22 + 0.21
905y 4817 0.51 E+3  3.26 ¥ 0.34 E+3  5.45F 0.57 E+3 5.7 ¥ 0.67 t+3  1.52 3 0.10 k+4  3.85 ¥ 0.40 E+3 7.84 ¥ 0.76 E+43
106g, 4.78 T 0.28 E+1  1.62 7 0.07 £+2  1.29 7 0.01 €+3  1.77 7 0.06 £+2  2.92 ¥ 0.01 k41 4.49 ¥ 0.11 E+2 6.46 F 0.14 £+
12545 .05 F 0.73 9.4370.36 E+1  3.18F 0.06 E+2  1.59 F 0.03 E+2 <- 1.75 ¥ 0.05 E+2 1.04  0.07 £+1
129) << T.C 1.89 ¥0.07 E-3 1,26 ¥ 0.12 E-3  1.80 + 0.29 E-3  6.8]1 ¥ 0.38 E-4 T.c
134, 3.66 + 0.24 2.92 +0.09 £+]  4.60 7 0.12 k+1  3.79 ¥ 0.08 E+1  4.30 ¥ 0.01 7.32 ¥ 0.12 €41 8.38 + 0.24
1374 6.60 ¥ U.06 £+1 5.69 F 0.03 £+2 9.65 F 0.04 E+2 7.70 T 0.03 E+2  8.950 ¥ 0.004 E+1 1.780 ¥ 0.006 E+3  1.700 ¥ 0.009 E+2
144ce 1,307 0.08 E+3  1.37 ¥ 0.12 E+3  1.857 0.14 £+43 1,37 + 0.11 E+3 157 + 1.33 k42 2.02 +0.15 E+3 5.12 % 0.31 £+2
154¢, 2557 0.20 E+1  2.1570.41 k41 3.47 7 0.41 £+1 2,15 F 0.31 £+41  2.92 ¥ 0.43 3.06 ¥ 0.51 £+ 9.30 ¥ 1.02
155y 5.3F 1.7 £41 8T 1.6 b+l 7.5 F 2.5 £+ 4.6 F 1.5 E+1 Pt b.8 T 2.2 £+ 2.02 F 0.6 E+]

—— e ——————

a. Uncertainly is a~30% because of problems associated with the analysis.
b. Mot reported because of problems associated with the analysis.

c¢. Not detected.




TABLE E-8.

RESULTS OF RADIONUCLIDE ANALYSIS OF SAMFIE v

(uCi/g sampie)

Particle Size fraction

not cetected.

Associated uncertainty is 30-501.

nt reported because of protlems associated with the snalysis,

(o)
300 +4000 »4000 - 4000 1680-4000
Ragiomac ! 1ae Particie 9A Particie 98 Particle 9C bartiiie 90 sertocle 9t

$0co 441 2 0,07 £ 9.80 ¢ 0.93 kol 3.42 2 0.1 Eo1 8.86 + 0.43 £o! $.72 2 0.16 &+ 4.45 + 0.0 £+
etk 5.57 7051 tor 6,13 5 0.61 & 4.69 2 04502 1.8 T 0.1 €o3 1.4 3030 £+8  6.36 5 0.67 £+
gy 5,217 0.03 t-. 2.54 7 0.08 £, 1.08 7 0,00 ke 4.65 ¥ 0.03 t+4 7.91 5 0.02 £+ 4.9 © 0.08 (2
12558 1.06 7 0.1 £+ 7.8 1.8 7.4 7 040 ¢ 5.68 7 e £e3 6.68 ¥ g 44 fo! 2307 0.3 €0
129, 9.23 7 1.35 (-4 T T4 Y TR 8 T4 T
ey 3.30 % v.28 5.42 + 0.40 1.58 + 0.08 ¢+ D¢ 2.08 + 0.10 1 1.37 » 0.0 £}
137¢y 5.2 7 0.5y Lot 9.77 7 0.08 2,657 0.0 €+ +0.30 € 3.90 7 (.02 £+ 2.6 70,02 £+2
4, 2.17 7 0.11 £e3 1.94 5 0.0 3.57 7015 €43 T8 3,737 0.5 €22 2.79 7 0.02 £-.
ol L) 1715 0.20 5 2607 0.2 $.72 7 0.51 £! -4 6.8 * 0.JJ B 4.29 T 0.41 (o1
S5¢y 7.4 7 2.59 ¢ 7.48 7 2.46 1517 0.50 Eo. . 1.48 - 0.48 ¢ -. 1,37 20,39 ¢ -

1680 - 4000 1680 -4000 1000- 1680 1000- 1680 41-1000

Particle 9% Particle 9M Particle 91 Perticie 8J i iguot
*co 5.76 + 0.24 €1 194 2 0.07 ¢ .00 + 0.01 €1 18 0.1 el - 6.62 » 0.21
05, 1602 0.16 £43  2.932 0.4 083 011 Ees S48 ¢ D8 e --€ 4.18 ¢ 0.38 £+3
lobg, 1.7 < 0.01 tot 3.55 ¢ 0.93 69 + 0.4 £, 1.67 % 0.03 €3 --¢ .93 7 0.14 ¢!
1254 107 70,02 i+ 1.2970.18 T T8 --c 2.1 5 0.1 ¢!
) 1.127 0.44 £-3 T.e -4 -8 --€ ce
iy T 4.46 ¢ 0.5) 4.01+ 0.83 3.42 2 0.12 &+ - 9.68 ¢ U4
7 2.7 ¢ 1.1 o1 7.97 3 0.0 6.07 % 0.10 to1 6.40 % 0.04 -7 -.€ 1.780 © 0.009 &+
Tade, T 1.5 7 0.4 P 4.97 7 0.3 ¢ .- 1.61 7 0.08 £+3
I T™ .8 2.95 7 2.4 7.76 + 0.71 £+ B.4B 7 (.6} b .- 2.76 7 0.20 :+°
155 -4 6.48 7z, --e c-e --¢ 6.7 2.0 kel

