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Abstract

Six of the fourteen instrument tube nozzles extracted from the TMI-2
lower head were examined at Argonne National Laboratory to provide information
on their metallurgical state, on interactions with core debris that made its
way to the lower head, and on penetration of the core debris into the nozzles.
The objectives of the examinations were to determine the temperatures near the
lower head, the mechanisms, modes, and extent of nozzle degradation to evalu-
ate the challenge to the lower head containment boundary, and contribute to
the generation of a scenario for fuel movement on the lower head. The exami-
nation techniques were visual examination, gamma scanning, metallography, mi-
crohardness measurements, and scanning electron microscopy-energy dispersive
X-ray (SEM-EDX) analysis.

The results of the examinations indicate that some nozzles were melted
off by interaction with molten core debris, whereas others were only thermally
affected by contact with core debris, some of which attached itself to nozzle
surfaces. The elevations at which the nozzles were melted off suggest that
the 1iquid core debris was atop a crust of solidified material that apparently
generally insulated the reactor vessel from the hottest debris. The pattern
of nozzle degradation was consistent with the location of a hot spot in the
vessel at the E7-8/F7-8 location as determined by metallurgical examination of
the vessel steel samples by others. Based on the severe damage to some noz-
zles and not to others in relatively close proximity, it can be concluded that
the flow of material across the lower head was multi-directional and not uni-
fied. It is believed that a significant portion of the core debris moved
across the lower head, from the east and southeast toward the hot spot, in a
lava-like flow, the basal crust insulating the vessel and the lower portions
of the nozzles. The finding of significant quantities of control assembly ma-
terials (Ag, Cd, In, Zr, Fe, and Cr without U) in the nozzle material and on
nozzle surfaces indicates their presence on the lower head prior to the mas-
sive relocation of core debris 226 minutes into the accident.
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Foreword

The contents of this report were developed as part of the Three Mile
Island Unit 2 Vessel Investigation Project. This project is jointly sponsored
by eleven countries under the auspices of the Nuclear Energy Agency of the
Organisation for Economic Cooperation and Development. The eleven sponsoring
organizations are:

The Centre d'Etuces d'Energie Nucléaires of Belgium,
The Sdteilyturvakeskus of Finland,

The commissariat & 1'Energie Atomique of France,

The Gesellschaft flir Reaktorsicherheit mbH of Germany,
The Comitato Nazionale per La Ricerca e per Lo Sviluppo Dell’
Energia Nucleare e Delle Energie Alternative of Italy,
The Japan Atomic Energy Research Institute,

The Consejo de Seguridad Nuclear of Spain,

The Statens Kdrnkraftinspektion of Sweden,

The Office Fédéral de 1'Energie of Switzerland,

AEA Technology of the United Kingdom and

The United States Nuclear Regulatory Commission.

* % A A *

* % % A o *

The primary objectives of the Nuclear Energy Agency (NEA) are to promote
cooperation between its Member governments on the safety and regulatory aspects
of nuclear development, and on assessing the future role of nuclear energy as a
contributor to economic progress.

This is achieved by:

-encouraging harmonisation of governments' regulatory policies and
practices in the nuclear field, with particular reference to the safety
of nuclear installations, protection of man against ionising radiation
and preservation of the environment, radioactive waste management, and
nuclear third party liability and insurance;

-keeping under review the technical and economic characteristics of
nuclear power growth and of the nuclear fuel cycle, and assessing demand
and supply for the different phases of the nuclear fuel cycle and the
potential future contribution of nuclear power to overall energy demand;

-developing exchanges of scientific and technical information on nuclear
energy, particularly through participation in common services;

-setting up international research and development programmes and
undertakings jointly organized and operated by OECD countries.

In these and related tasks, NEA works in close collaboration with the
International Atomic Energy Agency in Vienna, with which it has concluded a
Cooperation Agreement, as well as with other international organisations in the
nuclear field.

xi



Acknowledgments

The authors acknowledge the unstinting support and patience of A. Rubin,
C. Serpan, and E. Hackett during the course of this work. The endeavors of
J. Sanecki for his consultations on analytical results; D. Pushis, W. Kettman,
F. Pausche, D. Evans, and L. Essenmacher for photography, specimen prepara-
tion, and metallography: and E. Hartig for manuscript preparation are grate-
fully acknowledged. The authors sincerely thank D. Diercks and T. Kassner for
their consultations and being the sounding boards for many of the concepts

documented here.

xii




l. Introduction

The accident at the Three Mile Island Unit 2 (TMI-2) reactor in March
1979 resulted in the relocation of approximately 19,000 kg of molten core ma-
terial to the lower head of the reactor vessel.l This material caused exten-
sive damage to the instrument guide tubes and nozzles and was suspected of
having caused significant metallurgical changes in the condition of the lower
head itself. These changes and their effect on the margin-to-failure of the
lower head became the focal point of an investigation co-sponsored by the
United States Nuclear Regulatory Commission (NRC) and the Organisation for
Economic Co-operation and Development (OECD). The TMI-2 Vessel Investigation
Project (VIP) was formed to determine the metallurgical state of the vessel at
the lower head and to assess the margin-to-failure of the vessel under the
conditions existing during the accident. This report was prepared under the
auspices of the OECD/NEA Three Mile Island Vessel Investigation Project.

Under the auspices of the VIP, specimens of the reactor vessel were re-
moved in February 1990 by MPR Associates, Inc.2 In addition to these speci-
mens, fourteen instrument nozzle segments and two segments of instrument guide
tubes were retrieved for metallurgical evaluation. The purpése of this evalu-
ation was to provide additional information on the thermal conditions on the
lower head that would influence the margin-to-failure, and to provide insight
into the progression of the accident scenario, specifically the movement of
the molten fuel across the lower head.

Il. Objectives

The VIP has as its principal goal the determination of the margin-to-
failure of the reactor’'s lower head. Concomitant with this goal is the devel-
opment of a lower-head-damage scenario and input data needs for the margin-to-
failure analysis. To this end, the Idaho National Engineering Laboratory
(INEL) developed a VIP Coordination Plan that identifies the scope of the
lower-head-damage-scenario needs and the data required for the margin-to-fail-

ure analysis.



Thus, the overall objectives of the nozzle examination effort at Argonne

National Laboratory (ANL) were to

(1)

(2)

(3)

Provide information on the temporal and locational movement of

fuel onto and across the lower head;

Estimate peak temperatures of the nozzles from their metallurgical-

end-state; and

Determine the mechanisms, modes, and extent of nozzle degradation
to evaluate the imperilment of the lower-head containment bound-

ary.

Data requirements provided in the Coordination Plan established the fol-

lowing specific objectives for the nozzle examinations:

(1)

(2)

(3)

(4)

Determine the nature and extent (axial and radial) of fuel/debris

ingress into a nozzle;

Determine the nature and degree of chemical and thermal interac-

tion between fuel, debris, and nozzles;

Determine thermal-related metallurgical changes in the nozzle as a
function of axial position to evaluate the axial temperature dis-
tribution and attempt to quantify temperatures near the vessel;

and

Determine the position and composition of debris adhering to noz-

zle surfaces to establish a “debris bed depth”.

In addition to satisfying the contribution of ANL to the data needs, an

evaluation of the data obtained would be a good basis for contributing to an

accident scenario that describes the fuel movement across the lower head.



lll. Scope

Fourteen nozzles were removed from the TMI-2 lower head. Six of these

were examined at ANL and eight were to be examined at INEL.

The scope of the examinations at ANL consisted of visual examination and
macrophotography, axial gamma scanning (137Cs), sectioning followed by macro-
photography of the as-cut surfaces, metallography with selected microphotogra-
phy (some in the etched condition), microhardness measurements on selected
samples, and scanning electron microscopy-energy dispersive X-ray (SEM-EDX)
analysis on selected samples. In all, 43 samples were prepared metallo-
graphically. This seemingly large number was required because the metallo-
graph stage limited the mount size to a diameter of 32 mm. Of these, 33 sam-
ples were examined by SEM-EDX, the microhardness was measured on 21, and three
were etched to observe the microstructure.

IV. General Procedures

The nozzles were received in individual sealed containers. Each was vi-
sually examined immediately after removal from its container to identify any
especially notable areas. Macrophotography was done at 1X magnification
through a hot-cell window with a long-bellows camera. Photos were taken of
the entire external surface at 120° intervals, of the bottom surface, as cut
at TMI, and of the top surface, sometimes in stereo because of the complex,

three-dimensional nature of the surface.

For gamma-scanning, each nozzle was placed in an aluminum container to
prevent 1oss of material that might slough off. Scanning along the height of
the nozzle was performed as the container was slowly moved across the face of
a collimated germanium detector. Only 137¢s activity was scanned because this

would be representative of the UO02 fuel.

The locations on each nozzle to be sectioned for further investigation

were established based on a combination of the following criteria:



(1) Top and bottom locations to obtain information on the hottest
(sometimes molten) and coldest (nearest the vessel) temperature
extremes in a nozzle;

(2) Fuel/nozzle interaction areas (nozzle degradation mechanism);

(3) Indications from gamma scans of fuel penetration into the nozzle;
(4) vaious locations of surface layers on a nozzle; and

(5) Locations of surface cracking (nozzle degradation mechanism).

Before sectioning, each nozzle was placed in a copper tube, 6.35 mm in
diameter, which was then vacuum-impreghated with cold-setting epoxy resin.
This was done to stabilize loose surface debris, fragile solidified masses,
and internal components. Additional vacuum-impregnation was done during sec-
tioning if significant voids were found in.the epoxy and there was a possibil-
ity of material fall-out.

Transverse sectioning was done with a dry SiC cut-off wheel while the
canned nozzle was rotated in a chuck. The cutting, therefore, was actually
circumferential to eliminate localized heating. Longitudinal sections were
made with a reciprocating motion of the blade. The location of the longitudi-
nal cuts in the sectioning diagrams in this report are not shown in the actual
plane of cutting because it is not possible to do this in an elevation view.
The locations provided are intended to indicate only the degree of segmenta-

tion of each nozzle.

Metallographic specimens were placed in hollowed-out, preformed Bakelite
mounts, vacuum-impregnated with epoxy resin, and polished with diamond paste

down to 1 p using a kerosene-based lubricant.

Microhardness was measured with a diamond pyramid indentor in a Leitz
MM5-RT metallograph and a 200-g load. Usually, five to ten measurements were
made, from the nozzle surface (inner or outer) inward. Values affected by the

surface or internal voids were rejected. Although a surface hardening, or a



subsequent softening attributed to accident-induced annealing, could be dis-
cerned in some measurement profiles, for purposes of this determination, the
population was averaged and a standard deviation reported. This data treat-
ment appears to be adequate to identify qualitative trends in the axial tem-
perature distributions of the nozzles and provide some insight into quantita-
tive temperatures when compared to limited data from Korth.3 Some very low
measured values proved to be from areas that were either once-molten, had been
involved in liquid-metal attack, or were depleted in Cr and thus no longer
Inconel 600. These low values are not representative of a metallurgical state
of the Inconel 600 that could be used as a temperature indicator. Because the
Project has not been able to determine a correlation between microhardness and
the metallurgical state of true archival Inconel 600 nozzle material, the mi-

crohardness data are, at best, qualitative.

A number of etchants for Inconel 600 were tried, but 3 pts glycerine-3
pts HC1-1 pt HNO3 gave the best results. However, because of the lack of com-

parative microstructures of archival material that could be used in a time/
temperature effect correlation, the effort to etch more samples was abandoned.

V. Examination Results

This section will describe the examination results on a nozzle-by-nozzle
basis, moving essentially from east to west along the lower head. It is be-
lieved that this was the direction of the principal fuel flow across the lower

head some 226 minutes into the accident.

The six nozzles examined at ANL were from core locations M9, L6, H5, H8,
D10, and El11l; their locations on the reactor grid are shown in Fig. 1. The
damage to these nozzles provides a representative sample of the damage that
occurred to all 14 nozzles that were removed from the vessel and, together
with information from the eight nozzles being examined at INEL, provides good
information from which to construct a scenario for the temporal and locational
movement of molten fuel onto and across the lower head. The typical nozzle

configuration is shown in Fig. 2.




In the course of analyzing the results for the preparation of this re-
port, it was discovered that four of the six ANL nozzles had been mis-identi-
fied during the handling process before the nozzles arrived at ANL. The basis
for subsequently making the true identification of these nozzles was a compar-
ison of the records generated by MPR Associates4 and the visual observations
made when the nozzles arrived at ANL. The mis-identified nozzles were H5 (nee
D10), D10 (nee H5), E11 (nee L6), and L6 (nee EI11). All nozzle identities in
this report are the true identities, except any references, as above, to the
former identity. It must be recognized that these identities differ from
those in all previous presentations of ANL's nozzle examination results. The
true nozzle identities now provide a more consistent story of the conditions
on the lower head than previously conceived.

To provide the reader with a perspective of the observed damage to indi-
vidual nozzles with respect to a global Tower-head-damage scenario, two sample
elevations are used in this report where appropriate. The primary sample ele-
vation is the distance from the base of the nozzle, which was not usually the
cut-off surface during removal from the vessel. The second elevation is the
vertical distance from the lowest vessel location, at H8 (Fig. 1), to the noz-
zle surface in question. Figure 3 shows the relationship of these reference
elevations. The severing of the nozzles from the vessel usually left a stub
attached to the vessel. The height of this stub for the ANL nozzles was de-
termined either from the nozzle's companion boat sample that was processed at
ANL, or from knowledge of the nozzle's dimensions, as shown in Fig. 2. For
Nozzles M9 and L6, there were no companion boat samples, and the latter method
was used. Thus, the reported sample elevation for a given nozzle is the
height of the residual stub plus the distance on the nozzle from the cut-off
end to the particular elevation. The secondary elevation is the primary ele-
vation plus the elevation from the low-point reference (location H8) to the
base of the particular nozzle. (NOTE: In previous ANL repnrting and presen-
tations, the “elevation” has been only the distance on the nozzle from the
cut-off end to the particular elevation. The changes have been made to better
reflect the elevation of a location for debris penetration and axial tempera-
ture considerations and for accident scenario considerations.) Table 1 pro-

vides a summary of nozzle segment lengths and relevant elevations.

6




Also tabulated in Table 1 are the fuel penetration distances into each
nozzle, as determined by the 137Cs axial activity profile. The data are pro-
vided as the elevation of fuel material above the base of the nozzle. Maximum
and minimum values are given for nozzles for which it could not be absolutely
concluded that the 137Cs activity was inside and not on the surface of the noz-
zle. The use of the gamma-activity profiles rather than visual observation of
“ceramic” material in the nozzle cavity was deemed more appropriate because of
the possibility that the *“ceramic” material could be a nozzle oxidation prod-

uct and not actually a fuel mass.
A. Nozzle M9

The M9 nozzle segment received at ANL was 254 mm long. Based on a nomi-
nal as-fabricated nozzle length of 305 mm (centerline; slope of base not con-
sidered), a 26-mm stub remained on the vessel after severance. Figure 4 shows
one view of Nozzle M9 as it was received. The top 25 mm of the nozzle had
been melted off and the next 25 mm show signs of melting, including the initi-
ation of candling. The 25-50 mm below the melted area appeared to be lightly
scaled, whereas the remainder of the nozzle was bright and shiny. As-fabri-

cated vibra-tooled lettering was apparent just below the midplane.

Figure 5 shows the top and bottom views of the as-received nozzle. The
top appeared to be totally sealed with molten material, whereas the bottom
showed no material in the annulus between the instrument string and the noz-
zle; however, there appeared to be material in the central tube of the instru-

ment string.

The axial gamma scan and the locations of major cutting of the nozzle
with the resulting breakoff identifications [Alpha/Gamma (A/G) hot-cell num-
bers] are shown in Fig. 6. The A/G numbers correspond to the specimen identi-
fications found in the Appendix. This sectioning provided an overall view of
the damage to the top of the nozzle where the gamma scan indicated the pres-
ence of fuel, and an area from the bottom of the nozzle where core debris may
have been in intimate contact with the outer surface.l Figure 7 shows two as-

cut longitudinal surfaces through the top of the nozzle. Melting of the noz-




zle was restricted to the top 25 mm, but the instrument tube showed signs of
melting below that elevation. Vertically-oriented voids in the molten nozzle
were also found in other once-molten nozzles. The voids are believed to be
the result of a solidification phenomena in which spherical voids interlink in
a vertical array and surface tension causes the horizontal ligaments to con-
tract and disappear, and thus form a continuous longitudinal void. Such
spherical voids, or bubbles, are shown in the molten material in Fig. 8. The
spherical bubbles, which were closer to the nozzle centerline, would be indic-
ative of rapid cooling, whereas the longitudinal bubbles outward from the cen-
ter would be indicative of a somewhat slower cooling rate. In Fig. 8, the
metallic debris in the center (bright phases) is the remnant of the outer tube
of the instrument string (Inconel 600), whereas the gray phases are, appar-
ently, oxides of the metal and fuel (the SEM-EDX system cannot analyze for
oxygen).

What remains of the instrument leads (generally Zr wires in Al1203 insula-
tion with Inconel sheathing) is on the right in Fig. 8. The gray mass on the
left, adjacent to the molten nozzle, is Cr-rich, apparently an oxide. The
adjacent molten Inconel was almost devoid of Cr. The lighter ceramic phases
surrounding the metallic phases in the center consisted of discrete areas of
fuel of different macro-compositions and void morphologies. The macro-compo-
sitions of these areas are given in Table 2, which summarizes the compositions
and locations of selected fuel-bearing species that were identified during ex-
amination of the nozzles. The general matrix in which these discrete fuel
islands exist is essentially a solidified Cr-oxide which contains fine bits of
solidified fuel as a “second phase.” On a microscopic scale, some of these
areas, shown in Fig. 9, consisted of Zr-rich phases with significant U con-
tent, U-rich phases with significant Zr content, and Cr-rich areas with traces
of Fe, Ni, Ti, Mn, Zr, and U. The segregation into U-rich and Zr-rich fuel
phases is indicative of a sufficiently slow cooling rate for segregation to
occur. The spherical bubbles contained apparently condensed phases of Al, Si,
and Ca while other bubbles contained Ag and Cd deposits. The presence of
Ag-Cd in the molten Inconel indicates that these materials were either in or
on the nozzle at this location before melting occurred.