297-r0% 49.. 97" 74149 30-74 20-30 <20

Aliquot Al tguct Al iguot 1iguot Al iquot [
60( 4.0 » 0.20 &+ 4.03 + 0.06 71 2 0.03 b, * 0.07 te3 6.03 ¢+ G.08 Eo! 7.04 + 0.2 ¢+ 6.8) <« 0.11
K- 3.7 3 U.AU £ 6.07 - 0.5! .89 ¢ 0.29 b+ v 0.29 te3 2.8~ .55 T 05t e 5.8 % C.ay
H0by, 7.727 1.69 £+ 7.44 7 (.28 717 2.00 k! 70.07 t2 2.05 7 489 7 0 g 1B T 0.
125 <.e S.e <97 0.1 g 2 0.03 & 1.03 © =2 14170,
175, e .8 7.8 T.e - 1.06 » 0.50 €3 ©.03 + Q.
134¢¢ 3.16 + 0.0% E- 2.01 + 0.00 L1402 0.30 £ +0.07 &9 3.5 ¢ ge 8.85 % 0.23 t+1 2.15%0
B¢ 5.98 5 0.02 £+ 3.87 7 0.01 L3157 0,04 Eo 7 0.03 Eel 7.87 & Bel 2740 5 0.00BE-.  S.77 % 0
lade, 7.30°% 1,55 €+ 7.30 < 0.47 717 0.40 ¢, $ 0.01 gof 9.78 % te 2173 0.15 £3 l.ie v 0
LY P 1.33 7 0.3) ki TN 0410 ¢ RIEERY T 0.1 B+l 1.33% te 2.86 7 0.51 ¢+ 2.357 0.
195¢y 2.68 % 0.88 - 2.4070.79 ¢ 54 05T B  1.80 £} s o1 1.7 325 & 4.2,
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TABLE E-9.

RESULTS OF RADIONUCLIDE ANALYSIS OF SAMPLE 10
(uCi/g sample)

Particle Size Fraction

{um)
>4000 >4000 >4000 >4000 >4000 1680-40002
Radionuclide particle 10A particle 10B Particle 10C Particle 100 Particle 10E particle 10F
60¢q 9.07 + 0.53 1.95 + 0.08 E+] --b --c 1.28 + 0.11 E4] 9.60 + 0.45
905y 2.22F 0.23 E+4 9.67 ¥ 0.92 E+3 6.19 + 0.60 E+3 --C 4.62 ¥ 0.53 £43 1.59 7 0.76 E+3
106y 6.76 ¥ 0.11 E+2 8.57 ¥ 0.14 E+2 5.62 ¥ 0.28 E+2 --C 1.36 ¥ 0.03 E+3 7.37 ¥ 0.10 E+2
1255p 2.917 0.24 £4] 5.40 ¥ 0.37 £+ 9.94 ¥ 0.93 £+1 - 2.24 7 0.13 E+2 4.85 % 0.24 E+]
1297 b 7.53 ¥ 0.48 E-5 1.32 7 0.11 E-3 .- 9.25 ¥ 0.12 E-4 =
134¢s 1.12 + 0.05 E+1 1.39 ¥ 0.08 E+1 1.57 ¥ 0.02 £+2 --¢ 2.55 ¥ 0.05 E+2 1.08 + 0.07 E+]
137¢s 2.50 ¥ 0.02 E+2 2.63 7 0.02 E+2 4.38 7 0.01 E+3 - 4.00 ¥ 0.01 E+3 1.84 ¥ 0.01 E+2
144¢e 2.037 0.14 E+3 2.95 7 0.15 E+3 1.86 7 0.15 E+3 - 3.88 ¥ 0.31 E+3 2.21 7 011 E+3
154gy 2.86 % 0.8 E+] 4.39F 0.51 E+] 1.74 ¥ 0.31 E1 --c 7.46 ¥ 1.02 E+} 3.91 ¥ 0.31 £4)
155¢u 1.31 7 0.43 E+2 1.52 7 0.50 E+2 5.7F 1.9 E+ --C 1.66 ¥ 0.55 E+2 1.01 ¥ 0.16 E+2
1680-4000 1680-4000 1600- 16803 1000- 16802 1000- 16802 707-1000
Particle 10G particle 10H Particle 101 Particle 104 Particle 10K Aliguot
60¢o - 3.63 + 0.11 E+] 6.65 + 0.35 E+1 1.28 + 0.08 E+] 7.08 + 0.21 E+] 3.35 + 0.96 E+1
EUNS --c 9.11 % 1.01 €43 2.337 0.20 E+3 2.63 F 0.30 E+3 1.2370.11 E+4 5.78 ¥ 0.58 E+43
106 Ry --C 6.94 ¥ 0.13 £+2 3.15 ¥ 0.07 E+) 5.75 % 0.05 E+2 1.19 ¥ 0.01 €43 4.19 ¥ 1.2 E+2
12544 --¢ 2.75 7 0.27 E+] 5.90 ¥ 1.80 £+1 2.68 ¥ 0.13 E+] 1.49 % p-05 E+2 3.9 % p-31 E41
1291 --¢ 8.59 % 1.63 E-5 -0 1.16 ¥ 0.54 E-4 - s
134¢s - 8.38 ¥ 0.59 1.36 + 0.17 7.60 ¥ 0.03 1.79 + 0.09 E+] 3.49 + 0.11 E+]
137¢¢ --C 1.63 ¥ 0.02 E+2 2.37 ¥ 0.01 E+] 1.45 ¥ 0.01 E+2 3.15 ¥ 0.03 E+2 8.07 ¥ 0.03 E+2
144¢e -c 3.26 T 0.15 E+3 1.16 ¥ 0.07 E+3 1.47 7 0.07 £+3 3.11 T 0.15 £+3 1.88 7 0.14 £+3
154, -< 4.70 7 0.41 E+] 1.79 7 0.41 E+] 2.40 7 2.05 E+] 4.80 7 0.41 E+] 2.45 7 0.41 E41
155y - 1.43 7 0.47 E+2 5.60 F 1.85 E+1 7.10 ¥ 2.35 E+2 1.48 ¥ 0.49 E+2 7.47 2.4 £4)
297-707 149-297 74-149 30-74 <30 a
Aliquot Aligquot Aliquot Aliquot Aliquot Sweepings
60¢o 3.54 + 0.06 E+! 4.27 + 0.1 E+] 4.83 + 0.08 E+1 9.07 + 0.21 E+1 9.18 + 0.21 E+1 1.55 + 0.02 E+1
905 3.29 7 0.38 E+43 2.23 7 0.20 E+3 2.17 7 0.29 E+3 3.42 3 0.32 E+3 5.86 ¥ 0.58 E+3 6.07 ¥ 0.68 E+3
106g, 3.03 ¥ 0.04 E+2 1.57 % 0.07 E+2 2.40 ¥ 0.06 E+2 5.27 ¥ 0.11 E+2 8.57 % 0.14 42 6.46 ¥ 0.14 £+]
1255p 2.42 % 0.01 E42 8.87 ¥ 0.34 £+] -.b 1.06 ¥ 0.04 E+2 -- 2.75 7 0.07 E+]
129 1.69 ¥ 0.54 E-4 3.69F 1.07 E-4 --b 2.987 2.23 £-4 5.05 + 1.70 E-4 9.23 % 1.35 £-4
134 1.59 * 0.06 £+! 3.20 ¥ 0,09 E+1 2.11 + 0.59 E+1 3.52 7 0.11 €41 3.55 % 0.11 E+] 7.56 ¥ 0.12
137¢ 3.04 ¥ 0.0 £+2 6.71 7 0.03 E+2 4.30 7 0.02 E+2 7.20 ¥ 0.40 E+2 7.77 ¥ 0.40 E+2 1.71 7 0.61 E+2
Jaa g 1.63 7 0.07 E+3 8.85 F 0.93 £+42 b 1.86 ¥ 0.15 E43 2.17 7 0.15 £+3 3.57 % 0.15 E+2
e 2.11 7 0.50 E+] 1.23 7 0.3 £4) 2.15 + 0.20 £+) 2.76 ¥ 0.41 E+1 3.68 7 0.51 E+1 5.21 7 0.71
155¢y 5.25 % 1.75 E+1 2.96 ¥ 0.97 t+] T.b 6.9% 2.3 £+ 7.57F 2.5 E+] 1.17 ¥ 0.39 £+1

uncertainty s 30 to 50% because ot problems associated with the analysis.

Not getected.

Not reported because of problems associated with the analysis.
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TABLE £-10. RESULTS UF RADIONUCLIDE ANALYSIS OF SAMPLE 11
(uCi/y sample)

e e o i it Mt 5

Fart-gle Shre fraction

{erd
4000 >4000 >4000 4000 >40004 1680-40004
Kadlonuclide  va-ticle 1A Particle 118 Particle 11C Particle 110 FactioJe 118 Particle 11f
b0¢o 2.73 ¢ 0,05 t+) 195 4 0.US £l -.b --b -C 1.94 ¢ 0.0t 1]
90y, 3377 0.34 €42 2747 040 L ed .. --b .46 v 0.2 E4) 2.94 ¢ 0.03 (8
106, 4.37 7 0.08 2.49 7 . o, -0 ..b 2.6 7 0,08 (42 J.bb L 006 L
125y, 9.18 3 u.17 2.10 % 0.10 £+ --b .b 4.0/ T 0.28 600 319 T 006 gl
129, g e -b .-b 5.053 0.40 E-4  2.57 7 .12 t-5
134 2.95 ¢ 0.24 (o1 9.21 ¢ 0.3% --b -.b 3.23 7 0.08 b+l 1.10 7 0.05 b+
3¢y T.000 + 0,007 ket 1,733 0.00 kel b b 1.850 ¥ 0.0U5 ks 2.14 3 .01 Ees
44ce 1.46 7 0,07 1 T.U6 < 0,00 45 ..U -.b PR 1.32 7 0.08 143
oy 1,02 3 4110 0 1.4 --b - - 7.35 % 1,95
158¢, T < -b --b 3.66 ¢ 1.20 £+] P
1680- 4000 bHU- 40U 1000- 1hHi 1000- 1680 1000- 1680 2017-10009%
Particle 116 barticle 11H Particle 111 Perticle 11J Particle 10+ Aliguot
600 - Yool ¢+ 0.32 £-) 7.6 ¢ 03¢ --€ 9.61 + 0.53 1.14 + 0.4
% 9.31 » 6.9 tej 1.40 7 0.13 £+4 4.59 % g.5T Eey 7.64 ¢ 0.74 t+3 5.06 + 0.58 t+3 6.41 7 0.t/ kv,
1064, 9.13 7 6.4 g, 6.74 T 0. 14 Lo 3797 0.0% b/ 1.56 7 0.05 t+3 4.65 7 0,08 t+¢ 2.45 7 Q.04
1255 T 4117 g4z (! T.c 2.4« 7 0.20 - - 6.61 F0.25 ! 5.4 T 9.53
129¢ 3.7 % 0.28 £-4 4.4 7 0.32 L4 -.c T 1,737 0.51 £-4 -
134¢¢ BT 0,12 £ 2.957 0.12 £+1 1.49 + 0.23 5.08 ¢+ 0.83 t+7 9.92 % u.4s 1.02 + 0.16
¢y 1.640 7 0.007 E+3 .96 ¥ 0.05 €+ 3.48 7 0.51 fo] 9.28 % 0.03 £+ 3.03 7 v.ue b 2.17°7 (.05 €1
144, 2.64 5 0.15 €+ 2,027 0.15 €3  2.307 0.3} 3.6 70,47 Ev3 P T.¢
gy 3,472 0.51 kel 2.04 ¢+ Q.41 B0} 4.80 7 0.20 L+ .01 ¥ 701 L+l 1.33 ¢ ot -.€
1555 T.C 8./ 7 2.8¢+]) T.C T b ..C
¢ -TONM 149- .4/ 74-149 30-/4 <30 "
Aliguot Aliquot Aliguol o kitguet Aliguot ) Sweepings
bu o 6.40 ¢+ 0,21 1.01 + 0.02 £y 8.86 ¢ 0,21 t+! 1.59 ¢ 0.0J b2 PRSI VAV I 3.12 ¢ 0.53 ts!
ET I ) £.33 % 0.76 E+ 3.08 + U249 £43 3.64 + 0.40 t43 4.05 % 004 £e3 7.09 » 0.6/ te;
bg, B8.15 ¢+ 0.28 i+ 4,82 7 0,09 £+ 305 v 0.0 ko, 8.5/ v Ui b S, ¢ U.14 £+2 1.54 7 (.04 £+
1254p 1.23 7 0.08 v+l 1007 004 te, 1.81 7 4.05 b+ 2.01 7 0.07 E+ 3.3 V0.1 £e2 8.26 % 0.18 t+}
ey Py -.¢ 5.45 % 0.93 £-4 2.67 1.1 £.5 117 ¥ 0.1 ¢-3 6.05 % 1.9yt~
T I 5.31 ¢+ 0.36 4.60 ¢+ 0.11 o) 5.90 7 0.12 t+! 3.90 3 0,12 b 5.08 ¢ 0./4 t+! 2.67 3 0.05 t 1
137 1.010 < w.uu/ te2 102U T U.0U4 ko3 1,040 % 0,005 43 .40 T 0,05 Ls, 1.100 *+ 0.007 £+ 4.98 ¥ 0.02 Lo
144, ¢ Y.87 % .7 Eez --¢ 1.54 ¢ 0.4 e} 1.38 ¢ 0.15 b+ 1.29 4 0.20 1+ 1.15 * 0.00 ¢+
gy, 1.745 0.0 ¢! 2.25 2 0.4) Evd 2.35 7 u.4) ! 1.43 % 0.61 o} 1.43 ¢ u.ol E8) 1.43 5 0.20 £4)
155¢ 3.97 1.3 E-i 5.3 % 1.7 £+l 5.8+ 1.9 t+! 4.87% 1,65 (¢ 4.9 1.6t 5.9 17 e