A transverse section 38 mm below the top of the melted-off nozzle in the
scaled area (241 mm from the base) is shown in Fig. 10. This section shows a
metallic mass that is similar in appearance to a mass in the H8 nozzle that
analysis showed to be molten Inconel 600, but deficient in Cr. On the basis
of that similarity, no metallography or SEM work was undertaken for this sec-
tion. A possible ceramic mass, which could be fuel, is also visible in
Fig. 10. Fuel is a distinct possibility because this area is at the lower end
of the 137Cs activity profile shown in Fig. 6.

A segment of the nozzle surface 38 mm above the base (183 mm above the
lowest point in the vessel), from the very clean area in Fig. 4, was examined
by SEM-EDX to search for evidence of debris deposits. A 0.5-1.0-p-thick layer
of enhanced Cr material, apparently Cr-oxide, was found on the surface, along
with occasional deposits of Al, probably Al1203. There were traces of control
rod materials in the Cr-oxide layer, but no fuel. Also, there was no Fe-ma-

trix layer that contained core debris.

The principal gamma activity peak at the top of the nozzle (Fig. 6) cor-
responds to the fuel that was found at this location. The secondary peaks are
adjacent to the scaled surface area, which was not found to contain measurable
quantities of fuel in the area examined. These peaks likely reflect fuel in
the outside candling piece and/or fuel in the inside candling material. For
purposes of a debris penetration distance, the 241-mm elevation is suggested

as at least a minimum, as indicated in Fig. 10.

Microhardness measurements were made on a specimen from the top longitu-
dinal section and on the bottom nozzle specimen. The measurements at the top
averaged 124 £ 5 diamond-point hardness (DPH), while the average of measure-
ments from the bottom specimen was 202 + 28 DPH. A summary of all hardness
measurements on all nozzles is given in Table 3. The low values from the top
reflect the significant Cr depletion in this area, with the result that the

matrix was no longer Inconel 600.




B. Nozzle L6

The L6 nozzle segment (nee E11) was =241 mm long, and a stub =64 mm high
would have been left on the vessel. Figure 11 shows one view of the nozzle as
it was received. This nozzle was essentially untouched externally by the ac-
cident. Vibra-tooled identification markings are clearly visible on the non-
scaled surface. The four notches in the side of the nozzle were put there by
MPR Associates for identification purposes. The top and bottom views,

Fig. 12, show that the instrument string was either snipped off or bent off,
but not melted off. Debris inside the nozzle, external to the instrument
string, can be seen in both the top and bottom views. The 137Cs axial gamma
scan, Fig. 13, indicates that the contained material is apparently fuel-
bearing.

The nozzle was sectioned transversely at five locations as shown in
Fig. 13. These elevations were selected principally to attempt to determine
the nature of the material that was creating the 137Cs activity inside the noz-
zle. Figure 14 shows an as-cut section 22 mm below the top of the no.zle
(283-mm elevation), and a gray, porous ceramic-appearing material. Some of
the fuel in the top of the nozzle can be seen in Fig. 15; the rest was appar-
ently lost in the cutting operations. Analysis of the fueled areas showed a
potpourri of materials and compositions. The triangular particle in Fig. 15
was pure UO2, apparently unmelted and a true pellet fragment. The porous mass
at 3 o'clock in this figure contained U, Zr, Fe, Cr, and Al. The microstruc-
ture of this particle, Fig. 16, shows that the fuel had been only partially
transformed into U-rich (1ight) and Zr-rich (medium) phases, indicating rapid
cooling. The Fe, Cr, and Al are the dark phase in the grain boundaries. This
is a fuel structure identical to that found in debris retrieved from the lower
plenum in 1985 and that was postulated to be capable of flowing, in a viscous
fashion, at temperatures as low as 1350°C.5 Also found were non-porous parti-
cles of Ag, Fe, and Al; Ag, Zr, U, Fe, and Ni; Fe, Zr, Ag, Cd, and Ni; and Cr,
Fe, Al, and Ni in a U-Zr phase. Many, if not most, of the fuel particles
appeared to have the darker grain boundary phase typical of the low-melting
oxides of Fe, Cr, and Al.
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There was a very thin, 0.6-1 u, complex deposition layer on the outer
nozzle surface at the 283-mm elevation (top). There appeared to be no inter-
action with the Inconel 600 as the composition of the Inconel was unchanged
50 p from the surface. This inhomogeneous layer contained areas rich in Fe
and A1, with Ag-Cd-In particles also present. The top-most part of the layer

occasionally contained very small U-Zr fuel shards.

The as-cut transverse sections at the 250-mm elevation exhibited some
extraneous material attached to the instrument conduit and a thin deposit on
the nozzle ID; neither material was obviously similar to the fuel at 283 mm,
and no further examination was made of this material. The as-cut transverse
sections at the 120-mm and 145-mm elevations indicated some form of material
between the instrument string and the inside surface of the nozzle, but the
material had the same texture as the epoxy potting outside of the nozzle and
no metallography was performed on these areas.

There were no obvious fuel masses at the 77-mm elevation (Fig. 17), but
a piece of metallic Al with Ti as a second phase was between the instrument
string and the inside surface of the nozzle. This piece was coated with fuel
particles. The inner nozzle surface was covered with a 15-p layer of non-Zr-
bearing U0z fuel particles. The Zr instrument leads at this elevation may be
indicative of the temperature reached here. Figure 18 shows one of the leads.
The microstructure is that of transformed P phase with, apparently, a trans-
formation to o phase occurring at the su¢itace. Other leads wer> also in vary-
ing stages of transformation. Assuming the material was initially a phase,
the transformation to B would have occurred at 862°C if there was little oxy-
gen present; the transformation temperature rises rapidly with increasing oxy-
gen in the oo phase. The transformation back to o on the surface, the white
areas in Fig. 18, either could have occurred rapidly (minutes) if oxygen was
present, or more slowly (hours) if oxygen was low. A low-oxygen level apparQ
ently existed because the Zr did not oxidize. Because there was no redox re-
action with the A1703, the temperature was <1200°C.
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Another qualitative indicator of temperature at this elevation is the
microstructure of the Inconel 600 nozzle, shown in Fig. 19. The structure ex-
hibits large grains, 0.1-0.3 mm, in dynamic movement. Annealing twins are
present. The black spots are probably a TiN irpurity, as seen by Korth,3 and
are the likely source of Ti that was found in many surface interactions on
these nozzles. Unfortunately, without knowing the as-fabricated metallurgical
state of the nozzle, it is not possible to make even a semi-quantitative esti-
mate of the temperature reached.

The fact that neither the nozzle nor the guide tube that overlapped it
were damaged® is indicative that the material in the nozzle probably came down
the guide tube and not from a flow of fuel across the lower head.

Microhardness measurements were made on the transverse top and bottom
nozzle sections. The hardness was 167 £ 7 DPH &t the top and 169 £ 13 DPH at
the bottom. This relative axial uniformity over =200 mm is attributed to the
apparent presence of fuel essentially along the inside length of the nozzle.

C. Nozzle HS

The H5 nozzle segment (nee D10) was 146 mm long, and the segment was cut
off flush with the vessel, leaving no residual stub. An elevation view of the
nozzle segment is shown in Fig. 20. Close inspection of the uneven lower
right side of the nozzle suggests that this is part of the nozzle/vessel weld-
ment. (This was subsequently confirmed by metallography of this area.) The
nozzle appears to have been melted off, with candling occurring down one side.
At least some of the candled material (the lowest exterior nodule was analyzed
by SEM-EDX) is Type 304 stainless steel, possibly from the conduit that sur-
rounds the instrument string, but also possibly core debris from elsewhere.
The top and bottom views of the as-received segment are shown in Fig. 21. The
top view shows obliteration of the instrument string and filling of the nozzle
cross section with molten material. The bottom view indicates a material in
the annulus, but the nature of the white, smeared-appearing material filling
the annulus and covering the instrument string was not established. After
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polishing, the only significant mass of material in the annulus at this eleva-
tion was a once-molten Inconel mass, shown in Fig. 22.

The sectioning diagram for H5 is shown in Fig. 23.f Figure 24 shows the
as-cut transverse surface just below the molten top of the nozzle segment at
the 114-mm elevation. Figure 25 shows the as-cut longitudinal surface through
the top of the segment. This section shows filling of;the nozzle with both
metallic (shiny) and ceramic material (shades of gray). Just below the top
(Fig. 24), however, the predominant material filling the center is metallic.
Figure 26 shows the mix of metallic and ceramic materials at the top of the
segment. The metal is essentially Cr-depleted Inconel 600. The ceramic, typ-
ical of similar analyzed areas across the top of this nozzle, is a Cr-rich
oxide that contains U and Zr, probably as oXTdes, intimately mixed as U-rich
and Zr-rich areas in what was apparently a molten ceramic (see Fig. 27); the
melting point of Cr203 is 1990°C. In Fig. 27, note the porosity in the Cr-rich
(darkest) phase. This is an indicator of the volatility of Cr oxides, as will
be discussed later. The compositions of some debris areas can be found in
Table 2. It is this "fuel" material that apparently gave rise to the fission-
product peak in this region of the gamma scan. There were also local concen-
trations of Al and Ti in this ceramic material. The source of the Al would be
the A1203 insulating material in the instrument leads. The Ti apparently was
an impurity in the Inconel 600 and came out with the Cr, both being strong
oxide formers. A Cr-rich phase also precipitated as plates within the Cr-
depleted Inconel areas, as shown in Fig. 28. This molten metal, from the
right side in Fig. 25, was also found to contain dissolved fuel constituents
(=9 wt.% U, =3 wt.% Zr).

Areas of Ag, Cd, and In were found in the surface oxide on some of the
former Inconel 600 masses shown in Fig. 26. Deposits of Ag-Cd and Si, Mn, Ti,
and Zr were also found within the spherical bubbles in the once-molten

Inconel, similar to those in Fig. 28.

A metallographic specimen was made at the 25-mm elevation to examine any
surface deposits, examine the Inconel microstructure, and to perform hardness

measurements. There was a 50-u-thick oxide on the surface, topped with fine
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particles of debris. Although neither the particulate nor the layer were
analyzed, the backscatter electron (BSE) image of the particles indicated them
to be a mixture of high- and low-atomic number materials, apparently fuel and
other core debris. The oxide lTayer had the physical appearance of Fe-oxide
layers analyzed on Nozzles D10 and E11. Nodules of Pb were found =650 n
beneath the surface of the nozzle. The source of the Pb is unknown, but its
morphology in the Inconel (centered in a dimple) indicates that it is not an
artifact. The etched nozzle microstructure was similar to that from Nozzle L6
(Fig. 19) in that the grain boundaries were not at equilibrium and annealing
twins were present. However, the grain size was larger with grains up to

0.5 mm in diameter.

The bottom surface (O-mm elevation) of the H5 segment is shown at higher
magnification in Fig. 29. The Type 304 stainless steel conduit is not oxi-
dized. [t should be noted the Inconel 600 sheathing on six of the leads is
cracked in a brittle mode. The metal shards between the leads, shown in
Fig. 30, are Inconel 600 plus Mn (=6 wt.%) and they are apparently the result
of brittle failure of this sheathing somewhere above. The Mn source is not
obvious, but it was also présent in the sheathing only next to a fracture.
Also shown in Fig. 30 are fuel particles and particles of Ag-Cd that also
collected between the leads. The Zr leads, shown in Fig. 29, were in various
stages of phase transformation, from B- to a-phase Zr, similar to what was
found in Nozzle L6 (see Fig. 18).

Metallography of a section from the bottom surface, Fig. 31, showed a
dendritic structure that is typical of a weldment. This would be expected as
this nozzle was cut off flush with the vessel wall, through the weld.

Microhardness measurements were made on specimens from the three eleva-
tions: 135 mm, 25 mm, and O mm. The average of measurements at the top
(135 mm) was 105 £ 2 DPH in a region that was Cr-depleted. The bottom sur-
face, however, which was the weldment, measured an average of 217 £ 13 DPH.
The values from the bottom were the highest measured on any nozzle. The hard-

ness at the 25-mm elevation in nozzle material was 198 + 8 DPH.
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D. Nozzle H8

The H8 nozzle segment was 70 mm long and a 51-mm stub remained on the
vessel. It was reported by MPRY that =50 mm of the top of what remained of
this nozzle after the accident was broken off during defueling of the lower
head. Inspection of the photos of the as-received condition of the segment,
Fig. 32, indeed, shows evidence (fractured leads and bent conduit) that the
instrument string was broken off, not melted, even though the nozzle around it
obviously had been ablated and severely necked down. It is 1ikely that only
the instrument string was holding the two segments of the nozzle together. If
that was the case, the full remaining segment of this nozzle was hour-glassed
shaped, similar to K11. The 137¢s gamma scan for the segment is shown in
Fig. 33. The activity profile indicates that fuel is contained throughout. A

likely fuel mass within the nozzle can be seen at the bottom face in Fig. 31.

The sectioning diagram for the nozzle is shown in Fig. 33. The as-cut
longitudinal section, shown in Fig. 34, shows that the instrument string, in-
cluding its stainless steel conduit, is fairly well intact, but bent.
Solidified fuel and metallic debris can be seen to the left of the string.

The "goose-neck" bend of the ablated upper left corner may have occurred when
the upper mating segment was broken off during the defueling operation.
Analyses of the surfaces at the top of this segment identified Zr, with very
little U, as the principal reactant with the nozzle. Uranium, in combination
with Zr, was found in grain boundaries in the reaction areas, but Zr without U
was layered on the reacted surfaces. Cadmium was also present intergranularly
with the U and Zr, whereas In was found on the surface with Zr. Unlike the
fuel in the tops of Nozzles M9 and H5, some of the fuel areas in the one sam-
ple examined at the top of H8 were more agglomerated particulates rather than

a heterogeneous solidified mass.

The as-cut transverse section at the 64-mm elevation is shown in
Fig. 35. At this elevation, there was a combination of some ceramic and pre-
dominantly metallic debris in the nozzle annulus. The metallic debris, shown
in greater detail in Fig. 36, was essentially solidified Inconel 600 with
=20 wt.% Zr and 1 wt.% U that apparently had come down in several rivulets.
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Trapped in this debris were solidified inclusions of Ag-Cd. The surfaces of
some rivulets were eutectic structures (Fig. 37) that contain Zr, U, and In,
in addition to Ni, Cr, and Fe. Similar microstructures of primary solidifica-
tion grains and eutectic structures were found in the material higher in the
annulus between the nozzle and the conduit. The quantity of Ag-In-Cd material
in this debris is significant in that it indicates an appreciable amount of
control materials in the vicinity of the nozzle breach, either at the 120-mm
elevation or higher up at the =170-mm elevation, where the top of the nozzle
had apparently melted away. It is also significant that there appears to be
no obvious Cr depletion from the Inconel with subsequent oxidation, as was
found at the top of Nozzle M9. It can also be seen in Fig. 36 that the outer
Incoriel tube of the instrument string had been under sufficient external pres-
sure to collapse onto the instrument leads. The Type 304 instrument conduit
was barely oxidized at this elevation. Slightly higher up, the conduit was
oxidized on its inside, whereas its outside was “protected” by molten material
that had run down into the annulus. But at the very top it was entirely oxi-
dized.

To summarize, there were three types of fuel-bearing “debris” found in
the H8 Nozzle. Unique to this nozzle was Zr and U in solidified metallic
structures of essentially Inconel. In these, the Zr:U atomic ratios were
=35:1. Second, there was agglomerated particulate (<50 p), in which the Zr:U
atomic ratios were =1.2:1. Last, there were what appeared to be solidified,
porous masses; unfortunately, these were not captured in the samples analyzed
by SEM-EDX. Such masses are evident in the as-cut surface shown in Figs. 32
and 34.

The nozzle outer surface at this 64-mm elevation, Fig. 38, was ablated
and reacted with 1iquid Zr that also contained a large quantity of Ni and
smaller quantities of U, Fe, and Cr (Zr:U =8.5:1). The SEM secondary electron
image of this area, Fig. 39, shows that a Zr-rich liquid phase has penetrated
the grain boundaries of the Inconel 600. Also shown in the figure are second
phases that contain higher concentrations of Zr, Fe, and Cr than the matrix
phase. The significance of the nature of this surface material is twofold.

First, it contains all of the elements of a control rod assembly: Ag-In-Cd;
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Zr from the Zircaloy guide tubes; and Fe-Ni-Cr from the stainless steel
cladding. Second, the Zr:U atomic ratio of the surface and sub-surface reac-
tant, =8.5:1, is significantly different from that of the particulate fuel
found in this nozzle and in the fuel debris in most other nozzles where the
content of U is generally greater than that of Zr (see Table 2). These two
points strongly suggest that this nozzle was in contact with material from the
control rod assemblies before the major fuel flow arrived on the vessel.

Microhardness measurements on the nozzle averaged 133 + 4 DPH at the
64-mm elevation and 148 £ 7 DPH at 108 mm. These values were among the lowest
values measured on Inconel that did not exhibit Cr-depletion and reflect a

high nozzle temperature 64 mm from the vessel.

E. Nozzie D10

The D10 nozzle segment (nee H5) was 235 mm long, leaving an =57-mm-1long
stub on the vessel. An elevation view of the nozzle segment is shown in
Fig. 40. Close inspection of the beveled top of the nozzle indicates that
=13 mm of the top had melted off.