4. Uncertainty is 30 to 503 because of problems sssociatea with the analysis,
b. it reported because of problems associated with the analysis.

t

c. M.' detected.
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TABLE E-11. FISSILE/FERTILE MATERIAL CONTENT OF TMI-2 CORE DEBRIS GRAB SAMPLES

Particle

Size particle/Aliquot
Fraction Fissile Fertile Enrichment Weight
(um) Particle/Aliquot (mg) (mg) (wt) (mg)
Sample 1
>4000 Particle 1A 2.4 + 0.1 E-] 7.5+0.1 3.0+ 0.4 84
>4000 Particle 18 2.2% 0.1 E-1 1.10 + 0.07 E+1 2.0%0.2 15
>4000 Particle 1C 1.4 0.1 E-1 5.2 % 0.9 2.6 ¥ 0.5 15
>4000 Particle 1D 1.4%0.1 E-] 5.4 ¥ 1.0 2.4 ¥ 0.5 7
>4000 Particle 1E 1.4 0.1 E-1 5.0 ¥ 0.9 2.6 ¥0.5 29
1680-4000 Particle 1F 2.6 + 0.1 E-1 1.08 + 0.09 E+] 2.3 +0.2 20
1680-4000 Particle 1G 1.6 + 0.1 E- 7.9 + 1.0 2.0 + 0.3 15
1680-4000 Particle 1H 4.2 + 0.2 E-1 1.5 + 0.1 £41 2.7 +0.2 33
1000-1680 particle 11 --a --a --a --a
1000- 1680 Particle 1J 3.2 + 0.1 E-1 1.48 + 0.9 E+] 2.240.2 24
1000- 1680 Particle 1K 2.5% 0.1 E-1 9.8 + 0.09 2.4 + 0.3 19
707-1000 Aliquot 3.7 £ 0.1 £ 1.68 + 0.09 E+] 2.2 0.2 26
297-707 Aliquot 4.0% 0.2 €] 1.65 ¥ 0.09 E+] 2.4 + 0.2 35
149-¢97 Aliguot 2.1 ¥0.2 E-1 8.8 + 0.9 2.3 +0.3 23
74-149 Aliquot 1.2+ 0.1 -1 4.8+ 0.8 2.270.4 12
30-74 Aliquot 7.5 % 0.1 E-2 3.2%0.8 2.3%0.7 10
Sample 3
>4000 Particle 3A 6.2 + 0.4 E-1 2.2 + 0.1 41 2.7+ 0.2 56
>4000 Particle 38 <1.6 -2 <0.7 -- 23
+4000 particle 3C --a --a --a 39
~4000 Particle 30 1.9 + 0.03 8.3 + 0.3 E+] 2.23 + 0.06 97
=>4uu0 Particle 3E 1.3 +0.02 5.8 +0.2 E#] 2,2 +'0.1 69
1680-4000 Particle 3F 3.8 + 0.1 E-1 --b --b 15
1680-4000 Particle 3G 8.2 + 0.1 E-2 2.8¢ 2.8 10
1680-4000 Particle 3H 9.8 7 0.1 E-2 4.8 + 1.0 2.0+ 0.5 14
1000- 1680 particle 31 4.6 + 0.1 E-1 --b --b 25
1000~ 1680 particle 3J 1.1 % 0.1 E-] 3.9+0.8 2.7+ 0.6 17
1000- 1680 Particle 3K 6.4 0.2 E-1 2.9 T 0.1 E+) 2.270.1 45
707-1000 Aliquot 4.3 +0.1 E-] 1.9 E+1€ 2.3¢ 30
2y7-707 Aliquot 2.2 +0.1E-1 8.7¢ 2.4¢ 18
18y-297 Aliquot 1.15 % 0.02 --b --b 114
74-149 Aliquot 1.7 + 0.1 E-] 7.0¢ 2.3 22
31-78 Aliquot 1.8% 0.1 £-1 6.4 + 1.0 2.6+ 0.4 25
2U-30 Aliquot 1.5 7 1.2 €-2 <l -- 4
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TABLE £-11. (continued)
rarticle

Se
Fract on Fissile

{p®) ParticlesAliguot {mg)
Sample 4
>4000 Particle 4A 4,6 + 0.7 t-1 1.Hb EelC
-4UU0 Varticle 48 .15 0.2t 5.6 4+ 0.9
4u00 Partici, 4C 5.9 % 0.1 ¢t-1 1.9
SRR Particle 4D 2.8 v 0.1 ¢ 1.0
Particle at 3.27 0.0 ¢ 1.
sﬂle S
Y 1) Particle 5A 2.3 ¢+ 0.1 -1 8
-4:000 Particle 58 5.5% 0.2 £-1 2.
>4000 Particle 5C .3 ¥ 0.1 E-1 1.
O Particle 50 5.4 < 0.1¢-1 1
AR Particle SE 2.3% 0.1 g-1 7.
1680-4000 Fartic'e SP 6.5+ 0.3E-1 2
1680~ 4000 article 56 s.a
1000~ 1680 Particle HH Q.1
100Q- ! Particle 51 4.1 «0.1¢-1 1.
1000- 1680 farticle 54 .
<1900 Aliquot 8.1 «+ 0.2 €-1 2.8 ¢
bﬂle b
<4 U0 Particle 6A 4.5+ 0.2 E-1 1.2 + + 0.
<400 Particle 68 4.017 S .8
<4000 Particle 6C 5.7 + 0.1 t-, <} .-4
<4ulU Particie 6D 5.6 v 0.1 ¢-! 1. + 0.2
<4000 Particle 6t .01 <l c.a
1680- < 00 Particle «F Q.01 <l .9
68U -4000 Particle 66 2.16 + 0.03 7.7+ 2.7 + 0.1
oo~ 4U00 Particle 6# 2.43 » 0.03 9.1+ .6 +0.1
1000~ 1680 Particle 61 1.2 2 0.1 E-1 3.3 3.4 4 0.9
1000- 1680 Facticle 6J 2.870.1¢-1 8.7 % 1.1 7 0.4
- 1680 Particlie 6K 9.+ 0.2 ¢€-1 3.3 2.7+ 0.1
707- 1000 Al Guct 2.08 ¢+ 0.02 8.1 M 2.5+ 0.1
£97-707 Aliquot 1.72 7 0.03 7.37 2.170.1
149-297 Aliquot 1.36 7 0.05 5.17% 2.6 7 0.1
74-149 Aliquot 7.940.02 £-) 333 23700
30-74 Aliquot 1.6 + 0.1 £-1 5.1 % 2.9 7 0.5

Perticle/Aliquot
We ight
ATy

22

7
38
14
H

n
26
4
r
21

3y
89

37
24

43

12
65
40
25
26

33
94
101

41
71
4)

134
130
13%
87
22
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TABLE E-11. (continued)

Particle

Size Particle/Aliquot
Fraction Fissile Fertile Enrichment Weight

{um) Particle/Aliquot {mg) {mg) (wt%) (mg)
Sample 7
>4000 Particle 7A 1.1 + 0.1 E-] 4.8+ 0.8 2.2+ 0.4 7
>4000 particle 7B 2.4% 0.1 E-1 9.2 % 0.8 2.5% 0.2 1
>4000 Particle 7C 1.1 70,1 E-1 4.6 ¥ 0.7 2.270.4 6
>4000 Particle 7D P =-¢ --c n
>4000 particle 7E 9.1 + 0.1 E-2 1.7+ 0.7 4.9+ 1.9 4
1680-4000 Particle 7F 1.9 + 0.1 E-2 9.2 + 6.6 E-1 2.0 + 0.2 3
1680-4000 Particle 76 1.8 % 0.1 E-1 8.5+ 0.7 2.0% 0.2 13
1680-4000 Particle 7H 3.2 ¥ 0.1 E-1 1.00 + 0.08 E+] 3.170.3 14
1000- 1680 particle 71 2.6+ 0.1 E-2 1.5 + 0.7 1.7 414 3
1000- 1680 Particle 7J 7.8 0.1 E-2 3.5%0.7 2.2%0.5 5
1000- 1680 particle 7K 1.6 ¥ 0.1 E-1 6.6 + 0.7 2.3%0.3 10
707-1000 Aliquot 2.6 + 0.1 E-1 1.21 +0.08 E+1 2.2 0.2 29
297-707 Aliquot 5.2 ¥ 0.1 E-2 3.6 ¥ 0.7 1.4 ¥ 0.4 7
149-297 Aliquot --a =-a =-a 6
74-149 Aliguot 5.2 +0.1 E-2 3.4 + 0.7 1.5 + 0.4 4
30-74 Aliquot 1.3 % 0.1 E-2 1.1 ¥0.7 1.2 % 1.2 2
20-30 Aliquot 5.4 ¥0.1 E-2 2.470.7 2.2%0.8 4
<20 Aliquot 1.6 ¥+ 0.1 E-2 <1 --a 2
Sample 8
>4000 pParticle 8A 9.9+ 0.1 E-2 5.3+0.8 1.8+ 0.3 13
>4000 Particle 88 3.0% 0.1 E-1 1.05 % 0.08 £+ 2.8% 0.2 13
>4000 particle 8C 5.9 % 0.1 E-2 2.3% 0.7 2.5%0.9 6
>4000 Particle 8D 7.770.1 E-2 4.1 %¥0.7 1.8 % 0.4 4d
>4000 Particle 8E 1.3 7 0.1 E-1 5.9 % 0.8 2.1%0.3 59
1680-4000 Particle 8F 1.1 + 0.1 g1 5.0 + 0.8 2.0+ 0.4 7
1680-4000 particle 86G 5.270.1 E-2 3.3%70.7 1.5%70.5 3d
1680-4000 Particle 8H 1.1 0.1 E-1 5.4 ¥0.8 2.0%0.4 5d
1000- 1680 particle 81 5.1+ 0.1E-2 3.8+ 0.8 1.3+0.4 1
1000- 1680 Particle 8J 1,07 1.2 E-2 1.8 ¥ 0.7 --C 5
}000- 1680 particle 8K 1.2 7 0.1 E-1 4.9%70.7 2.4 + 0.4 8
707-1000 Aliquot 4.2 + 1.2 E-2 2.3+0.7 1.8+0.8 5
247-707 Aliquot 4.9% 1.2 £-2 3.0% 0.7 1.6 ¥ 0.6 6
149-297 Aliquot 7.7%1.2€E-2 3.4%0.8 2.270.6 8
74-149 Aliquot 2.3% 0.1 €] 9.1% 0.8 2.5%0.3 19
30-74 Aliguot 3.4 % 1,2 E-2 1.9 ¥ 0.7 1.7%0.9 4
20-30 Aliquot 6.4 % 1.2 E-2 1.9% 0.8 3.3% 1.4 7
<20 Aliguot 1.6 ¥ 0.1 E-1 6.2 %0.8 2.5%70.4 9
Sweepings Aliquot 1.2+ 0.1 E-1 5.6 + 0.8 2.0+ 0.3 9
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TABLE t-11. (continued)
Particle

L tre Particle/Al iquot
fraction Fissile tertite Enrt: et We lght
UL} . Pt e At (o9) (=9} AALTIN S . T E—
Semple 9