There were a number of noteworthy features on this nozzle. The top
75 mm appear to have a crust with wide, shallow depressions. The middle 75 mm
are covered with a crust that is thicker and quite porous, and only on one
side of the nozzle, indicating its deposition was unidirectional. The 137Cs
activity profile (Fig. 42) indicates that there is a small amount of fuel at
the very top of the nozzle and that the porous debris contains fuel as well.
(Subsequent sectioning through the debris, described below, indicates that
there was more fuel mass attached to one side of the nozzle than inside the
nozzle at the elevation of the section. The gamma activity, therefore, was

principally from surface debris.)

Just above the midplane bevel is a crack, =20 mm long, that penetrates
the nozzle body. The surface debris and scale terminate just above the cut-
off elevation, =75 mm from the bottom of the nozzle. The top and bottom views
of the nozzle segment are shown in Fig. 41. The top view shows that the in-

strument string has been generally melted, with melted material, probably the
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missing top 13 mm, filling the nozzle's annulus. Candling down one side can
be seen. The bottom view shows the instrument conduit to be intact with what

might be fuel fragments on one side of the nozzle's annulus.

The sectioning diagram for the D10 nozzle is shown in Fig. 42 together
with the gamma activity profile. The segment was cut into nine major pieces,
from which 13 smaller specimens were generated for detailed examination. The
longitudinal section through the top of the nozzle, Fig. 43, shows melting of
the instrument string, severe damage to the stainless steel conduit, and the
melted Cr-depleted Inconel that filled the gnnu]us around the conduit. The
ceramic-appearing material on the other side appears to be, based on the M9
analytical results, a fuel-bearing oxide of Cr. (The sample from this ceramic
region was lost during metallographic preparation.) Only fuel in the form of
shards was found in a metallographic section from the instrument-tube side of
this section (Fig. 44). The compositions of such particulate areas are given
in Table 2. The significance here is the particulate and inhomogeneous nature
of the debris within the melted metallic structure of this nozzle, unlike the
tops of M9 and H5. The surface of the nozzle at the top was ablated with evi-
dence of U-Zr imbedded in the Cr/Ti-rich surface. Aluminum had advanced
=200 p into the nozzle, beyond the Cr/Ti oxidation areas, and was usually as-
sociated with Mg, the source of which is unknown. Cadmium was sporadically
located on the surface. Silver and Cd nodules that also contained U-Zr were

located in seemingly unaffected Inconel at least 300 p from the surface.

The transverse section at the 266-mm elevation, Fig. 45, showed exten-
sive damage to the instrument string and conduit and possibly some fuel debris
in the annulus but none on the exterior. The exterior surface at this eleva-
tion exhibited an alternating pattern of interacted/ablated areas and areas
showing little evidence of attack. The interacted areas, which would be the
shallow depressions shown in Fig. 40, were up to 2 mm deep and consisted of
both sub-surface-affected zones and layered deposits of debris and reaction
products on the surface, as shown in Fig. 46. Aluminum was aggressive in in-
teracting beneath the Inconel surface. On the ablated surface, Cr and Ti,
1ikely as oxides, formed a thick layer, with an additional Cr-rich layer con-

taining control assembly fragments on top of it. The outermost layer was
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almost pure Fe (oxide). In some areas this layer contained fragments of a
mixture of U-Zr and Ag-Cd. On surface areas where there was no ablation, the
surface layer was =1 p thick and contained Al1, Zr, Ag, Cd, In, Ti, Cr, Fe, and
Ni, but no fuel.

The transverse section at the 177-mm elevation, Fig. 47, shows an area
of fuel debris on the exterior surface, solidified metal in the annulus, oxi-
dation of the conduit, collapse of the central Inconel 600 tube, and large
bubble formation in the Inconel on the surface of the nozzle. Almost all of

the surface damage was limited to one side, an arc of =180°.

At the 158-mm elevation, Fig. 48, the surface damage extended farther
around the nozzle. A solidified ingot of what proved to be Inconel was inside
the annulus. This ingot contained imbedded particles of solidified Ag-Cd,
generally at a ratio of 10:1, as did the adjacent nozzle body. There was no
evidence of foreign elements on the apparently ablated surface, only layers
rich in Cr, Ti, or Ni. There was an extensive area of intergranular separa-
tion on one side of the nozzle body, adjacent to the surface crack that was
visible in Fig. 40. This area, shown in more detail in Fig. 49, was exten-
sively penetrated by Ag-Cd, both as stringers, Fig. 50(a), and discrete parti-
cles, Fig. 50(b). Many of the larger cavities appear to be grain-boundary
separations, or grain boundaries that have been dissolved by a penetrating
1iquid, such as Ag-Cd. In some cases, the protuberances on the surfaces of
the cavity were sufficiently rounded to have the appearance of having been
molten. Some of the larger cavities were filled with shards of fuel in a ma-
trix of Cr-oxide, as shown in Fig. 51. The compositions of some of these
shards are given in Table 2. Aluminum, Cr, and Fe, all strong oxide formers,
were found in the grain boundaries of one such fuel particle. The etched mi-
crostructure of this area, Fig. 52, indicates a very large grain structure
with a possible second phase in the grain boundaries. The nature of this
grain-boundary phase was not actually determined; only Ag-Cd, as in
Fig. 50(a), was determined in the SEM-EDX analyses. The average microhardness
of this area was only 124 + 2 DPH, indicating that a very-high temperature was
achieved. The area was not depleted in Cr, however, as was the case in other

low-hardness areas.
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Although a cast, dendritic microstructure was not brought out metallo-
graphically, it is not inconceivable that at least one side of the upper part
of this nozzle was essentially molten, or very close to it, the apparently
undisturbed exterior shape notwithstanding. Measurements on the nozzle cross
section in Fig. 48 indicate that not only is the center hole eccentric but the
outer surface is as well. The outer surface has moved outward by =3.5 mm op-
posite the eccentricity of the ID. The fact that the inner instrument tube is
collapsed at this elevation is evidence that there was a high internal pres-
sure in the nozzle that would have been the driving force to move the weak
side of the nozzle outward. The large surface bubble at 177 mm is another in-
dication of melting of at least the surface. Assuming the fuel flow enveloped
the nozzle from the bottom up, a fuel crust could have rapidly solidified
against the nozzle forming a mold in which areas of the nozzle rapidly melted,
at =1400°C, and then solidified, trapping some fuel debris and control rod ma-
terial inside. The rough nature of the surface of this nozzle can be con-
trasted to the smooth surface of the ablated areas on the surface of Nozzle
H8.

The massive surface deposit diametrally opposite to the intergranular
separations is shown in Fig. 53. It is assumed that this type of deposit is
typical of the thick deposit on this side of the nozzle between the 120- and
180-mm elevations. This complex structure is a combination of solidified
Cr-depleted Inconel (white areas) and physical mixtures of oxides of Cr, Zr,
U, Fe, and Ni (gray areas). Part of the original nozzle surface is assumed to
be the thin gray line of Cr and Ti (oxide) at 5 o'clock in the figure and ex-
tending upward through the wide band of voids to 12 o'clock. The gray phases
to the right of this 1ine are principally Cr, Al, and Ti rich, with some U and
Zr. The Inconel matrix to the right of these oxides contains }nc1usions of
Ag-Cd, as does the large Cr-depleted Inconel masses between 6 and 8 o'clock.
These inclusions are shown in Fig. 54. Their nominal compositions were in the
range of 70-80 wt.% Ag - 20-30 wt.% Cd. A fuel-containing area is a triangu-
lar-shaped particle at the outer edge of the deposit shown in Fig. 53. The
microstructure of this area, Fig. 55, shows segregation of the fuel into a U-
rich phase (89 wt.% U-3 wt.% Zr-8 wt.% Fe) and a Zr-rich phase (25 wt.% U-57
wt.% Zr-18 wt.% Fe). Such fuel concentrations were the exception. Generally,
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fuel constituents were more randomly dispersed in other phases of Cr and Fe
oxides. The areas containing the larger amounts of U and Zr were in the outer
areas of the deposit.

Figure 56 shows the instrument string at the 158-mm elevation. The Type
304 stainless steel conduit was almost completely oxidized but the Inconel 600
inner and outer instrument tubes were not; there was only a small amount of
oxidation on the outer tube. The inner tube had collapsed from external pres-
sure and was filled with solidified Inconel, slightly deficient in Cr. The Zr
instrument wires had reacted to varying degrees with A1203 insulation, result-
ing in oxidation of the Zr and reduction of the A1203. The relative free ener-
gies of formation of these oxides suggest that a temperature of at least
1200°C was reached for this redox reaction to occur. One instrument wire, at
5 o'clock in Fig. 56 and shown enlarged in Fig. 57, apparently had melted and
sent six stringers outward toward the cladding. An analysis of one such
stringer indicated only Zr, but, because the melting point of Zr is high at
1850°C, it is more 1ikely that the stringers are the eutectic of Al and Zr at
a melting point of 1350°C. This is more in keeping with the =1200°C minimum
temperature for the redox reaction. One stringer reached the sheath and
caused local melting in the wall. Although the melting point of Inconel is
=1400°C, the localized melting could have occurred at a lower temperature be-
cause the Zr-Ni eutectic occurs at 960°C. In any event, the temperature of
the instrument string at this elevation was at least 1200°C.

There was a 0.25-mm-thick layer of debris on the surface of this nozzle
at the 82-mm elevation. The debris, a section of which is shown in Fig. 58,
was multilayered immediately adjacent to the nozzle. The innermost reaction
zone was somewhat depleted in Cr and Fe and contained 9.5 wt.% In. Moving
outward, the zones contained an increasing amount of In, combined principally
with Ni, with up to 95 wt.% In (balance Fe) in the outermost of the inner re-
action zones. An intermetallic, Ni3Iny, was one such zone. The blocky gray
mass that was the principal constituent of the 0.25-mm-thick layer was Fe
(oxide). Small particles near the reaction zones contained Cd and In. Large
fuel shards of various compositions were trapped in the Fe (oxide) matrix.
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The compositions of these various particles, or specific phases within these

particles (denoted by a number), are summarized in Table 2.

Microhardness measurements made on the nozzle body at the 82-mm eleva-

tion gave an average hardness of 161 + 4 DPH for four values.

The surface layer at the 69-mm elevation was only 1-10 p thick. In the
thinnest areas of the layer, random particles of fuel (82 wt.% U-12 wt.% Zr)
were imbedded in the surface. As the surface layer became thicker, the under-
lying reaction zones into the nozzle surface, ~5 u wide, contained Al, Si, Ag,
Cd, In, and Sn in addition to Ni, Zr, and Fe. The thickest outer layers con-
sisted of partial bands containing U, Zr, Ag, Cd, In, Sn, Mo, and Al in addi-
tion to Fe, Ni, and Cr, in various combinations. Where Zr and U were found

together, the Zr:U atomic ratio was very high, {.e., >10:1.

The microhardness of the nozzle at the 69-mm elevation was an average
168 + 10 DPH, essentially the same as it was 13 mm above.

F. NozzieE11

The E11 nozzle segment (nee L6), shown in Fig. 59, was 225 mm long. The
base of the nozzle was 221 mm above the lowest point of the vessel. After
severance from the vessel, an ~77-mm stub of the nozzle remained with the ves-
sel. The nozzle surface was bright and apparently unaffected by the accident
over about half of its length. There was a loosely adherent scale over the
upper 145 mm and part of the bottom 38 mm. The tapered top of the nozzle was
wrinkled and =3 mm of the top was missing, but as will be seen, this material
melted and ran down into the nozzle. Figure 60 shows the top and bottom views
of the nozzle segment. The top view indicates that nozzle material had en-
tered the annulus between the instrument string and the nozzle ID, and the
string is visible in the top view. The bottom view shows the string partially
withdrawn and it subsequently fell out on handling. From subsequent section-
ing, it was apparent that the string had separated =25 mm from the top of the
nozzle. The cause of the separation was not determined. The 137Cs activity
profile for the segment, Fig. 61, indicates that there was fuel in the top

=15 mm of the segment and in an area between the 210- and 250-mm elevations.
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The seament was sectioned transversely and the upper end was sectioned
longitudinally to investigate, principally, the possible fueled area indicated
in the gamma scan. The basic sectioning diagram is shown in Fig. 61.

Figure 62 shows the transverse section through the 274-mm elevation and the
longitudinal section through the top piece just above it. The instrument con-
duit is visible in the longitudinal section but not in the transverse section,

indicating that the instrument string had been severed at this elevation,

An enlarged view of the material in the top of the nozzle is shown in
Fig. 63. The principal components of this debris were fine (<100-u) particles
of fuel and nozzle debris that formed a matrix in which large fuel shards and
oxidized pieces of the conduit were trapped. Some fuel particles in this re-
gion showed segregation into U-rich and Zr-rich phases, which is indicative of
relatively slow cooling from the solidus temperature. The large shards, how-
ever, showed no such segregation and appeared to have solidified very rapidly.
There were Ag-Cd particles trapped in some of these fuel areas. The composi-
tions of some fuel areas and particles are given in Table 2. The principal
non-fuel constituent in this matrix of debris material was Fe, not Cr as in
other nozzles.

The inner and outer nozzle surfaces at the top were severely attacked by
A1, presumably from the A1203 insulation in the instrument string. Titanium
and Cr were also strongly evident in surface interactions. It is assumed that
the Ti was an impurity in this Inconel 600 and came to the surface, as did Cr,
under the strongly oxidizing environment. The outer surface apparently was
sufficiently hot and plastic to form "micro-folds" that trapped particulate
matter (see Fig. 64). The particulate consisted of fuel (see Table 2 for com-
position) and Zr-, Cd-containing particles, among others. The ablated surface
was covered with an apparent oxide layer of principally Cr and Ti.

Examination of the transverse section at the 274-mm elevation showed
that the solidified metallic material on the inside surface was contiguous
with the nozzle with a composition essentially that of Inconel. Areas of the
surface of this material had undergone post-movement reaction with Al. The
ceramic material attached to the inner surface was a loose agglomeration of

23




particulate shards (Fig. 65) that included fuel, fine fuel particles in an Fe-
oxide matrix, calcium-silicate, Fe-Ni alloy, and an Ag-Cd/fuel-Fe agglomerate.
Apparently insufficient fuel/fission products were present in this material to
cause an indication in the gamma activity profile at this elevation.

The outer surface at this elevation contained areas of surface scale,
about 10-20 p thick, and other areas of surface attack. The outermost part
of the scale contained Ag (11-45 wt.%) and Cd (4-15 wt.%), the balance being
Al, fFe, Si, Ni, and Cr in descending order of content. The inner part of the
scale consisted more of the latter constituents. A reaction area, shown in
Fig. 66, contained Ag, Cd, In, and Zr in addition to Fe, Ni, Cr, Al, and S$1.
Silver-cadmium nodules were found up to at least 1 mm into the nozzle.

Hardness measurements taken near the inner and outer surfaces all indi-
cated a hardness in the range of 136-141 DPH (average of 137 £ 4 DPH). This
is significantly lower than the hardness closer to the nozzle top only 15 mm
above.

The transverse section made at the 220-mm elevation to intercept the
gamma peak there is shown in Fig 67. Except for a small, ceramic-appearing
mass on one side of the inner surface, there was no obvious cause of the gamma
peak and no metallographic section was made at this location. It can be as-
sumed that the ceramic-appearing mass is similar to the material found at the
274-mm elevation.

The outer surface at the =90-mm elevation exhibited a flaking, 0.13-mm-
thick scale (Fig. 68). The scale consisted essentially of fuel particles in a
matrix of Fe-oxide, similar to the scales found on the outside of the other
nozzles. More significantly, however, immediately on the nozzle surface be-
neath the thick scale was a 10-p scale that contained imbedded particles of
Ag-Cd, as shown in Fig. 69. This thin scale is strong evidence that a Ag-Cd-
containing debris layer existed on the vessel before the massive fuel flow oc-
curred. The hardness of the nozzle at this elevation was =190 OPH, about that
of unaffected Inconel 600, indicating that the nozzle did not get exception-
ally hot at this elevation.
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Vi. Dlscussion

A Defining “Debris”

N— ]

It is appropriate at this point to define “debris” as it will be used in
this discussion. Fuel "debris” 1s defined here as the material that flowed to
the lower head 226 minutes into the accident. Temporally and positionally
this debris could have been 1iquid, 1iquid plus solid ("wet sand”), or solid
(a crust against the vessel, nozzles, guide tubes, or anywhere on the surface
of the solid/1iquid material that is below the solidus temperature for that
heterogeneous mass of material). From these examinations or others that have
been performed, it is not possible to distinguish between the debris as de-
fined here from other fuel that may have arrived on the lower head earlier
than the 226-minute demarcation. Therefore, all fuel debris, with exceptions
to be noted, is considered to be from the same source, whether the material fis
“companion material,” from the “lower debris bed,” or on the surface of noz-
Zles as a thick crust or a thin scale. A debris “bed,” or crust, of this ma-
terial would only be that portion of the “fuel debris” that had solidified,
i.e., no liquid phase, either upon initial contact with the vessel or subse-
quently after all of the 1iquid had solidified wherever it came to rest.

Thus, “the"” debris bed, or crust, on the lower head would have a changing
character with respect to time and location as the fuel solidified, depending
upon local temperatures and geometry of the lower head. This distinction is
made in this report when discussing the damage to individual nozzles.

In addition to “fuel debris,” this report will discuss “control rod as-
sembly debris,” consisting of all the major constituents of a control rod as-
sembly: Ag, In, Cd, Zr, Sn, Fe, Ni. and Cr. Fuel rod materials would be mi-
nor constituents in this debris, and it is difficult to distinguish whether
their involvement was early in the accident or later after the “fuel debris”
reached the lower head. It will be shown later in this discussion that there
1s substantial evidence to conclude that there was a bed of “control assembly
debris” on the iower head before the fuel debris arrived.
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B. Nature of Nozzie Damage

The six nozzle segments examined at ANL fall into essentially two cate-
gories: (1) nozzles destructively affected by molten fuel: H8, H5, and M9;
and (2) nozzles thermally affected by fuel debris but outwardly exhibiting
1ittle damage: L6 and E11. Nozzle D10 falls into a middle category that, de-
pending upon interpretation, encompasses both categories.