ERYY Particle 9A 2.6+ 0.1 -1 9.7+ 0.8 2.6+ 0.2 20
4o Particie 98 5.3 % 0.l g-! 2.02 + 0.0y £ 2.6+ 0.1 33
R Particle v 1.40 ¢ 0.03 .8 ¢+ 0.1 ke .86 v O.U) b4
A0 Particle 90 .01 S T.a 7
doen Particie yt 6.6+ 0.1¢-2 2.4 ¢ 0.1 g4 2.7+ 0.1 30
log- 4000 Particle 9F .7+ 0.0 0 71.5+0.8 2.2 + 0.3 9
1680-4000 Particiv 94 0.01 1.2+ 0.7 -.. 5
1680-4000 Particle 9n 9.7+ 0.1 £-2 4.7+ 0.8 2.0 2 0.8 9
1000~ 1680 Particle v 1.2 ¢+ 0.1 E-] 3.8 +0.8 3.0+ 0.6 28
1000 - 1680 Particle 4. 1.3 0.1 e+ 6.7+ 0.8 2.0+ 0.3 8
1 0U0- 1680 Part cle v <.8 PRL T.8 .8
107-1000 Aliquot 1.0+ 0.1 £-1 3.2+ 0.8 3.140.8 9
292-707 Aliquot 0.1 1.3+ 0.7 --: 2
145.,97 Aliquot 4.0+ 0.1 (-2 2.0+ 0.7 1.9 ¢« 0.9 8
74-149 Aliguot 6.4 7 0.1 E-2 2570 2.570.8 ?
30-74 Allquot tor v 0.1 -1 4.7 + 0.7 2.4 ¢ 0.4 12
20-30 Aliquot 4.870.1€-2 1.8 7 0.7 2.6 7 1.2 7
<20 Al iquot 1.6 + 0.1 -1 7.5 0.8 ¢.0+0.3 10
sweepings .- 5.9« 1.2 E-2 3.+ 0.7 1.7 ¢ 0.5 7
i A
+4000 Particle 10A 2.06 ¢+ 0.03 1.10 ¢ 0.G2 E+. 1.83 ¢+ 0.05 131
4000 Particle 108 1.53 + 0.03 5.2 3 0.1 ¢4} 2,66 3 0.UY 66
>4000 Particle 10C 3.21 + 0.0% 1.21 +0.03 €42 2.5 + 0.06 153
4000 Particle 10U 1.14 % 0,02 3.8BF 0.1 re .3 * 0.1 a4
4000 particle Ut .11 + 0.02 4.5+ 0.t} 2.41 + 0.08 58
1 680~ 4000 perticle 10f 1.4 » g.0) E-) 7.7 0.8 1.810.2 12
16604000 varticle 106 4.7 +0.) -] 1.6 » 0.09 £41 2.8 +0.2 18

- 40U Farticle UM 4.0 + 0.1 E-! 1.74 ¢« 0.08 t+1 2.0 0.1 22
10u0- 1680 Particle 101 8.0 ¢+ 1.0 E-2 5.8 +0.8 1.4 + 0.3 10
1U00- 1680 Particle 10J 1.5+ 0.1 -1 5.4 v 0.7 2.8 ¢ 0.8 0
1000- ;&1 Farticle 10K 2.7+ 0.0 ¢ 1.13 + 0.08 ¢! 2.310.2 12
707-1000 Aliquot 6.3 4 0.2 E-) 2.67 + 0.9 €41 2.3+ 0.1 4]
TRy SN At 9.7 ¥ 1.2 E-¢ 3.6 2 0.7 2.6 3 U.b 8
149-24/ Aliguot 1.2 7 1,2 6.2 1.7 v 0.7 - 2
ISR Aliguot 4,07 1.2¢€-2 9.1 v 1.2 -1} 4.0 4 3./ 7
i0-74 Aliguot 2.470.1 4.5 70.8 CAT 0. 17
Z-30 Aliguot 2.470,1 €-1 1.01 7 0,08 £+ 2.31 0.2 15
weepings Aliquot 3.0 » 1.2 E-2 1.6 + 0.7 1.7%0.9 14
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TABLE E-11. (continued)

particle

Size particle/Aliquot
Fraction Fissile Fertile Enrichment Weight

{um) Particle/Aliquot (mg) (mg) (wt%) (mg)
Sample 11
>4000 Particle 11A 1.8 + 0.1 E-} 6.4 + 0.7 2.8 +0.4 69
>4000 Particle 11B 2.4 ¥ 0.1 E-1 1.08 ¥ 0.08 E+1 2.270.2 15
>4000 Particle 11C 1.1 7 0.1 E-1 6.4 ¥0.7 1.6 0.3 5d
>4000 Particle 11D 3.0 F1.2 E-2 2.4 7 0.7 1.270.6 1d
>4000 particle 11E 1.3% 0.1 E-1 5.7% 0.7 2.2%0.3 7
1680-4000 Particle 11F 3.7 + 0.1 E-1 1.46 + 0.08 E+] 2.5 + 0.2 20
1680-4000 particle 116 2.6 ¥ 0.1 E-] 9.4 + 0.8 2.7+0.3 10
1680-4000 Particle 11H 3.4 0.1 £-1 1.21 ¥ 0.08 E+1 2.8%0.2 15
1000-1680 Particle 111 1.0 + 0.1 E-! 5.3 + 0.7 1.8 + 0.3 6
1000- 1680 Particle 11J 2.6 ¥+ 0.1 E-1 1.04 ¥ 0.08 E+1 2.5%0.2 10
1000- 1680 particle 11K 1.9 % 0.1 E-1 8.1+0.8 2.3%0.3 9
707-1000 Aliquot <0.01 1.9 + 0.7 --a 3
297-707 Aliquot 6.7+ 1.2 E-2 3.5% 0.7 1.9 +0.5 8
149-297 Aliquot 7.5 % 1.2 E=2 2.8 ¥ 0.7 2.6 70.8 ° 7
74-149 Aliguat 5.3 F 1.2 E-2 3.3% 0.7 1.6 ¥ 0.5 5
30-74 Aliquot 5.5 % 1.2 E-2 2.7%0.8 2.0+ 0.7 b
20-30 Aliquot 3.4F 1.2 E-2 2.27%0.7 1.5% 0.7 3
Sweepings Aliquot 1.0 + 0.1 E-1 4.2 + 0.7 2.4 + 0.5 8

a. Not measured.

b. Not reported because of problems associated with the analysis.
c. Calculated based on mass spectrometry enrichment analysis.

d. Uncertainty is ~50% because of small sample weights.
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TABLE t-1c.