The tops of Nozzles H5 and M9 were destroyed directly by molten fuel.
The intimate mixing of molten fuel-bearing particles with molten nozzle and
instrument string materials is evidence for this conclusion. Because only the
lower part of the remaining H8 nozzle was received at ANL, it is not possible
to say positively what the mechanism for severance was at the =170-mm eleva-
tion. However, with a total remaining height of only 170 mm, it may be as-
sumed that the nozzle was melted off in a manner similar to that which oc-
curred with Nozzles M9 and HS5, and apparently G5. The finding of what appears
to be porous fuel in the bottom of the H5 segment supports this conclusion.
Although Nozzles D10 and E11 did not melt-off as dramatically as M9, H5, and
H8, their tops did melt, as evidenced by the metallic debris within the noz-
Zles.

Nozzles L6, H5, D10, and E11 were found to be covered, to varying de-
grees with an Fe-(oxide) surface scale that ranged in thickness from a few
microns (L6) to 0.25 mm (D10). The thick crust patches on one side of D10 are
similar in nature, i.e., Fe-based, but these patches also contain an abundance
of molten Inconel and Cr-oxide, which makes them different in nature but not
in source. What is probably a similar scale near the top of M9 just beneath
the melted portion was not examined. These Fe-based scales are different from
the porous Cr-based ceramic that was prevalent in the top of the nozzles that
melted, M9 and H5 (and probably HB). The Fe-based scales are barely adherent
to the nozzles and do not appear to have grown from the base metal.* Because
of its apparently non-nozzle nature, it is believed that the source of the Fe-

based exterior scales and the Fe-based matrix in the top of E11 was the fuel

*T. F. Kassner, ANL-MCT Corrosion Section, Private Communication.
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flow that melted its way through stainless steel structure on the way to the
lower head, regardless of its exact path. These fFe-based materials are gener-
ally located in temperature regimes that are between that of molten Inconel
and that of the very clean nozzle surfaces at the cooler lower elevations. It
is not obvious why these Fe-based scales contain only adventitious pieces of
core debris and not material more akin to the “companion” samples.l Chromium
apparently is not present in these scales because Cr-oxides are very volatile
above 1000°C and would have migrated out of the debris during the movement to
the lower head. In contrast, the Cr-oxide that formed at the tops of the
nozzles when they were melted by molten fuel stayed in place, indicating very
rapid cooling. (Rapid cooling of the molten nozzle tops is also evidenced by
a general lack of rundown of fuel-bearing debris in most nozzles, with the
noted exception of the exceptionally hot H8). The bubbles formed in the re-
mains of Cr-depleted Inconel were 1ikely caused by Cr-oxide vapor, which ap-
parently precipitated into the platelets found in the H5 microstructure when
the vapor could not vent to a free surface.

The assumed hour-glass shape of the “whole” remaining H8 nozzle, of
which ANL received only the bottom part, may possibly be explained by the
finding of extensive surface interaction between a Zr-rich phase and the noz-
Zle. There is sufficient evidence (see next section) to conclude that there
was a debris bed of control assembly materials on the lower head before the
major fuel flow occurred at 226 minutes. The depth and nature of that bed
cannot be determined because any direct evidence of it was obliterated by sub-
sequent fuel flow. However, it is clear that 1iquid Zr, from this bed, was a
primary ablating agent on the surface of the H8 nozzle and that the source of
that Zr, without significant quantities of U but with Ag-Cd, was control as-
sembly components. The appearance of the D10 nozzle surface (rough, craggy,
and crusty) may be contrasted to the comparatively smoother surface of the
necked-down region of H8. Nozzle D10 was in contact principally with hot fuel
at temperatures sufficient to possibly have caused melting on one side.

Nozzle H8, on the other hand, was in contact with Zr, which has a eutectic

with Ni at 961°C. This lower temperature for liquefaction of H8 1ikely caused
the severe necking down and smoothing of the surface compared to D1C. An es-
timate of the minimum depth of the Zr-containing debris on the surface before
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the fuel flow re-melted it would be =120 mm, the height of the bottom portion
of the nozzle segment. A maximum height might be an additional 50 mm, if the
ablation was truly hour-glass shaped.

C. Postulated Fuel Relocation Scenario

The differentiation of Fe-matrix debris from Cr-matrix debris makes pos-
sible postulation of a fuel movement scenario and estimations of initial
“debris bed” depths at the nozzle locations; the final “debris bed” depths
would be those measured by MPR Associates during the defueling operations.

The postulated fuel movement scenario and estimation of the initial debris-bed
depths are described below.

The external scales combined with known nozzle melting provide a quali-
tative assessment of the axial temperature profiles of the nozzles. The
scales were adherent in obviously hot areas (e.g., beneath the melt zones of
M9 and H5) and less adherent in the lower, colder region near the vessel. The
finding of even thin scales near the bottom of some of the nozzles (not all
nozzles were extensively examined for scale formation at every elevation) in-
dicates that all the nozzles were likely surrounded by a debris bed that was
colder against the vessel and hotter above. This is consistent with a fuel
flow that moved down and across the lower head in a lava-like movement, gener-
ating a solid crust against the vessel and the cold nozzles it contacted.

This crust apparently cooled sufficiently fast to result in no surface inter-
action with the lower portions of, perhaps, the first nozzles it contacted.

In effect, this cold crust protected the lower portions of the nozzles from
the hotter fuel debris above. Above this crust would have been a 1iquid-solid
mixture (“wet sand”) of high-solidus-temperature material (U-Zr oxide phases)
and lower melting materials (Al, Fe, Cr oxide eutectics). Above the “wet
sand” would have been the 1iquid “core” of the flow, and above that some sort
of thin crust that formed in contact with steam. In such a lava-like flow,
the initial basal crust would have been thick because the cold vessel acted as
an excellent heat sink. As the flow moved, the vessel would have heated up
and the ensuing crust would have been thinner. At some point in the movement,
apparently in the E7-8/F7-8 area, the basal crust could have become suffi-
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ciently thin to diminish its insulating properties and a hot spot in the ves-
sel developed. Continued movement of the flow would have brought sufficiently
hot fuel to one side of the D10 nozzle to form the thick crust and then en-
velop the entire nozzle at some temperature higher than the solidus tempera-
ture of Inconel 600. As described previously, it is postulated that an effec-
tively simultaneous cooling of the fuel debris and surface melting of the noz-
zle resulted in entrapment of fuel particles beneath the surface of the nozzle
and the cratered appearance of the surface. The bulging of the weak side of
the nozzle would have occurred at this time. The adjacent and slightly ele-
vated E11 nozzle was affected only to the extent of fairly extensive scale
formation, surface melting (“pruning”) of its tapered top, and melting and
collapse of its top 3 mm. The finding of the Fe-based debris in the top of
the nozzle indicates that some of the fuel flow came straight down as it
passed over the nozzle, but it was too cold to cause more than superficial

surface melting of the nozzle tip.

(It must be pointed out that there is no direct evidence for such a
lava-like flow moving in contact with the vessel. An alternative scenario
would have the same layered lava-like flow, but elevated, by perhaps a steam
vapor, as it moved through the water in the lower head. As it lost momentum,
it could have dropped to the lower head at E7-8/F7-8, causing the vessel hot
spot. The explanation of the elevated melt-offs of Nozzles M9, H5, and H8
would be the same, as would the effects on the other nozzles.)

In the lava-like surface movement scenario, a “debris bed depth” can be
estimated for five of the six nozzles. If one applies the definition that the
debris bed is the solid crust that is formed beneath the liquid fuel, then the
elevation of melting on a given nozzle, i.e., the elevation at which liquid
fuel melted the nozzle and interacted with it, would be the effective thick-
ness of the debris bed at the time the nozzle melted. However, what was be-
1ieved to be candling of metallic debris down the side of the H5 nozzle could
not have occurred if there had been solid debris at a level just beneath the
melted area. However, two points should be considered. First, the candled
material had a composition closer to Type 304 stainless steel than to Inconel

600 and its source may not have been the H5 nozzle, but rather the moving
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debris itself. Second, the failure of individual nozzles may have been caused
by fuel coming directly from above before debris built up along the sides. In
that case, the instrument string conduit would be the likely source of the

stainless steel.

An alternative fuel-flow direction is appropriate for H5, and perhaps
other nozzles, for another reason. Considering that the nearby H8 nozzle ap-
parently melted off at =170 mm, the relative elevations of the nozzles (see
Column 1 in Table 1) would mean that H5 melted off =83 mm above the melt-off
of H8. This would mean that these two nozzles could not have been melted off
by the same 1liquid level in a stagnant or moving pool. The same argument can
be used for the M9 nozzle, which melted off some 230 mm above where H8 appar-
ently did. In the case of M9, however, it could be argued that the flow at
that point was moving downhill and the basal crust was very thick because the
vessel was still relatively cold. (Please note that the G5 nozzle segment,
now at INEL, is similar in height to the adjacent H5 segment and could have
been melted off by the same height of liquid as H5.) The implication here is
that H5 and G5 were melted by a downward-moving pool and that they were melted
before the pool reached H8. Both the H5 and G5 guide tubes were melted off
significantly above their respective nozzles, indicating that such a moving
pool was deep as well as elevated. Directionally, this flow would not be in-
consistent with the location of the vessel hot spot; Nozzle G6, just beyond
H5, was apparently melted down to a small stub on the periphery of the hot
spot.

Given the lava-like flow scenario and its attendant debris bed
height/nozzle melt-off characteristics, the significant differences between
Nozzles L6 and M9 suggest that multiple fuel flow paths existed and that the
flow across the lower head was not one massive unified flow. Nozzle M9 sug-
gests a deep basal crust and a high 1iquid level, consistent with a fresh fuel
flow contacting the vessel, with a direction toward H8 and the eventual hot
spot. The cleanliness of Nozzle L6 indicates that there was no large liquid
flow coming from the southeast between H5 and M9; although the bottom of the
adjacent K5 guide tube was damaged, the K5 nozzle apparently was not. The
surface debris found on L6 would have been material from the periphery of the
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flow, or simply adherent material when the fuel debris eventually settled to

form the “companion material.”

The fuel material inside Nozzle L6 is believed to have come straight
down the guide tube and not from a lava-like fuel flow for the following rea-
sons. First, both the L6 nozzle and its overlapping guide tube were virtually
unscathed, and it would have been difficult, albeit not impossible, for a rel-
atively rigid lateral flow to have made its way up into the guide tube and
then down into the nozzle. Second, there was an unreacted fuel pellet segment
inside the nozzle. Such a piece would not have survived in that form in a hot
fuel flow. Third, the L6 nozzle was beneath a control rod, and appreciable
numbers of Ag-Cd-bearing particles were found in the annulus. Fourth, fuel
that had been melted contained Fe, but the transformation into U-rich and Zr-
rich phases was incomplete, indicating relatively rapid cooling. This was not
typical of transformed fuel found in the hotter nozzles. Even though the ma-
trix binding the particulate was Fe-based, this material would have had a sim-
ilar history to that in the lava-like flow, except its movement would have
been only downward. In the overall scenario, the source of this potpourri of
material is almost irrelevant. The significance of its presence is that it
apparently generated sufficient internal heat to anneal the Inconel 600, as
evidenced by the relatively low and axially uniform microhardness values for
this nozzle.

D. Presence of Control Assembly Materials

Four of the six nozzle segments examined at ANL were under control rod
assemblies: M9, L6, H5, and H8. One, D10, was beneath an axial power shaping
rod that contained 914 mm of Ag-In-Cd clad in stainless steel. The last, H5,
was beneath a burnable poison rod that contained A1203-B4C pellets clad in
Zircaloy. There is pervasive evidence from the ANL examinations that the as-
semblies containing Ag-In-Cd failed relatively early during the accident and
that the debris from these assemblies deposited in some form, probably as
solid particulates, on the lower head before the principal fuel flow occurred

at 226 minutes. In this section will be summarized the evidence to support
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this conclusion. This material being on the lower head when it was may be a
factor in determining the margin-to-failure of the lower head.

There is no direct, unequivocal evidence that the postulated control rod
debris bed existed on the lower head. Examination of companion materiall
found no such evidence, either because the sampling of the “hard pan” was ran-
dom and not site-specific, or because the analytical techniques were too gross
to identify what would be a small percentage of the fuel debris. Most, if not
all, of such a control rod debr{s bed would have re-melted when it came in
contact with even the basal crust of the fuel flow; possibly it would have
been consumed into it. Therefore, evidence for such a bed would now be, at
best, on a microscopic scale and fortuitously derived.

The first evidence that the control materials were on the lower head be-
fore the fuel flow arrived was the finding of Ag-Cd nodules and In-Fe-Ni-Zr
phases solidified in situ in the vessel cladding cracks in the E6 and G8 boat
samples. The only fuel present in the cracks was apparently adventitious
shards that l1ikely fell in during defueling. Had there not been a control rod
debris layer present when the fuel flow occurred, there would be no reasonable
explanation for this finding. These materials would not have segregated in
that manner from the partially solidified fuel flow.

The overwhelmingly Zr-rich liquid that contained Ag-Cd masses and ab-
lated the H8 nozzle is further evidence for the presence of the control rod
debris bed. The Zr:U ratio of =8.5:1 was far in excess of the Zr/U ratios
found in fuel masses that were analyzed. This excess of Zr would be from the
Zircaloy shroud tubes in the control assemblies. The minimum depth of this
Zr-containing debris bed was =120 mm.

The findings of Ag and Ag-Cd inclusions deep beneath the surfaces in
most of the nozzles in a form of 1iquid metal penetration indicates that there
was a layer of control materials either adhering to the surface ready to be
melted when contacted by the hot fuel, or there was a thick debris bed up
against the nozzle that would yield the same result. That liquid Ag-Cd had

penetrated the Inconel nozzles somewhat before nozzle melting occurred is evi-
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denced by the apparently vapor-pressure-derived bubbles in the Inconel that
contained Ag-Cd and other core debris constituents.

Perhaps the most striking evidence for the superposition of Ag-Cd be-
neath fuel debris is shown in Fig. 69, where 10-p particles of Ag-Cd are be-
neath a fuel debris scale on Nozzle E1ll.

Because the ANL nozzles were almost all beneath control rods, the pres-
ence of such debris on or in the immediate vicinity of the nozzles could al-
most be expected. Given the narrow 4-mm annulus between the instrument string
and the inside of the guide tube, debris coming from directly above would be
fine particuiate. Indeed, such fine particulate was found on the top of L6,
as well as at the bottom of E11. However, whether this material came down di-
rectly from above or was circulated to the lower plenum by the coolant pumps
is not the issue. (Such a distinction might be made by examining other noz-
zles that were not beneath control rods. The ANL findings for H5, which was
not beneath a control or axial power shaping rod, showed some Ag-Cd in molten
masses but only minimally on exterior surfaces and none in the Inconel.) The
material in the cracks in the boat samples and the Zr attack of Nozzle H8 is
sufficient evidence to conclude that there was a stagnant control material de-

bris bed of some, unfortunately, undetermined depth and breadth.

E. Temperature Indicators

A principal objective of the nozzle examinations was to provide quanti-
tative data on the temperature of the nozzles in proximity to the vessel.
This objective was satisfied only to a 1limited degree. The principal reason
for this was the lack of time-temperature annealing data for archival Inconel
600. Korth's work using Gleeble tests on non-archival Inconel 6003 provides
insight, but quantification using grain size and hardness data cannot be abso-
lute. The following discussion is an attempt to glean some relative, if not
quantitative information, from the ANL examinations.
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1. Hardness Measurements

The microhardness measurements on the Inconel 600 nozzles, summa-
rized in Table 3, are essentially in qualitative agreement with what was found
by observation. The data from Cr-depleted areas should be disregarded because
the values do not represent Inconel 600, only a Ni-Fe alloy of varying compo-
sition. Likewise, the value for the hardness of the top of E1l, which par-
tially melted, is inexplicably high and should also be disregarded as not rep-
resentative. It appears that the nominal hardness of the as-fabricated mate-
rial is =200 DPH, considerably higher than the 155-160 DPH range for Korth's
material. The most significant data is from H8, where the hardness 64 mm from
the vessel was 133 DPH, a value that Korth's data indicate is achieved in 10
minutes at =1000°C. Following this line of reasoning, none of the other noz-
zles within 70 mm of the vessel achieved 1000°C. It is interesting to note
that the Zr surface ablation of Nozzle H8 would have begun at the 961°C Zr-Ni
eutectic, a temperature well in keeping with the 1000°C estimated from the

hardness measurement.

2. Microstructure

The microstructures at the 77-mm elevation in L6 and the 25-mm ele-
vation in H5 showed active grain growth, which Korth’'s data indicate a temper-
ature of at least 950°C was reached. Because the grain size was so large in
H5, 0.5 mm, the temperature may have been higher, or the time at elevated tem-
perature longer. Grain size and growth kinetics are highly dependent upon
metallurgical history. Because Korth's material was not truly archival, this
correlation should be viewed with skepticism, particularly since it does not

agree with the hardness correlation.

3.  Penetration by Ag-Cd

A Ag-Cd alloy with a nominal composition of 80 wt.% Ag-20 w.t% Cd,
typical of the deposits found, melts at =860°C; Ag melts at 960°C. Liquid
penetration occurred only in the upper elevations of the nozzles where such
temperatures would be easily achieved. Lack of such penetration nearer the

vessel suggests that either the nozzles did not achieve that temperature, save
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H8, or there was insufficient Ag or Ag-Cd to penetrate, or our analytical
techniques simply did not see it.

4. Miscellaneous Indicators

Qualitatively, a good indicator of the axial temperature profile in
a nozzle was the presence and then the relative adherence of the fuel debris
scale on the outside nozzle surfaces. For all nozzles except L6, which has no
obvious external scale and apparently was not in a flow path, there is a rea-
sonable correlation between scale location and nozzle hardness. On nozzle
D10, the scale was adherent at the 82-mm elevation, which had a hardness of
161 DPH. That hardness is above Korth's breakpoint at =1000°C, where Inconel
apparently anneals rapidly and the hardness falls to =130 DPH, or below. With
this correlation, it could be subjectively concluded, again, that only Nozzle
H8 had a high temperature near the vessel. The temperature of the other noz-
zles would have been less than 1000°C below the following elevations:

M9 215 mm
H5 38 mm
D10 82 mm
Ell 255 mm

Deriving nozzle temperatures from the condition of the Zr instrument
leads is considerably less direct than using any other indicator, because the
leads were insulated in A1203 and the radial heat transfer path to the nozzle
is impossible to calculate. The observations on B-to-a transformations only
establish a minimum threshold of 860°C, which was likely achieved in most noz-
zles. The 1200°C threshold temperature for the Zr/A1203 redox reaction would
be a good indicator except for the heat transfer issue. It is significant,
however, that the 158-mm elevation in D10, where this reaction was obvious, is
also the elevation where the hardness was the lowest for that nozzle, 124 DPH.

F. Penetration of Materials into Nozzles

The penetration of gamma-active materials downward into the nozzles was

estimated from the 137Cs gamma activity profiles and the results are summarized
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in Table 1. It was assumed that the gamma activity was associated with fis-
sion products in fuel and, therefore, the results are reported as “fuel pene-
tration.” Metallic debris, essentially molten Inconel from the nozzle, were
also found in the nozzles, but not tabulated. Their penetration may be esti-
mated from the as-cut transverse sections of the nozzles. Although some of
this debris contained small quantities of fuel, the quantities apparently were
insufficient to register in the activity profiles.

Although porous, ceramic-appearing material was seen in the as-cut
transverse sections at elevations below the nozzle tops, such as in H8 and L6,
there seemed to be difficulty in retaining it during the subsequent sectioning
operations to form metallographic mounts. This would attest to the friable
nature of the material.

Fuel material that was retained at the lower elevations in most cases
had two features. First, it appeared to be in the early stages of transforma-
tion to U-rich and Zr-rich phases, indicating relatively rapid cooling.
Second, it contained Fe, Al, and Cr in the grain boundaries, indicating likely
fluidity significantly below 2000°C. That would aid the fuel’'s mobility to
the elevation where it finally solidified.>

In Nozzles M9 and H5, which melted off, the penetration was shallow, in-
dicating a quick melting and relatively rapid cooling, the phase transforma-
tions in the fuel areas notwithstanding. It is likely that the melting point
of Cr-oxide (Cr203 melts at 1990°C) dominated the mobility of this material be-
fore thermal equilibrium and lower-melting eutectics could form. The phase
transformation of the fuel would have occurred below 1990°C while the solidi-
fied fuel was trapped in the insulating Cr-oxide.

The fuel in the tops of D10 and E11 differed from that in M9 and H5 in
that it was trapped in an Fe- rather than a Cr-based matrix. This reflects
two things. First, the Inconel did not readily give up its Cr to oxidation,
probably because the temperature was too low. Second, the source of the fuel
and the Fe-based matrix was probably the same as that of the Fe-based surface
scales. That many of the fuel particles were shards and not solidified in-
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situ masses indicates that the fuel flow in this region of the vessel was
cooler than the flow that contacted M9, H5, and H8. This is consistent with a
scenario that has the fuel flow coming to the vessel hot spot from the east
and southeast and piling up on the far side against D10 and E11. (Note that
the surface crust and major heating load was only on one side of D10.)

Vil. Conclusions

The following are conclusions reached from the nozzle examinations and
that bear on the examination objectives.

1. The nature of the degradation of Nozzles M9, H5, and H8 indicate
that their melt-off was by liquid fuel coming at the nozzles at an
elevation ranging from =140 to 270 mm above the lower head. Surface
scale on the nozzles below the melt-offs suggests, albeit not con-
clusively, that the 1iquid was atop a crust of solidified and par-
tially solidified fuel debris that had been cooled below its solidus
by contact with the lower head.

2. The fuel flow on the lower head followed multiple paths. Nozzles
M9, H5, and H8 suggest that flows occurred from the east and south-
east, but bypassed Nozzle L6.

3. The fuel debris in and on Nozzles D10 and E11 suggest that these
nozzles were at the periphery of the fuel flow, 1ikely on the cooler
far side.

4. The pattern of nozzle degradation, the assumption of a decreasing-
thickness initial debris bed, and the assumed fuel flow directions
are consistent with a vessel hot spot at E7-8/F7-8 that was caused
by hot liquid fuel atop a progressively thinner crust because of
lessening heat transfer to a warming vessel.
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Significant nozzle temperatures ranged from 1400°C (melting) at
140 mm from the vessel at H5, down to =1000°C at 64 mm from the ves-
sel at H8.

In addition to melting, nozzle degradaltion mechanisms were ablation
by 1iquid Zr, intergranular penetration by Zr and Ag-Cd, chemical
interaction with Al, Cr-depletion caused by extensive oxidation, and

internal pressurization causing hot-tearing and nozzle ballooning.

The presence of significant quantities of Zr and Ag-Cd on the vessel
to interact with the nozzles is attributed to the prior deposition
at that location of control assembly debris. The depth or nature of
such a debris bed could not be confirmed, but the depth is estimated
to have been a minimum of 120 mm at the H8 location.

Fuel debris penetration downward into the nozzles was influenced by
the temperature of the fuel at the time of entry; its composition,
and hence fluidity; the temperature of the nozzle and its ability to
solidify the debris; and the degree of interaction between the fuel
and the molten nozzle in entrapping the fuel in Cr-oxide.
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Table 1 - ANL Nozzle Segment Lengths, Elevations, and Fuel

Penetration Depths

Elevation Elevation of Fuel Penetration
of Nozzle Segment Stub Missing? Top of Elevation above
Base, Length, Length, Top, Segment,b Nozzle Base,C
Nozzle mm mm mm mm mm mm
M9 119 254 264 25 280 241
L6 94 241 64d 0 305 75
HS 107 146 0 159 146 89 max
117 min
H8 0 70 51 184 121 <64
010 244 235 57d 13 292 55 max
184 min
E1l 221 225 77d 3 302 204

dBased on measurement from either top taper point or midplane bevel.
bReferenced to nozzle base.
CBased only on gamma scans.
dCalculated as the difference between 305 mm and the sum of the two known values.

Measurements of stub lengths for 010 and E11 from photographs were not deemed sufficiently

accurate because of angle of photo.
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Table 2 - Composition of Debris Areas/Particles Containing U-Zr2

Composition, wt.%b

Nozzle/Location U 2r Fe Ni Cr Ag cd Al
M3/279 mm (inside nozzle)
Matrix 29 8 6 5 43 - - 7
Matrix 55 12 5 2 15 - - 9
Particulate 58 19 8 11 k] - - -
Fuel mass a8 9 1 1 - - -
Fuel mass 83 15 1 - 1 - - -
Fuel mass 55 12 5 15 2 - - 9
LA6/283 mm (inside nozzle)
Shard 100 - - - - - - -
Solidified mass, 1€ 83-87 11-13 2 - 1 - - -
Grain boundary, 1 4] 19 17 - 14 - - 8
Solidified mass, 2 17 54 9 1 1 - - 9
Solidified mass. 2 74 27 - - - - - -
H5/140 mm (inside nozzle)
Ceramic area, edge 25-30 13-15 1-3 1 51-57 - - -
Ceramic area, edge 82 12 1 k] 1 - - -
Ceramic areas, centerd (35-40) (12-16) - (40-55) - - -
Ceramic areas, center 13-30 8-12 7-22 2-10 40-77 - - -
Ceramic area, edge 28 1% 33 1 13 - - -
HB/120 mm (inside nozzle)
Particulate areas 60 30 4 k] 1 - - -
010/280 mm (inside nozzle)
Particulate 1 65 23 4 3 5 - - -
Particulate 2 63 12 5 15 6 - - -
010/158 mo (imbedded in nozzle)
Particle 1 68 23 4 2 2 - -
Particle 2 77 20 1 1 1 - - -
Particle 3 91 8 - 1 - - - -
010/82 mm (outside nozzle)
Particle 1 14 62 8 6 2 7 - -
Particle 2 81 16 2 1 - - - -
Particle 2 7% 16 6 2 2 - - -
Particle 3 10 17 6 5 1 - - -
Particle 4 22 78 - - - - - -
D10/69 mm (outer surface)
Imbedded particle 82 12 1 3 1 - - -

8Normalized to ~100% metal: oxygen not considered.

bEstimated accuracy is +20%.

CLike numbers indicate either more than one analysis on a particular structure, or
individua) areas in a structure.
dParentheses identify estimated values for portion of analyzed area.
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Table 2 (continued)

Composition, wt.%b

Nozzle/Location ] ir Fe N1 Cr Ag Cd Al
£11/280 om (inside no2zle)
Large shard 83 14 1 - 1 - - -
Small shard 83 14 2 - 1 - - -
Matrix k] 53 8 3 3 - - -
Matrix 47 44 6 2 1 - - -
Matrix 66 27 4 2 1 - - -
Matrix 87 10 1 - 1 - - -
Surface fold (outside) 74 10 2 6 2 - - 6
£11/274 ma (inside nozzle)
Inside nozzle =9 =85 4 2 1 - - -
Inside nozzle 27 n 1 1 - - - -
Inside. agglomerates (avg) 62 16 19 k] - - - -
£11/90 mm (outer surface)
Outer scale 20 20 57 2 1 - - -
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Table 3 - Summary of Hardness Determinations

Elevation from
Vessel,

Nozz1le

010

Ell

H8

H5

L6

M9

290
283
280
274
266
260
158
130
90
82
77
69
64
38
25
0

140 ¢

136 ¢

124 ¢

161 ¢

168 ¢

10

208

137

190

E

29

133 ¢

105 ¢

198 ¢
217 ¢

23

13b

167

169

13

124

202

5

28

3Cr-depleted material,

byeldment.
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Fig. 1. Grid map of TMI core showing locations of nozzles examined at ANL.
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Fig. 2. Typical incore nozzle with seal and retaining weld.
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Fig. 3. Lower-head area and incore instrument guide tubes.
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Fig. 4.

435 !_lt'lllll]l'l‘l.s
- 1 "!’
Elevation view of nozzle segment M9, as received. (282582)
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Fig. 5. Top and bottom views of M9 nozzle segment, as received. (282558)
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Fig. 7. Longitudinal sections through top of Nozzle M9 near the center (left) and at the center (right).
2X (280683 and 280687)




0§

Fig. 8. Longitudinal section through top of Nozzle M9.

(Original at 25X, reduced to 14X; 280695)



Fig. 9. SEM-BSE image of multiphase fuel in Nozzle M9. Light
material is U-rich, medium is Zr-rich, and darkest is
Cr-rich matrix.

Fig. 10. As-cut transverse section at 241-mm elevation of M9,
showing metallic and possibly ceramic debris between
5 and 8 o'clock in the annulus. 2X (280685)
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Fig. 11. Elevation view of nozzle segment L6. (282581)
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Fig. 12. Top and bottom views of L6 nozzle segment. (282587)
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Fig. 13. Gamma activity profile and sectioning scheme for Nozzle L6.




Fig. 14. As-cut transverse section at 283-mm elevation of L6,
showing a porous material in the annulus. 2X (280675)

55




Fig. 15. Instrument string and fuel debris at 283-mm elevation of L6.
(Original at 25X, reduced to 11X, 281570)
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Fig. 16. Partially transformed fuel mass at 283-mm
elevation of L6.

Fig. 17. As-cut transverse section at 77-mm elevation of L6. 2X
(280680)
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Fig. 18. Partially transformed zirconium instrument lead at
77-mm elevation in L6. 250X (281664)

Fig. 19. Etched microstructure of Inconel 600 nozzle at
77-mm elevation in L6. 100X (282531)
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Fig. 21. Top and bottom views of H5 nozzle segment. (282585)
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Fig. 22. As-polished bottom end of H5 segment, revealing only a solidified
metallic mass. 2X (280533)
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Fig. 24. As-cut transverse section through H5 at the 114-mm elevation.
2X (280530)

Fig. 25. As-cut longitudinal section through top of H5 segment. 2X (280535)
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Fig. 26. Metallic and ceramic debris at top of H5. (Original at 25X,
reduced to 15X; 280693)
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Fig. 27.

Microstructure of debris at top of H5,
showing intimate mixture of U-rich
phases (light), Zr-rich phases (medium),
and Cr-rich matrix (darkest).

Fig. 28. Chromium-rich platelets precipitated in
Cr-depleted Inconel. Bubble contains
deposits of core debris.




Fig. 29.

Instrument string and solidified Inconel mass at the bottom
of the H5 segment. (Original at 25X, reduced to 12X, 280635)
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(a)

(b)

Fig. 30. Shards of Inconel 600 (a) and fuel debris (b) within instrument
string at bottom of H5. 250X (280582 and 280584)

67



Fig. 31. Bottom weldment of the H5 nozzle. 9X {Z81i587); insert at 260X (281635)
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Fig. 34. As-cut longitudinal section through
the top of H8. 2X (280653)

A



Fig. 35. As-cut transverse section at the 64-mm elevation
in H8. 2X (280652)
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Fig. 36. Metallographic section of instrument string and metallic
debris at the 64-mm elevation of H8. (Original at 35X,
reduced to 11X, 280453)
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Fig. 37. Eutectic structures, containing Zr, U, In, Ni, Cr, and
Fe at the 64-mm elevation in H8. 250X (280462)
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Fig. 38. Ablated surface of H8 nozzle at the 64-mm elevation.

Fig. 39. SEM-BSE image of Ag-Cd particle,
and Zr-rich material penetrating
surface of H8 nozzle at 64-mm elevation.




Fig. 40.

18

(282578)

Elevation views of D10 nozzle segment.
Side view shows crack in nozzle surface.
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Fig. 41. Top and bottom views of the D10 nozzle segment. (282583)
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Fig. 43.

Two sides of the longitudinal section through the top of the D10 nozzle.
2X (280650 and 280649)



Fig. 44. Typical area of fuel shards found at top of D10 nozzle.

Fig. 45. As-cut transverse section through D10 at the 266-mm elevation, showing
metallic and ceramic debris inside. 2X (280641)
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Fig. 46. Surface deposits at 266 mm on Nozzle D10.

Fig. 47. As-cut transverse section through D10 at the
177-mm elevation. 2X (280644)

81




Fig. 48. As-cut transverse section through D10 at the
158-mm elevation. 2X (280646)

82



Fig. 49. Area of grain boundary separations in D10 at the 158-mm elevation.
(Original at 25X, reduced to 12X, 280688)
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(a) (b)

Fig. 50. Examples of Ag-Cd deposits in D10 at the 158-mm elevation, showing
Ag-Cd penetration as (a) stringers and (b) discrete particles.
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Fig. 51.

Examples of particulate fuel debris trapped in grain boundary separations at

158 mm in D10.
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Fig. 52. Area of grain boundary separations in D10 at the 158-mm
elevation, etched to show possible second phase and
internal grain structure. 9X (282558)
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Fig. 53. Portion of thick exterior deposit on D10 at the 158-mm elevation.
A fuel-containing area is on the left (arrow). (Original at 25X,
reduced to 16X, 280694)
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Fig. 54. Examples of Ag-Cd in Inconel at 158 mm in Nozzle D10.



Fig. 55. Segregated U-rich (light) and Zr-rich (dark) phases
in fuel particle in a deposit at 158 mm on D10.
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Fig. 56. Instrument string at 158 mm in D10.
(Original at 25X, reduced to 15X (280673)
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Fig. 57. Melted Zr lead wire at 158 mm in D10. Phases include
Ni, Fe, and Cr back diffused from the locally melted
Inconel sheath. 250X (280669)
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Fig. 58. Layer of debris on outer surface of D10 at the
82-mm elevation. 250X (281852)
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Fig. 59. Elevation view of nozzle segment E11.
93

(282579)
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Fig. 60. Top and bottom views of nozzle segment E11. (282584)
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Fig. 62. As-cut transverse section at 274 mm and longitudinal section
through top of Nozzle E11. 2X (280522 and 280528)
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Fig. 63. Fuel debris in the top of Nozzle E1l.
(Original at 25X, reduced to 9X 280636)
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Fig. 64. “Micro-folds” with trapped fuel debris in the
outer surface at the top of Nozzle E11.

Fig. 65. SEM image of fuel debris attached to the inner
surface of E11 at the 274-mm elevation.
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Fig. 66. SEM image of surface reaction at 27% mm on E11. Ag-Cd nodules are
evident within the nozzle material.

§

Fig. 67. As-cut transverse section through E11 at 220 mm. Small gray mass
at 3 o’clock may contdin fuel. 2X (280525)
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Fig. 68. Flaking surface debris-bearing scale and surface-adherent scale
beneath it at 90-mm elevation on Nozzle E11. 150X (281913)

Fig. 69. SEM-BSE image of scales shown in Fig. 68. White dots along
10-p inner scale are Ag-Cd particles.
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IX. Appendix

This section includes the descriptive data sheet for each specimen
examined by metallography, SEM-EDX, or hardness measurements.
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Oate of Sheet Preparation: 4/// / 92

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: % A2/ 5/

Sample Source (check one):  ___Vessel steel A Nozzle ___Other (specify)
___Guide tube —__Companion
Performing Organization: Principal Investigator: Sample Core
. Grid Location:
AL ~ mer/Z/°s L. .48 . ve/mark L&

Sample Location Description (attach diagram if necessary):
Sample /s Frem +he beveled 74)0 o the
nozz/e a¥ r+he 283 mem elevation. Sample
Covers OD &8rd ID Surfaces in a Fressverse

view.