RADIONUCLIUEL CUNCENTRATIUNS OF THE [K.OLLBIE PORTIONS Uf THE

KECUMbINED BULK SAMPLES FKUM THE
H8 AND E9 CORE LOCATIUNS
(uCi/g insoluble material)

H8 Location
Sample | Sample 3 Sample 8 Sample 9
M agionuc ! foe (A2 ) demple ] (.20 g)° {0.60 9;° — )
;60:.0 3.91 ¢ 0.05 €1 .-b 1.9k v 4.04 1.97 + 0.04 1.36 + 0.03
'%u 9.36 + 0.4 Eol ..b 1.88 ¢ 0.4 gol 7.u6 2 0.21 Y45 e 0.08 £9!
31535 6.4 + 0.27 .-b 1,10 » 0.4 1.81 ¢« 0.20 -1 s e 0,39 -
:’;Cx 4.2+ 1.0¢-: .-b 9.0 + 1.8 (-2 5.82 ¢ 0.9) f-7 2.81 ¢ 0.76 E-1
B, 9.52 + 0.19 ..b 2.54 ¢ 0.03 1.27 + 0.02 5.74 + 0.0%
i“Ce 1.78 + 0.28 o7 .-b 1.31 + 0.08 t+¢ 4.06 + 0.38 £o! 1.78 + 0.28 ¢ +1
's‘u 2.12 + 0.22 -.b 2.21 + 0.07 4.81:0.3) (-1 2.1 . 0.25 ¢-!
5% 5.3: 1.8 .-b 3.4 ¢ 1.1 V.12, 0.37 9,2+ 1.7 E-1
E9 Location
Sample ¢ Sample 6 Sample 10 Sample 1!
(.09 g)¢ Sample & 1.5 )¢ gt {15 9)°
‘!"ug: 1.45 + 0.06 £+ -b 3.0+ 0.13 5.27 ¢ 0.06 2.15 « 0.04
Uy, 2.67 + 0.0 £+3 -.b 7.3 ¢ 0,05 (92 1.34 - 0.0 g+2 2.14 + 0.04 ¢+
) 1,37 £ 0,15 £} --b 7.41:0.32 3.28 ¢ 0.08 2.40 + 0.06
R .- .-b -aC 1.19 1+ 0.03 2.76 + 0.18 £-1
s 317 2 0.3% --b .72 - 012 2.59 2 0.01 g+! 5.67 « 0.05
. 6.42 + 0.31 o3 --b 2.00 + 0.22 ¢+ 2.59 « 0.34 E+] b.cy v 0.51 ¢
) 1.02 » 0.U3 E+0 .- 2.61 2 0.26 2.68 « 0.35 -1 7.46 ¢ 4, E-)
55, 1.91 + G.63 £42 --b 6.9+ 2.3 b.b e 2.2 E-1 1.76 » 0.58
4. Orams of insgoluble raterial,
b. 4. insoiuble -:'.-1fal.,

C.

het detecled.
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APPENDIX ¥
TMI-2 CORE NODULAR ORIGEN-2 CALCULATIUN'

Core 1nventory calculations using the ORIutN-/ code have been made
based on the average Lurnup estimates for the TM-2 core.b Therefore, to
provide a more accurate estimate of radionuclide frventorfes and concentra-
tions in the core, the 177 individual assembly power histories were obtained
trom GPU Nuclear Inc. Figure F-1 shows the gria location, faentification,
ana initial enrichment at each location.

It was geterminea trum the initial data that a burnup sunmary map could
be ceveloped fur the TMI-2 core. For this analysis, the axial core height
(~3.9 m) was aividead into seven arbitrary axial zones, each 55.6 cm in
hefynt. The average burnup then was calculated to- each of the seven axial
cvnes of each assembly, a tota! ot 1239 nodes.

The burnup nodes were then dividea into four subgroups for each initia’
enrichment group (1.98%, 2.64%, and 2.u&% 2350 enrichment). Table F-1
shows the number .1 burnup nodes in each subgroup, the initial enrichment,
number of metric tons of uranium (235U + 238U) fn each group, the
average burnup (Mwd/MTU) for each group, and the maximum ang minimum burnup
zones for each group. Figures F-2 through F-8 show the burnup for all fuel
assemb ies in the seven axial burnup zones.

Table F-2 lists the full core and inftial enrichment zone radionuclide
fnyentorfes tor April 1, 1984, the date used for decay correction purposes
for the measured radfonuciide concentration. Table F-3 contains the average
radiunucliae concentrations for the entire core and each enrichment group.
Tables F-4 through F-6 give the raaionuc!ide concentrations for each ot the
fnaivigual turnup subgroups.

a. B. G. Schnitzler ana J. b. Briggs, THi-. Isotopic Inventory (alcuiations,
EGG-PBS-6798, July 1985 (draft).

b. K. J. Lavis et al., Radionuc!ive Mass Balance for the TM]-2 Accident:
Uata through 197y and Preiiminary Assessment of Uncertainties, GLND-INF-047,
November 1984 .
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FABLE F-1. TMI-2 REACTOR CORE FUEL NODE SUMMARY

Number Inttial Inttial Average Minimum Maximum
Fuel of Fuel Enrichment Urantum Burnup Burnup Burnup
Group Nodes {wWt%) {metric tdn) (MWd/MTU ) (MWA/MTU) {MWd/MTU )
1 72 1.98 4.7684 1863 1436 2240
2 68 1.98 4.5035 2746 2488 3158
3 152 1.98 10.067 3637 3190 4021
4 100 1.98 6.6228 439) 4087 4905
5 105 2.64 6.9540 2239 1647 214
6 16 2.64 5.0334 3552 2810 2890
7 230 2.64 15.233 4315 3907 4952
8 16 2.64 1.0597 5465 5227 6213
9 136 2.96 9.00M 1548 910 2020
10 164 2.96 10.861 2644 2100 3143
N 16 2.96 5.033¢ 3554 3261 4192
12 44 2

.96 2.9140 4878 4453 5572
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Figure F-2. TMI-2 burnup for Axial Level 1 of 7 (levels numbered from
top of core).
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Figure F-3. TMI-2 burnup for Axial Level 2 ut 7 (levels numbered from
top of core).
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Figure F-4. TMI-2 burnup for Axial Level 3 of 7 (levels numbered from

top of core).
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Figure F-6. TMI-2 burnup for Axial Level 5 of 7 (levels numbered from

top of core).
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Figure F-7. TMI-. burnup for Axial Level 6 uf 7 ('evels numbered trom
top of cure).
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Figure F-8. TMI-2 burnup for Axial Level 7 of 7 (levels numbered from

top of core).
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APPENDIX
SURFACE AREA CALCULATION FOR PARTICLE SIZE FRACTIONS

Surface area ratios were calculated for particle size fractions sieved
from the T~]-2 core debris grab samples. The results of the calculation
were used fur cvaiuating the correlation between the surface area of
particie sfze t-actions and element fission product concentrations measured
for the samples. For the calculationa! model, particles were assumed to
have similar shapes and a constant particle density. The specific surface
area ratio aifference between the minimum particle size fraction (30 to

74 .m) and the maximum (1680 to 4000 um) fraction is approximately a
factor of 50.