Examination/Test P :
/.nn%e;grgieme_ nature oF ny Surface o@as;;év
on O 3ad LD SwrfBces/ ‘
2. De=fermine com/”s,-,l,1,~ of nozzle material
nNear surface

Examination/Test Technique and Formatting:
Me:‘a//wlj Bad SEL- EDX .

@/isa/ f‘oﬁgryls s, SEM /mages , dad X-ray W#q

Examination/Test Observation or Results: Hardness /s /67L7 DPH,
Ol ~ /O Fhiek /8je~ on OD an
Surfaces, Mo interachion with base metal,
Laye sre non-aniform in compos)ton , Som€
s T ek itk Cd-Ay and Y, parfictes

r~

o others rich iw Al, 7P~ t  Lontains
ZI:Z: :":4/ séar-c?;. Ba‘f mete/ o in /s Lnc. 600,

Other Parent Breakoffs (Samplg Log Nos.) and Purpose: S)
2 o), 426454 (GEn,), FREASE (Aardnes s
42‘4'36'4/ S /f:{g S

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test &unimary Sheet

Sample Log No.: %4’26 A2/

Sample Source (check one): ___ Vessel steel L Nozzle ___Other (specify)
__Guide tube __Companion
Performing Organization: Principal Investigator: ga'rg;la_le Core
. rid Location:
RNL -7/ THS L. A Neromrsri ioves

Sample Location Description (attach diagram if necessary):

Sazyy/e /s fFom Centfer oF nozzfe ¥ Fhe

283 mne e/evar‘a‘a.u. &a/arhs /;?.SAWmea ¥¢ sﬁv‘aa
and Fuel/ rrssses.

Examination/Test Purpose:  Dedermive amfure. of el debms
. J
Compas; From of rasfrument wires ., and Composi Hoa

of ceramic insc/artor maf‘a-lez

Examination/Test Technique and Formatting:

C%‘/'za/ mﬁ/oifa/w.(f ond SEAM-SDX.

Examination/Test Observation or Results:

See refw’f' fext, e /O

Other Paren;Breakoﬁs (Sample Log Nos.) anc}tpwse: S26R/E7 (S  and

hardnes 26 A5A4 (SEM 3ud Arrdness), 26 458 (hardness
sze st Cefs ¢ ~ -
Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ﬁ/@ 726 A5A

Sample Source (check one): ___Vessel steel _@ozzle ___Other (specify)
__Guide tube ___Companion
Performing Organization: Principal Investigator: gaircr’ul:»_le Ccl)re
. rid Location:
A -mer /7705 L A . Neimark 7

Sample Location Descriptlor;(atta;ch diagram if necessary):
Sample is from outer sarfice of nozale
SF the 77 mm elevation.

Examination/Test Purpose:
Nbz2le microstreectire s
defas,'/-s ] and hardness,

nature of scrface

Examination/Test Technique and Formatting:
Me /e Ay , SEX/-EDX , nd DAH. "
%/u%;ra és) SEM /'lnaaes and EDX %c v,

Gd Aovohess measdurements,

Examination/Test Obsarvation or Resuits:
For W'a'os;‘na-_/un) See 7rex#, f-/lo

Hordness is /165 273 DPH, /}z/ac’% M @PSUrements on
f26 A58,
No oscarmble Surtace /& )/ev- > “ose ;5. Jrin A Zncowe!
A

')
oXxida o a 'p/'vo’ucfs !@S Some Co (4_, y 97 M ‘,géj -
fue! /on‘n:/e ) TEXRI904t , Was ‘wlhredilec /n Furfce,

Other Parent Breakotfs (Sample Log Nos.) and Purpose: (26 L/&/ (SEA Sad
Azrdnes 33) 4264247 (SENY), £26 A58 (haroness), 426 PR

Comment_s:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examinatlon/Test Summary Sheet

Sample Log No.: ,4/6’ H26A58

Sample Source (check one): ___ Vessel steel __l{_ﬂozzle —Other (specify)
___Guide tube —__Companion
Performing Organization: Principal Investigator: (saairé\?-le Cciare
. rid Location:
AN -mr/r ~S L. Nesmark 24

Sample Location Description (attach diagram if necessary):
e /s Fom ioner- Surface of nozzle
at the 77mm. e/evaton.

Examination/Test Purpose:
A oradness

Examination/Test Technique and Formatting:
DPrH

Examinatiory Test Obsarvation or Results:

AHordness was /(69 23 DPH ) /}zéuﬂh.? madsurtments
on H26A54,

ﬁmer arent Breakoffs (Sample Log Nos.) and Purpose: #264/5/(SEN »ael
’2 2 ) 426?/:}36'&'/” > P26A54 (me?, .Sfﬁgéﬂm))

Comments:

Add additional shaets if necessary

A-5




Date of Sheet Preparation:

OECD TMI-2? Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4/6 L2AAS5C

Sample Source (check one): ___ Vessel steel _{ﬁozzle ___Other (specif-y_)-
___Guide tube __Companion
Performing Organization: Principal Investigator: (Ssairéllee thl)re
rid Location:
ANL-MCT/TPS LA Nermark A

Sample Location Description (attach diagram if necessary):
Sa’y/e ’s from Center of no2zle F Fhe
77 mm e/evatin, Includes Rorele TD ond

Msrunent S/f'/‘a.a ,

Examination/Test Purpose: ‘
Tefermine I?ﬂ)écfe. 01; MQ;{://& //“‘%meou‘ 0 Smwmn lus

Zrtire of ID surface cleposits, sud mefotsryical
Conditon. of inStrument Teod ~wires,

Examination/Test Technique and Formatting:

ot /6 Ay and SEX/-EDX.
%’a? ;Z/a)a’ra;(s SSEM /mages, aad EDX Sfedra

Examination/Test Observation or F«;asults:

See 7Fexl’ e /1«

Other arentssreakoﬂs Sample Log Nos.) and Purpose: 426 4/5/ CEA/ Sac/

/aoz é”,z;- E4:!6 24/ EM), 26454 (net, SER|, sarness),

nesg

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4 /6 26 B/A/A

Sample Source (check one): __ Vessel steel _4022!9 __Other (specify)
__Guide tube —_Companion
Performing Organization: Principal Investigator: Sample Core
Y & Grid Location:
ANL - AT/ T PS L. A, Ne/mss. M9

Sample Location Description (attach diagram if necessary):
Sample s 3 Franswerse secrron 2F tAe

24/ mm 'elovation 3£ He owrer Surfoce of Ale
Rozz/@. Samyle cafr’w-es mo/fen noze/le mater’a/

nd /*’,f’foa/ Scrface <lebris,

Examination/Test Purpose:
'.DMJ:: neture oFf mersic Bad ceramiT
V/fases . he structure, Harc/ress

Examination/Test Technique and Formatting:
SEM -EDX ,me /a//?ra)pl )

%’c&/ /lob,r’pls/ S /mBges £E£DX -?ecﬁ'd.

Examination/Test Observation or Results: Mets! frase confamius Aumerous
/ éu“/es,}’/wce ’s Ch- //e:é'c/ Imone/ﬁJM’-&Sk-

2.201), Bubbles contain Vpor-deps:fed SAruc Fares +AvE
Con ﬁ(}l A‘é,CJ/ Zn Beeed L/ agl.éc')‘ C» and 77 250 found,

Cerams ‘s @ 'Z/n-/cr o r matrix Y el COr=rick
7053-3: c(; é:_' _g‘/;:’:.,/,q/,j #4> £ cowtwins isfauds of U-2r

f.“"’ 4 ~Cel- I 4 J‘fur-e," U. A/ar/neﬁs ‘( "'IZM ‘o0

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
£26 Br424 (SEM) 5 426 B2 (CEM Sudd hordmess )

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No%?é B/424
Sample Source (check one): ___ Vessel steel zN{zzle —_Other (specify)
___Guide tube ___Companion
Performing Organization: Principal Investigator: Sample Core
. Grid Location:
ANL~-MCT /TPS L.4. Neimark MS

Sample Location Description (attach diagram if necessary):
Semple is 3 /long/tudins! Seckon *hrough the
B oF nozzle ot Fhe midplane, Sample

caﬁfurss one ID Surfsce P nozz/e ond core
de ‘S IR center, ond ortron. ol S5 rumeat

lead. (See= Fz‘;.a n /ex:‘)

Examination/Test Purpose:
Derermine neture o £ meYatc and cerswlc

\,ﬂéases.

Examinatkpfl‘est Technique and Formatting:

Mesz/ “y ond SER]-EFDX.
25X o 7 photo and SEA m3ges aad EDX sfadm

Examinatior/Test Observation or Results:

See Fex’ D &

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
| {2 B CEM ud hardness) 5 V26 B28/ St ond fard-

Comments:

Add additional sheaets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log NO%%Zé B2B/

Sample Source (check one): Vessel steel +~Nozzle Other (specify)
Guide tube Companion
Performing Organization: Principal Investigator: gaircr’\pﬂe Cc‘)re
. rid Location:
AN~ Mcr/z";ﬁ' L. A& . NMesmark MO

Sample Location Description (attach diagram if necessary):
Transverse sSecthon QF culer swurface af Fhe€

3K mm e/evaﬁ’an.

Examination/Test Purpose:

Determine nefure of 32a surface c/gpus;k
dnd no2zle hardness.

Examination/Test Technique and Formatting:

SEM-EDX and DFK hardhess,

ExaminatioryTest Observation or Results; #ardaess /s 202128 DPH,
Thin, ' Serrace /vyer',' O.5~20 e , rich oA fr,ﬂvfaf/ e
oxide, Occasronal oo ,',[:f - ¥4 @/,037) s /:/ef;
Some cowrrp/ ma/m’,(:s’ ‘s /bygr) Sut ,,/{M’ﬁgq
Base merfe/ /§ IMc. ée00 . Occdsronal grain bound:j
! but have o the Cmyatﬂ"oo\
phsses in ZIncone/s ng, ; . i
oFf lhe base metn/; probably a/ rdes or car s,

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
S26 BIAIA (Bt el harduess) , 426 TR (Sanr)

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.;%(Zé ClAl

Sample Source (check one):  ___ Vessel steel _mzz!e ___Other (specify)
___Guide tube ___Companion

Performing Organization: Principal Investigator: Sample Core

ANL- Mdf/_/l'ﬁ 2. 4. Nesmark. G"}}gﬂom

Sample Location Description (attach diagram if necessary):

chf:éla"na ( sechon Fhrowsh meltes "!9'0 of
nozz /e, Captures OD, ID 3nd "#y'sw»"aces.

aﬁmi:rpﬁi fure of o Ja on Fhe /A/ﬁa‘e
Surfaces and Fhe Ca»/;pas/%zm. ok Fhe

metal.

Examination/Test Technique and Formatting:
SEM -£DX, SEM /mages and EDX W/ra . DFPH

Examination/Test Observation or Results:
See texi, PS5
DPH was /48273 base mera/ was normal
Tne. 600,

O.t¢her Pacre% Breakoffs t(jar:\gle Log ‘b?s.‘)aan(d Pugse:{ ZZC? 2(.2'.4(2 ‘g m u‘.))
26 C/AINme 124 C/A488(me 2 SE
426 c2C1 Chardness .22 426 C2D Onet.ond Qé-/{;s)f

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No#426 ClA2

Sample Source (check one): __ Vessel steel _l{_ﬂ/oizle __Other (specify)
____Guide tube ___Companion

Performing Organization: Principal Investigator: Sample Core

ANL-MET/T7S L. . NMermark |S0720"

Sample Location Description (attach diagram if necessary):

&euda transverse 5@574'9,’_ of rsfrumeat SHva
3nd debr's o+ 1‘:}0 of nozz/e , /a8 mm elvation.

Examination/Test Purpose:

e Ao defermine nsrure of ceram/’c

Crigrrns j
i . A, Awevers
a/eiﬂs next o 175 e €n "a,:{ 'wa;“ Fothe g

_zea}nﬂr mountecd rnCorrecth
xomined Vond PX m koto,
Examination/Test Techniqﬁ and Formatting:

Merelographky . g macro, fos of Zwo wund
el Y opho o

Examination/Test Observation or Results:

Structures ~ o be lailed,porows
fce/ /raa rmeafs and .Sb/,‘a{'/,"e”/ corea’ meZs/.

Some S~ /Lad Wires Lroctured o~ reaciet,

Other Parent Breakoffs (Sample Log Nos,) and Purpose: ;26 CrR/ (SEA 2o

hordness), $2& CIATA (med), 426 ClA43B(mes) 4.25{:46
26 Q28/ (#ardness 2 , #26 CRD (met: Jadl :z&t{/

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No: 4/ A26C /434

Sample Source (check one): ___ Vessel steel __I-__/_ﬁozzle ____Other (specify)
___Guide tube ___Companion
Performing Organization: Principal Investigator: Sample Core

AML - A2 7/ TH0S L. A. Nesmark | %0750

Sample Location Description (attach diagram if necessary):
Lon;,‘/aaﬂza/ Secton of central hstrument stria
at ‘the ~qomm elevation, Captures JI.D Surfice,
String condiesf , and so/rdifAred Oebris (maind
metadlic) on either side of condewrt Insirdud
tube and contarned mstrument /esds F=// ou¥ o
Condauf ¥ uring preparation .

Examination/Test Purpose: " . :
Originally *o rden é/:,%/‘v aerFmic /)737?;%?; /» _
Fnna/us fween noz221e & /nstirumen ¥ Sr7v 9-

“bwever .S'am'p/e frefara_ﬁam olid not 49,4414«-"&

des/rad 3rea,

Examination/Test Technique and Formatting:
Merz /%’?/’4] .
@/’l"“’/ /bfé 9 rav/,és o 250X,

Examination/Test Observation or Results:
Sthuctures confoin pr/7? ckmatstas , &y Aeerie
fie/ds , and areds of oxidized meizl,
Snilarmhy of Structures Fo rhose of 926CaA

Y jes:‘ Constivents ore olidled Inc. éoo confarn-

Other Parent Breakotfs (Sample Log Nos.) and Purpose: ¥2& C/4/ (SEM sad hord—
ness), 426 CIAZ Gmel), {ze Cr43B(net), 426 C24 SaM)
AR6 CRC/ (hardness ), 42 x>

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: .4 /6 26 C/A35

Sample Source (check one): __ Vessel steel _{ﬁozzle ___Other (specity)
___Guide tube ____Companion
Performing Organization: Principal Investigator: Sample Core

AN L -Mdf/f/ﬂﬁ L. ;4 . A/e/'ma,.K Gl’;t:)-oacation:

Sample Location Description (attach diagram if necessary):

TrOnsveEre Sachon f(rem rhe aeater ol noz2z/e
ot Hhe ~bgmm elevation, Capltured rozzle

inner surface with Solvdik: metal Sgsi1st
/'z‘; and on owrter fz‘ece 0l Ahe condist,

Examination/Test Purpose: ‘ . . )
or '3/'48_/5; > CxXamine cerame na—éna/ ’7R

y { srAm
/ e fween nozzle and nsAramen 55
zz:‘k‘?; Somple moun ted ;‘faasperseﬁt > not

ong rtudinally .

Exami/r;a}onﬂ/ft/‘l}chni@e azd Formatting:
e ra, .
0//1:?7%‘!62/’9/45 fo 250X

Examination/Test Observation or Results: . )
Sthructurmes rdentcal o A 4 e A Zé C2A;
)ﬂoss /'éﬁ maré'»a surfaces, M L roStruc ures
Floo  Similom Ko fhose ra. FR6 C/A3A.

B Sample Log Nos.) and Purpose: e G/ (A dnd. hgrd~
R B A Lo oS e 23 26 24 CoE M),
426 C2C/ aro’ness)_, 426 CRD Gnet and SEM) .,

Comments:

Add additional shaets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4 /6 424 24

Sample Source (check one): __ Vessel steel __I/_l@zzle ___Other (specify)
___Guidetube ___Companion
Performing Organization: Principal Investigator: Sample Core

Grid Location:

ANL-MET /TPS LA Nesmark |~ 2

Sample Location Description (att;ch diagram if necessary):
Trarsverse sacton from the centfer of rozzle
at the 64 mm elevation, C'apr‘umq/ artral
nstrumen t str. , mera le oAfebrr's /m//#a@
m dnnwlus, o, nozzle rmner surface, (Gee

Fig.36 in” tex?.)

Examination/Test Purpose: e nafure o £ me falhe debris

’
M e aanulus,

Examination/Test Technique and Formatting:
A/e/a//?fy Snd SEAI-EDX,

%‘ca/ plo;%arayis Ao 2S¢ ; SEM /m3ges;
EDX Spec
Examination/Test Observation or Results:

See fexit PP /5-/6,

426 CRC/ ChardnessS , 426 C2D (mef owd Sep)

Comments:

Oth t Breakoffs (Sampla Log Nos.) and Purpose: 426 C/4/ (SEA/ awd Aard-
RESE) B2 1A% . 3,"&2; S C CIAadCmess, %24 CIAIB (med)

Add additional sheets if necessary




Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examinatlon/Test Summary Sheet

Sample Log No.: ,4/6‘ 26 C2C/

Sample Source (check one): __ Vessel steel _lﬁﬁozzle —__Other (specify)
___Guide tube —Companion
Performing Organization: Principal Investigator: Sample Core

ANL-MCT/TS LA Nesmark. G agson

Sample Location Description (attach diagram if necessary):

Tronsverse Sactbn of ourer nozz/e serfoce
IF the 64 mm elevatroa . 537/9 C‘)ﬂ/"{"‘
/2 mm o/’ .furface sad extends ~Q0 wm Sn%
Ro2z/e,

Examination/Test Purpose:
l%f'c/aess of ARozzle,

Examinationy/Tast Technique and Formatting:
Drst medsuremenls ; FbX 7940”03"-‘794.

2

Examination/Tast Observation or Results:
Averspe of & messurements WIS /332 ¢ DFY

426 C/A2 Cmer), 26 C/A3M(mel), 126 C24 CSeR1), 426 C/A38~

Other Parent BreakoSs (Sample L% Nos.) and Purpose: #26C48/(SEA7 e hurdness)
(met), 426 C 2D (mes and SEHL) .

Comments:

Add additional sheets if necessary
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~ Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: % f26C2D

Sample Source (check one): ___ Vessel steel ___fﬁozzle —_Other (speclfy)
___Guide tube ___Companion
Performing Organization: Principal Investigator: galrgpile Colvre
- rid Location:
ANL -MCT/ZPS 2. 4. Meimark o

Sample Location Descrlptibn (attach diagram if necessary):

Trarverse Sectv. of segment of outer noze/e surfxce
oF Fhe 64 mm elevation, Surface 8rea /s one
of severe ob/ation,

@ienaﬂonﬂ:s’:’:fmf; lore ol maferial on nez2/e Surfice

and Yo eluc,/dule PeEchHBnlsm of Scrfoce attect,

Examination/Test Technique and Formatting:

Mero/e rophy o SEM -EDX Inolysss.
@ﬁ‘ea?jp‘o/v‘,ryls B SooxX 5 S /mages, and
EDX %x‘ra ,

Examinatior/Test Observation or Results: (See )u % of {ea-z‘.)

Sose mers! A93 flomins ! compos Fion of Ihe. boo,

Zr and A /rfki/a/ conwstiinewnts’ of Surface /lrayer A>T

Varies frogy rsoo 7o bco ’a 1"41’6‘0’0“,’ Fe, Cr ond L/ /’?m*

n s/ 4.":"::.{-7 sma/ler £m ts, Zr conteat 'n fByer ’s
Zn

~24-3 Y, /‘gr'ﬂ w/ar nefrebion by Sr i Inboo
(~ /2 ~20 /:ZF’b‘/ /3 U"*A ’.ﬁ‘. dned Cr . 23’3‘ /.”C/“‘I.OK
of ARa-Cd 'in 2r-Ni surfece /oy,

. 4o rdnesy
Other Parent Breakoffs (Sample Log Nos.) and Purpose: H26 i/ (SERS 8a

426 C/A2(mex) , 926 C14 ; mes), 42?6/%0()) IZACM(.S&”();
426 C2C/ (hardness ) .,

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

sample Log No.: 4/4 S2ED15/

Sample Source (check one):  ___ Vessel steel _Nozle ___Other (specity)
___Quide tube —_Companion
Performing Organization: Principal Investigator: galr(r’\pl_le C?re
) rid Location:
ANL - AT /77PS £.A. NeimarK A5

Sample Location Description (attach diagram if necessary):
ngMaa/ Secton Lhrough ‘”va"'"ﬂ"e m,‘%c i
the” ~/35mm elevation, below ,(V Surfoce.

is frow "miaht” S/de of rnozz/e asnd rnc/udes
oufer surface, Che of fau Jpecinas acrocs ‘o

of noz2z2/e,

ment

Exatn)lga‘umi:urp;s:;‘“ﬂ of mefallic 3ad cersmic o4k ses,

Examination/Test Technique and Formatting:

eyt ,.,,x Pwd SEA-&DX. .
A’;,»,d?/o o 2kx ond micregraphs T 250K S&AM -mbges

wd " £Dx Specrra,

Examination/Test Observation or Resuits: (S'ce desxt, » /J.)
Metollc piace /s mm;/y Cr-depled Ine. boo. Mumersus
(]

"bubbles’ in strecture, Need/e ~/ike (plarelef shue fures
ossecioted penars/ly with bubbles, ore richk Coxide? 3

Bubbles cowntwin vipor— ?&'Au/ SHvc fares, Joma of whesb
»e ,?, Cersmec’ "‘mass Cr-rvch matfrix (oxiab) Gonterns

/ ppromes So/te Red

U-rie f‘[ aad 2,--n'¢.k/o( f:basea. Fue
Other Parent Breakotfs (Sample Log Nos.) and Purpose: 26 /82 (me+)
=ity o:}ampe e ) " hordness). A// VY Ve

426 DIB3(met), 426 D!Bt (mest dnd
SEM Exdmindation ,

————

Comments:

Add additional sheets if necessary




Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4/6 426 D! B2

Sample Source (check one): __ Vessel steel _~Nozzle —_Other (specity)
—Guide tube —_Companion
Performing Organization: Principal Investigator: 8?{3‘3' Cgro
. ocation:
ANe-mier /TS L. . Nejmark. piy=

Sample Location Description (attach diagram it necessary): “*/

Long, feslsra/ SectHon K Spwvesimsle mlp/ove a¥
fh:’w.!s mem &bvm‘o':::aéc/ow Hoo Surflce, Segment
is o the “[eft® of centariine, next o 426DD/B4,

e of rour Jpoc/nons ocrens %p oFf nozare,

Exﬁnlnatlorﬂist Purpose:
Dervwmine n8Free of retetic ond cearsm/c

;Mases .

Examination/Test Technique and Formatting:

Melo/lography swal SEA-EDX.

M. > ¥ 28X dne mrb/zry“ Yo 250X,
SEM ‘mages dad EDX e .

Examination/Test Observation or Results: fext, pi3.)

eﬁ/n}:h’c Sose /3 es(ss:i #ro Pc,._,("/. kc/
T god Cout without Dabblel). Cardmic rs
Crrich (oxrda) with mdermingled bits of
Svidifed FAue/ phases ond ’par—/rz/cs X 2Zr
and Co +-Ae iy,

Other Parent Breakotfs (Sample Log Nos.) and Purpose: 2.6 /S8 (e ¢ *SEA)
426 D1 BB (met v S6M), 426 D/BY (e ¥, SEA, *Asdrdness)

Commaents:

Add additional sheets if necessary
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Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: A/G 126 D/B3

Sample Source (check one): Vessel steel Nozzle Other (specify)
Guide tube —Companion
Performing Organization: Princlpal Investigator: gag\?-lo c:.;ro
. rid Location:
Anc-Mer/IrS L.A - MemarK pyr-

Sample Location Description (attach diagram if necessary):

LO”J/YuJInO/ Section Lhrocak g e AWZM
ot the 135 mm elvmtion gxﬁ 2he 7 Sur
Sﬁm“f ’s fo the riaht” of centerine, nest
o 426DIB/. Cre of Rur Jplcrmans Icross ﬁy o
Roz2/a.

Examination/Test Purpose:
Defermme podire OF meralic snd cer@w/c

,p‘aso.s.

Examination/Test Technique and Formatting:
Me%n £y dud S&EM - EDX,
A o 87 29¢ aud mizre ls Fo 250X,

SEAL rwrBpes ond &FDX qaea’m.

Examjnatiory/Test Observation o Results: (See rexs, ./.5,)
/‘/ef’ﬁ'c //ws e essentsll ,ér-dy/e— wa I#C,
6’0) Seowe with bubbles mud .'.a;gnd-. C'r""*'y'@k/ﬂg
8bsont 'Cersmec” area s a A en@ous dbuglomerste
oF Cr-rickh wmatrix contarni aress of U-h'e‘/ r, 2r
U, Al 3ad 7i-rick phases (>0 wad 25 ¥, r“f“"'.'eébv
Lua/ Solidiied /n-s/Ae.

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 726Z¥A/(mer sad SEAY),
£26 DIB2 (ime?Fv SEM), 426D /B4 Grar, SEM, hordeass).

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ,4/, J26 /5L

Sample Source (check one): _ Vessel steel __l_/_ﬁoula —Other (specity)
—Guide tube —_Companion
Performing Organization: Principal Investigator: %‘.‘c',‘ le Core
ANL-MCT/FPS L. Nesmark '//}!m
Sample Location Description (attach diagram if necessary):
nafe ms */&42_

/an irudinal section rArough Sppron
; £ the MJS'mme/ewﬁxm besnw Surfecs,
5’4-04”‘ /s on Frhe %4‘ Sl oFf rnoxzle In

Oov/ains ourer Surfice,

Examination/Test Purpose: of merattc Band CCrBmie

Aarms afure
:;:,m"‘”” hardness of F<he rermer;

Examinatiorn/Test Technique and Formatting: of DAY microhardaeas,

Aoty rophy, SEM-EDX, &
Maoc ’Z ;- 28X mtay‘o)‘ds &t 2soX,

s, e 4‘) zo8L2 Do
Examination/Test Observation or Results: j :a,“ %C’Z‘ wiFh numereas

» PV
Me/ob7c f“ ce Cr-ox/de Surfoces, Numerous

,7# encas * bals fHavirg
Cr-rrch need/es /a/o/w{: ea.s dendrsheg 3 matrix
nmll deveid e % /mec/ WI/—A 2/ 27,
Sadd 7t c'aramc. ‘2 outesr surfoce /s c‘r--baui ulfk
/nc/ sidns of Fe, Cal Ay, lrich and 2:--nc‘\ fuel in ‘ceramte’
ose: 4263/.8/(»«/- * SEM),

Other Parent Brgakoffs (Sampla Log Nos.) and Pu
426D/B2 (.mu" ( zﬂ'i 09“‘5, mer ¥S&;

Comments:

Add additional sheets if necessary
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Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ,Q/é J26 D2B

Sample Source (check one): ___Vessel steel _%?zlo —Other (spec!fy)
__Quide tube —Companion

Performing Organization: Princlpal Investigator: Sample Core

Ae-Mer /7725 L.A . Me/markK G""’"';?l'“"

Sample Location Description (attach diagram if necessary):

7/ ¢ Jowesrt yprece of cond/s: on nozale
”;:rgce. o¢F Ffhe ~ 70 mm c/e:.?-ﬁbn.

MEX.NI | ;’
o e of Fhe candlad mrtala(

/'ﬂc/ud(eha ;fs  hercness.

Examination/Test Tachnique and Formatting:
Mere e "/‘)J SEA]-EDX,

ofo arf 35x, m:‘cfa/lo/os so /000X,
SEM “imuges, EDX Specrira,

Examination/Test Observation or Results: 2 4 ar ‘e ®
ﬁace /% irrégularh .‘/;UM r > rious & e
‘s o»f’;'f.s‘ wriaces, Rose meral 'S /J’%Cl;
J0 W Ny, 72w Fe (4e. Type 2ot SS), M found o3

; ‘ ~ /s /
foads, 'S /4246 W, Mo fore an mareria /n
::. ;.d/: a'f;/:'dzf':: f hewvy oxide® was 2£6Cr-63Fe ~ra ALY

_@‘l/om shows Fine Ay a/f'-fcncd, uni’dentitred meh/:ﬁaq

Other Parent Bréakotts (Sample Log Nos.) and Purpose:
Mone on 4H426D2

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ,4/6 £26 DI

Sample Source (check one): ___Vessel steel ¥ Nozzle —_Other (specity)
—Guide tube —Companion

Performing Organization: Principal Investigator: gaimple Core

Ane-pcr /775 L. A Nermsrk o e

Sample Location Description (attach diagram if necessary):
Trensverse safon at the O mm eleatim of the
center of nozzle. Ceprures most- o /b.si‘fu;oeav‘
St‘h'na Segm eat- of nozale /inner Surface, /875¢
me/a/// debris ingot in dmnulus, ond Some parkic-
ulstfe debris befieea /';gn‘ aad nozzle HN,

£ phe debrre oA

Examination/Test Purpose: 7 o
o /sc .
Mﬁfu: ‘;‘&A'r:— me faitle _,-4.,..@4: ‘pha inshriem ot
‘;"" md ,/'lt ”73"./"”3168/ Stofe of Fhe Mstrumeat
wires,
Examination/Test Technique and Formatting:
Mﬁ@rz«(j anof SEkf-LDX,
/Wacnflo DK 28X, m/ fos 7o RSox,
SEX) " images ond E&DX fre,
ExaminatioryTest Observation or Results:
’n Phe

Thgot composron /s 729%Ni-9%rele The debnrs
2 L orticles with U-2r

Sanulus aonsists of Cr-rick
Impuritres, 7he 3hards Con ulw-) bafureen in3brumeat
insAument /levds are

lesds are INnc.eeo +Mn. ome
ra&a/ crackad, a)‘f/c orhers m:)/ be truasferm:
X -» s photos not sutfrc/an “4 d&fins bive of microstructwe,
Other Parent Breakotfs (Sample Log Nos.) and Purpose: .26 D 38/ (mel M

426D3C ! (met, Scpt Sncd Anrdacss

Comments:

Add additional sheets it necessary

A-22




Oate of Sheet Preparation;

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ¢ /6 #L26 D38/

Sample Source (check one): __ Vessel steel _z(ozzle —__Other (specity)
___Guide tube —Companion
Performing Organization: Principal Investigator: <s?‘alr(r’n:aLle Cc:re
. tion:
ANL-MeT /1PS L. . Nerwrark r A/.;E on

Sample Location Description (é&ach diagram if necessary):

Transverse sectiom Ffvwm Fhe owrer Scurface of rhe

no2z2/e a¥ rhe O mm /2/3Fown, ("/'/""‘" °"§
® A/Tmm m?n‘-n‘ of Fhe Surfuce’

Examinatiory/Test Purpose: o’ Fhe nozrle

EXsmine the ardin Structure
and delfermive /s Aercuess,

ExaminatioryTast Technique and Formatting:
//¢;‘a/?bgn,¢£) Snd DF% MERScrembn s,
@¥

. Lotos 86 x (unefeched nd c/:ioc(_),mc‘crafkak
a2t Loox e DPH messurements.

&ﬂﬁm:b;:ﬂon ?‘R :j;nso:'p we/cfme..f. wé/a( Trses and

cont structure eviclewt, Hordness rs 2r7£/3 DPH,

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
S26 D34 (met sad SEM), $262D3C/ (met SEM, hardness)

Comments:

Add additional sheets if necessary

A-23




Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample L.og No.: 4/6 426D3C: /

Sample Source (check one):  ___ Vessel steel zﬁozzle __Other (specify)
___Guige tube ___Companion
Performing Organization: Principal Investigator: 2aig1;|)-le Cgre
, rid Location:
Ane -4«/67/./76 Z.4. AE/ rrrarK A5

Sample Location Description (attach diagram if necessary):
Transverse Saxfron #om rhe outer SurPoce of Hhe
Nozzle ot Fhe 265 mm elevaton. Capfures
225 mem of Surface ond ~ /0 mm of a/?/l saward,

Examination/Test Purpose:
Evaluate ou Surflcc Oéfosné/ exXomrne rhe Zwc.éboo
grain strucftre, ond olefermine #he hardness.

Examination/Test Technique and Formatting:
Mertnllgraphy, SEp1-EDX, Sacd DI meEdsurcments,

Macroploto (ane fehed) oF 8.6 ; micrographs (ebe bed) at

/oo wnd 1SOX; hardness medsarements Fua DPH,

Examination/Test Observation or Results: /P&~ & 1’;/4 Covy :("' = f"“*)
. s s Shrcetu w;oxed #rans
o Z“’Aéﬂkm g :/" ;e re.S:ee ?aonelfl' 7 Fwins
“up OS5 mm Fn Siome ; py s D ivee
reseat, ,%pare.,, ¥ precip’ration Secon o p s

fh’ Fhiw graias onel fa'/' /;l’at‘u boundlaries (T ?D..

: 2 debns
Sou - thick ow'de Surt fayers wixture of Aine core
P;:'/o:./:s :Efe c::c/;‘,‘Ox} e infecr.s % be rFe-bssed(not abaﬂ'b

‘Other Parent Breakoffs (Sample Log Nos.) and Purpose:
426 D34 (me? ¥ SEM), 426 D38/ (me” >4 5 raess)

Comments:

Add additional sheets if necessary

A-24



Date of Sheet Preparation: %//72-—
77

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log NO.W 126 £74/

Sample Source (check one): __ Vessel steel _{_ﬁzzle ___Other (specify)
___Guide tube ___Companion

Performing Organization: Principal Investigator: Sample Core

Grid Location:

AL -MCr /T 7S L A MNemark |SF5

Sample Location Description (attach diagram if necessary):
Ama,'/ua{;ﬂa/ Section 7‘4""‘3
y o £ e22 le. Cpa)&{ Ur-€S et/

t N
.Séaz ard #ue/ A-aémem‘.s n 3 A‘@e

articulz te martrix, and one side of
ozzl/e. ‘nne~ surface.,

A c/e,é/"/'s

Examination/Test Purpose: _
Determine nature sf debris and fiie

pParficulakte marrix,

E;a/m;n};lo//n/;;s; ;r&ique ;r:i :{o;mattsmgiﬁ_ £DX . pfﬁza/ )pb/asj
SEN Im ages an e X-"aj Sfcc.v‘-r-a,

Examination/Test Observation or Results:

%ﬁ"/.x /s ver Fne ((/aa/a) tue/ Parf:'cges
of Varyf"“a Cam/Fos;‘/fans VocaK Fue/ shards
gre vsrious Cemoos/ fions, 83;93“% =14, Some ovidized
icces of Stainless conduwit.Fe mest pleatrbuf
Fhom constituent of matrix besi/des Uzndlr.

Other Parent Breakoffs (Sample Log Nos.) and Purpose:

L26E /82 6’764 Sen) and /)S’f'dn¢55>

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation: 4/// /é-‘

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.%426 E/BZ

Sample Source (check one): __ Vessel steel _\:ﬁ:zzle ____Other (specify)
___Guide tube ___Companion
Performing Organization: Principal Investigator: Sample Core

Grid Location:

AL MT /T175 | 2.4 AMesnarl |Tgy)

Sample Location Description (attach diagram if necessary):

40 4'&./:/1}78/ SCG//?’) on rNozz/= 7‘// /-46'/“4//’!.?/
bt inner and outer surfices.