Assumptions for Surface Area Calculation

Assumptions
1. Particle shapes are approximated to be similar.

2. Particie density is constant for individual particles.

3. Particle size distribution is described to be ‘ogarithmically
1inear for cumulative weight fraction and particle size.

4. Effective diameter represents particie size.

Nomenclature
F = Cumulative wefght fraction for a certain particle size
R = Particie size (effective diameter) in um
5 s surtace area of afstinct particle (cmz)

6-3



a,b

=<

Formulation

Weight of distinct particle (mg)

Effective particle density used in the relationship

between W and R

Etfective surface area coefficient used in the
relationship between S and R

Particle size distribution coefficients used in the
relationship between F and R

Total weight of all particle size fractions (mg)
Number of particles in the diameter range from x to y

Surface area of particles in the diameter range from x to y
(cm?)

Identification for a certain particle size fraction

Average specific surface area for a certain particle size
fraction i (cm2)

Average specific surface area for all particle size
fractions (cmz).

From Assumption 3, the relationship between F (cumulative weight
fraction) and R (effective diameter) can be described as

(1)

where a and b are determined from the relationship between F and R.



The weight (W) and surface area (S) of a particle with diameter R can
be approximated as foliows:

W = DR (2)

S = kK (3)
where U and k are assumed to be constant.

The number ur particles included in the diameter range from R to R +
dR is derived from Equations 1 and 2, and the total sample weight (T).

dF = abRb-]dR
x +dR TaF
NR ¢-——§
dR
_ Tab ,b-4
--D—R dR (4)

The surface area of particies included in the above diameter range is
described as

x+dk . 2 R+dR

kR™ . NR

. kTab pb-2

The average specific surface area for particle size fraction i can be
gerived as follows:

r

4
A' = Arf? / TLF(riz) = F(ri])J
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r.
i2
_ kTab b 2 b

"i1

When b = 1,

. Joalryp/rsy)

Ti2 = i

and when b $ 1,

b-1  b-l
b iz = ™)

- k L ] [ ]
Ri =5 "5 b b

Ti2 = "1

where i1 and i indicate the diameter range of the particle size

fraction 1.

(6)

(7)

The specific surface area averaged for all particle size fractions may
be used as a normalization standard.

When b = 1,
C = k. ]og(rmax m1n)
D "max = "min

1og(r /r ) r

max

r .
min

A / Tg(?‘ max m1n) .

Tiz = il

G-6
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when b ¢ 1,

max min

r -r_.
max min

b= b-1 b b

- . i T ) max _ min

Ai/L r L“‘ r b-: b b
max “ "min Tio = Ty

Application to Grab Sample Particle Size Distribution

The particle size distribution coefficient b in Equation (1) can be
determined for the core debris grab samples (See Figure 15 of
Reference G-1) by

,0.59  0.59 .59 .59
iz - ' max  min
MO T T T
-r r. -r
max min i2 i3

Resuits of the application to the core debris grab sample particle
sfze aistribution are shown in the Table G-1.

TABLE G-1. hunMeiiZED SURFACE AREA FOR TMI-2 CORE DEBRIS GRAB SAMPLES

(9)

Particie Size Kange Normalized
(um) Surface Area per Unit Mass

" "i2 (30 pmza {ou .m )V
1680 4000 0.57 0.56
1000 1680 1.18 1.17
707 1000 1.85 1.83
297 707 3.21 3.17
149 9?7 7.16 7.07

74 149 14.3 4.

30 74 31.0 30.6

20 30 -- 62.4

a. For samples sieved to 30 um.

b. Ffor sampies sfeved to 20 um.
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THERMAL ANALYSIS OF "MI-2 CORE DEBRIS SAMPLES

Differential thermal analyses (DTA) have been conducted on seven samples
of core debris from Three Mile Island Unit 2 (TMI-2). The samples were
received from ), 4. Akers of E£G&G !daho on August 23, 1984, The attached
table surmarizes the appearances of :ne samples.

tach sample was heated from $2°C to 1000°C at 10 deg/min while monitoring
the heat energy befng absorbed or produced by the sample, using a Perkin-
Elmer DTA 1700 DTA System. Each sample was packaged separately in a
small glass vial and weighed in the range 10-20 mg. Each sample was
consumed conpletely in the test, leaving a dark powder residue.

The attached figures give the DTA resuits. The samples generallv showed
1ittle or no thermal activity. In exception, sample #262 gave a large
broad exotherm of 76: cal/g, spanning nearly 500 degrees, starting at
about 550°C. This exotherm is at much greater temperatures than those
obser.:: ‘or samples of zirconium powder and partially oxidized zirconium
powder (Reference). I[f the exotherm is due to the oxtdation of :irconium,
the zirconium must be coated with a thick non-combustible (oxide?) layer
which protects 1t at lower temperatures.

-

Samples #245 and Sp1 +5 both :rowe’ about 100 cal/g of exothermic activity
in the 200-600°C region, with most of it occurring in a peak from about
550°C to 600°C. Similar activity, but greatly reduced in magnitude,

=25 also observed in sample #247.

*Blank® runs, conducted in the same way (except without samples) have been
included in the figures to demonstrate the baseline and run-to-run varia-
tfon inherent fn the measurement method.
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SD-WM-TitP-009

TABLE

Appearance of Sample Materials As Received

Sample Appearance
#245 single, black, obsidian-1ike particle
#246 one large black particle plus black fines
#247 single, black, obsidian-like particle
#258 single brownish shard
#262 single black particle
#265 single black obsidian-like particle

Spl #5 single black particle plus black fines
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