Examination/Test Purpose:
Detarmine natue of vozzle Iegnsdation .
Determine +Hardness,

Examination/Test Technique and Formatting:

/V&fa//qr%a( SEM-EDX 5 microhardness,
Q/ﬂ‘r’c&/ //Z:/as 5, SEH /mages, X—raj s fe:.i‘r'a/
and DPH vokes.

Examination/Test Observation or Results:
/4/ mdjor surfsce Feacr’sa Y, Cuter Suréfece

Close fo or @F Solidus /e«n/e/’é/u/‘@. 04”?;2'
surboce skowed 'micro-fo/ds” %Aa, F Lrepp
porticulate M3 Her including, o e/ #ar%:c/e s

Hordness s 2082 29 DPH (évg of 7 Mas«f&l@vﬁ)

Other Parent Breakoffs (Sarhple Log Nos.) and Purpose:

A26 £74/ (et aad SEM)

Comments:

Add additional sheets if necessary
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Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4/6 H26 £24/

Sample Source (check one): ___ Vessel steel +Nozzle Other (specify)
___Guide tube Companion
Performing Organization: Principal Investigator: ?; alrg ;|>.le Colre
. rid Location:
ANL-MeT/TPS L.A. Nesmark =,/

Sample Location Description (attach diagram if necessary):
T+ansverse Sechon of noxz/e - mner Surfeee Segment-
3t the 274 mrm e/evorion. Coplnres rrefatic
rundecwn on rnner sSwurfece and’ some riicu lote
Ceramsc deér-,‘s a/ona rnner Sur-'/ﬁce.

Examination/Test Purpose:
Det@rmine narfire of melalllc rundeon aud

the ceremrc ar;‘:‘c/e.s.
Determine nozzle Adrdness.

Examination/Test Technique and Formatting:
Mers /465 -2 Fﬁ' 3ad SEA*-EDX; DY measvrements .

Mac "y"o"o 3t 9.6x; SEM /mages sad EDx 3@:{/-8.

Examination/Test Observation or Results:
Meta/lie rundewn Contfigious Witk Dbase metfa! and concluded 4o

be Inc. béoo Gn yoerformesl Duk not Mfd&‘é’“& dabris a
Pobpourri of fue/ sksrds, fue/ Bwrticles in dn Fe-(oxide)
m{:‘:lx (JI'C/JIM & @ alomerl‘e S :rd), Snd @xtraneous

core mbterinl” ma‘,‘;ﬁu:‘s,&-‘,. Co,S17 Fue/’ had rosge ah

VU/r rotos frow oc.0z fo 2.2’ Sowe contre/ rod censiibuesls in

. o ) . *- Sress on I“c. ’“P#a‘e‘
Fej4 mprrix. ‘4/;‘"{ s Di/ S ove. of I rmeasuremeds wit

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
A26 E24H(SEM ondl hordness)

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: A/@ A6 244

Sample Source (check one): __ Vessel steel _l_/_ﬂozz|e ___Other (specify)
___Guide tube —_Companion
Performing Organization: Principal Investigator: %alré\%le Cgre
. rid Location:
ANL -me T /TS L. A. Nermark oy

Sample Location Description (attach diagram if necessary):

ffansvefse N Y— ;4'0;1 ot rnozz /e ourer Jaﬁpﬁée
5&5.—»&-{- at the 274 wmm elayation. C'yf“ms

20 mm of outer surface,

Examination/Test Purpose:
Determine nafure of Fay surfrce /»reractons
or a’efws;{s‘
De Ferm ne no2z/e Aav-:/ne_sc,

Examlnation/‘lbst Technique and Formatting: :
Mct‘pJZ?pé« snd SEM-EDX; DA messurements,
o

Mkm/a ¥ Fbx; Seps /'mases and EDX
Sfec./fa.

Examination/Test Observation or Results: (See resxr 0.2 )
Muﬂ"@crd Surfice ffbsl% 70 -204e bhre £, ({o b 5 /3yers found]

Zrrner @ers Cowr'e) fn‘nc:'/a// Cr 9 77 fron rthe Iconel,
Ou ter ers dre Fe-ricl’ ond /vdan wWith 4/ 2, vad Ag-G

fescte d region Contsined CdIn, Ao, 8/, Zr, Si in 8 o

4o  enhoncesd Fe= ond Cr.Rascton infergrancler
pervasive . Ag- cgh gogu s ‘n nozzles wp fo [ma.
Iy - RS - A [ 2™ fn - - _ " 104 4

Other Parent reakoﬂs (Sample Log Nos.) and Purpose:
426 E£24) SEM! Md éa»oézesss

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4/6 26 ESB/

Sample Source (check one): ___ Vessel steel __t{_ﬁozzle —Other (specify)
—Guide tube —_Companion
Performing Organization: Principal Investigator: ,Q galguile Cc;re
. rid Location:
ANL-MCT /THS 2.4, Nermsr. vid Lo

Sample Location Description (attach diagram if necessary):

TFansverse S@ffon of nozzle oufer F:rfece af/
the Fomm elevation. Captures /1S5 rm7 of Surface
aﬂJ ~JO mm I-ﬂﬁ 'to‘!/e.’. aéufs 42‘5483’

Examination/Test Purpose: .
Derterm/n e P natere e £ a«y Surface o’efaasf t‘.‘-_
Delfermine nozale V) 7CES,

Examination/Test Technique and Formatting:
Me/’//e rooh y SEM”EDX) )P// me”af;ﬁlex l‘.S,
Mzcro // ¢ &6x; mc‘cnyu(a/as of /150 md SaaX,

SE&at rmages 3xd EDX WMO

Examinatl t Ob ti Results:

Aa/:tn:do‘ﬁg# s;?fa?,: 323& scale on surface, Conlains
p/' rri of Pa/'i‘fea/ﬁfe shords m an Fe-rick martrix,
Ishdros ore rincips/A U-Cr tuel. s04. adbereat /vyer
on noazle c—iaacc’d R/ particles srp F4nl fager
dre A"'d)‘ Fraces of In,

Hordnaes /s /90219 DPH (‘W%' of & measurements u#l,ﬂagl

Other Parent Breakoffs (Sample Log Nos.) and Purpose:

426 E4B3 (hardness)

Comments:

Add additional sheets if necessary

A-~29



Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: A/G L26E483

Sample Source (check one): __ Vessel steel __n_/_ﬂozzle ___Other (specity)
—__Guide tube —_Companion
Performing Organization: Principal Investigator: Sample Core
. & Grid Location:
ANL 'Mdf/!% L. - Nermar £/

Sample Location Description (attach diagram if necessary):

Transverse Secrbon of noam/e rwner Surface of fthe
9o mm e/evation . Cepluras /5 mm of Surfice

nd /85 mm /nfo noza/fe ; dbuts 426 E£45/.

ExaminatioryTest Purpose:
Defermine Aorure oF a»y Scrfae e/?oosh&,
Dertermine nozzle A rdness.

Examination/Test ﬁchnlqﬁe and Formatting: w
Me/ahog.r ] SEA/-EDX, dnd DFU h3rducss.

Macnyt,/, F.6X. SEM exam nof ferléfnd

ExaminatioryTast Observation or Results:
Ho-duwees s 190t/ DIY (vg. of & measurcments
s V> 4 J/).

Other Parent Breakoffs (Sample Log Nos.) and Pu

SR6EABr (SEM ond A 2 dn ess_/

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ,4/5 26 E88

Sample Source (check one): __ Vessel steel +Nozzle —Other (specity)
___QGuide tube —_Companion
Performing Organization: Principal Investigator: galrg{lo C?re
. rid Location:
RM-ALET /T PSS L.l Aerm@3rk E//

Sample Location Description (attach diagram it necessary):
Tremsverse section of botom s«rface
(77 mm e/evar‘fau) o/ r'emoyeJ 7775 Frumen -

S /r'i'na_ on /x .

Examination/Test Purpose:
ermine na{urc of extraneous ma&/ia/s,

Examination/Test Technique and Formatting:

Mess /4 A or3 SEA/-EDX et Afmed.
2 aﬁra%x ;

fos
Macrg AP center Fube, H.
fo 7oeox,
Examination/Test Observation or Results: and betueen

Merstvc shards msde center fube
[t ond ivs/rume«.r‘ /[ea ds a/; elr 7o be from

briffle Fractures , but rouadd on Some Surfaces
5225&’:/ c/acﬁ‘/:'& or Short- ad ‘?L Wéﬁ‘w
FPossibly cuting debris {rom nozzle acquisifion.

Other Parent Bfaakoﬂs (Sample Log Nos.) and Purpose:

Nene.

Comments:

Add additional shaets if necessary
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Oate of Sheet Preparation:

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4/6 126 F/A2

Sample Source (check one): Vessel steel 1Lozzle Other (specify)
Guide tube Companion
Performing Organization: Principal Investigator: galré\tlo C:l:ra
. rld Location:
AN -MET /TS Lodd - NermBrK DO

Sample Location Description (attach diagram If necessary):
L""J""“ dime! section of nozzle inrer Sam"ac" e |
af the o (@27@ mm efcv.ﬁh) . Cy./ures /:)4'
Side of rnler Scrface z a/"'ttozz/‘a InS/rumen y
condyrf ¢8/‘ﬁ’8/), dnd I“,ls ment _;76-77% remnaarts,

Ex_ag:w;;:'m:aﬁ,w o mareria/ éne/v//'c)* be Aveen
nozzle Fnd cowdusls n3Fure oF cerwmic “marerss s

Sl nature of gray, /?m'a(- ”aﬂﬁ‘ﬁ-a_féase.

Examination/Test Technique and Formatting:

pnd Sef-EDX, -
Mc/'//z;;y?f &éx, fme/?hfvs 2/ 250K . SEA (mTjes

MW
ond ' &€DX 7& ~a,

amwfm;fewwfzuf i cxam‘,‘-// Tnc. oo (79 /t./c ‘/:66.-:
12 Fe), Wozz/e next fo above phase r3”8lse P N L
NnFe), Swe Lersmic® s Cr-bxida o}_ co:‘c;a; :/:t /:" /C-”/“ e
A 7= e ags A ne. . - -
of rop of nozzle, ray "figurd “hase s Criox on
Yolds! on_Stanfees g Lr?.

Other Parent Breakoffs (Sample Log Nos.) and Purpoge:
L26 FIAS (Mﬂf S&M] farduces

Comments:

Add additional shaeets if necessary

A-32




Oaste of Sheet Preparation: ?/4? 2
e

OECD TMI-2 Vessael Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: ,4/6 426 A /A4

Sample Source (choc’:k one). ___Vessel steel ,KNozzlo —_Other (sp'o'cm'/r)h
—__Guide tube —_Companion
Performing Organization: Principal Investigator: Sample Core
Grid Location:

Sample Location Description (attach diagram if necessary):

Lan&,'ﬁ«//na/ secﬁ‘an) 76/ /3 mm oK reoz=z/e

Showr "’f’ and g/'de surfaces,
CSwbstitute fom 426F147)

Examination/Test Purpose:
Determine nature Bad extea? oF
sSurface interaciion.

Examination/Test Technique and Formatting:

Melatograohy , SEM-EDX | mriciohardness.
0/#63/,;?9 jé’M /bﬁryﬂ; 5 XT3y Specfra,

Examination/Test Observation or Results:
Swrface oXidatien of Craad 7'2:- Sone [-Z—
;/?Vo/}"emen - A/ penefreotoan bernesrFi
oK de oreas Mo ole f/‘esw/. Ay < with
U2r nodules i,o 2§a 3:9/,‘, o s«m"ace,

Ava. hordness (¢ )= jdot4DPH
Other Pagnt Breakoffs (Sample Log Nos.) and Purpose:

AXFIAZ 5 meroltegrapdy od SEM-EDX

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation: ?/l f/é &

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: 4 Aﬂé A2/

Sample Source (check one): __ Vessel steel _ANozzlo ___Other (specity)
__Guice tube —Companion
Performing Organization: Principal Investigator: Sample Core
Grid Location:

G- MET /2PS | LA Ne, marl | Do

Sample Location Description (attach diagram if necessary):
Tronsverse secten aF noaz/e surfsce
3t the 264 mm e/evarren,

ExaminatiorvTest Purpose:
Derermine nafure of surfoce debris ond

fo22/e dcsradaﬁan .

Examinatior/Test Technique and Formatting:
Me f‘//a’r?( , SEN -EFDX, onc! mr’cmé&n/ms,
Gpties! ‘sad kEM photogrophs; x-roy spectra

ExaminatiorvTest Observation or Resuits: .

Surfece db/vhion “p %o Imm Cleep, /"/"54/’"9‘ o
Surfoce Aa ress/ie A fenl fl-;ﬁ'on) Crr77 8:11'5‘5;1
oxdation Zzef-/aiel with Fe-oxide, Cod A=
JNNer- /‘a/;/e/-s- U-Zrﬂa-Cd ,‘Paf‘//cfe.s lae outer

Fe-rich /aje'/'-. Aversge hardness (5) /B DDPH

Other Parent Breakoffs (Sample Log Nos.) and Purpose:

Newe

Comments:

Add additional sheets if necessary

A-34




Oate of Sheet Preparation: -{/// /92._
7/

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.%‘gzégz}é_

Sample Source (check one).  ___Vessel steel J‘(gzﬂe —Other (specity)
—_Guide tube —Companion
'Porformlng Organization: ' Principal Investigator: Sample Core

Grid Location:

AM-MET /TS | LA Neimark. |55

Sampie Location Description (attach diagram If necessary):
S e /s @ Hransverse Cross -sechon of Fle

mstramen ¢ a»‘f/'aa of He /58 mm efevaton.

Examination/Test Purpose:
De fenwine. f‘:o nature o conduif I'@JUJ‘(‘OJ;) materia/

mside colfopted fube, 8ad #e me.fa//w-af ol *the
ZF- kad wires,

Examination/Test Techni nd Formatting:
Metodgraphy swcl  SEH-EDX. Cptes/ photyaphs,

SEM images oad X—ff] spectra,

ExaminatioryTest Observation or Resuits: . '
SHoinfags sStee/ camdut Aas exidized; re ﬂ"‘;"‘;‘
reactas s found. Mareria/ i tvde /S Cr-aé)o%
Iﬂ@ndl. L Wires genera// have had redox Fw‘o\
with ALO, insulaton; 2r - / eutectic -éme/.r mG‘W/I'C
‘fﬁ"g‘“ﬁ-‘-’ melted and thew Toacted with Lucone

Other Parent Breakoffs (Sample Log Nos.) and Purpose:
Mope.

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation: ?/25: /éz.

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.%/g £26 F'4 A

Sample Source (check one): __ Vessel steel X_Nozzle ___Other (specify)
—__Guide tube ___Companion
Performing Organization: Principal Investigator: Sample Core

Qrid Location:

RNL-MCT /Tvos | L. & Meimark D /0

Sample Location Description (attach diagram if necessary):
Trans/e s@ Sectirm oF nozz/e surfxe 3af the
/58 mm alevation. hres /s of gress “intergrenclar”
cavities iAn NozZ2/e,

Exam'lrnatlonnbst Purpose:
Determine nNBture 8ad cContrarf ¥ c8vikeg
and micrestfructung of neoz2/e,

Examination/Test Technique and Formatting:
Mets 1graphy , SEM-EDX  dad m teroharduess,

Q/fca and” SEM phe foyraphs x-rey s pectra,

Examination/Test Observation or Results: .
Cavities Filed witl A’c—/ debris in C-rich mafrix,

Toner Surfacas have Cr-loxide) /8yes; 143’&/
Strincers In r&wn boundaries wnd 3s small
NoculEs In NOZ?,‘ mu*l‘;x . Lame raiA Ma'c.rosl-m:hag’
S/)?oc of rains annu/ﬂa fwins , and low Aad«ﬁ
l:l» . ;l?f’ 7th=§:g§kf§\(g;A of /bliiél 1£§2g1g¢brilf1(rg;‘

Other Parent Breakoffs (Sample Log Nos.) and Purpje

‘ . \
A2/ 4B (Cantrel Irc, nugget and FeC @ctorior ful d?‘

Comments:

Add additional sheets if necessary
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Oate of Sheet Preparation: f///é - T

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.% 26 F4R

Sample Source (check one): ___ Vessel steel A~Nozzle —Other (specity)
___Guide tube ___Companion
Performing Organization: Principal Investigator: Sample Core

Geid Location;

AL -MCZ'A';JS L. - e Hark /0

Sample Location Description (attach diagram it necessary):
Sample /s fror~ center~ of nozzle &F /58 mm

elefaton. Ares Shews noz2l« ID aud metallic
l/%bof' +q'31>equ:( - anvrwlws,

Examination/Test Purpose: ‘D‘.;.e rmme. Nature of lMgof sud
seek - eviderce for reason for maferial

loss on nozzle I,

Examination/Test Technique and Formatting:
pletollpraphy , SE#/~EDX Cptiea/ phetographs,
SEM fb1=E;¢!g; snd X- faf =¥P¢11f111.

Examinatior/Test Observation or Results: L C o
I {' /s Cr- J?A/QJ Iﬁ‘ﬂﬂ&/ wiF ‘ot -2 74~ £ 2§
o surt“ue. tcd aodu./es in ingofs as we «
as F-e-mc.k areas .proba oxides, ITD of

l. now iz oA
noz2(e deficient i~ Cr Y TD surface contoirs

gw-pas,e‘ as :Proloauz &VIGN% Cr Ty ond AL
Other Parent Breakoffs (Sample Log Nos.) and Purpose:
A2¢ F44 , 426 F4C .

Comments:

Add additional sheets if necessary
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Date of Sheet Preparation: ?/é’eé_)/
7

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.:%lfé FLC

Sample Source (check one): ___ Vessel steel _Xfozzle ___Other (specity)
___Guide tube ___Companion

Performing Organization: Principal Investigator: Sample Core

AM-MET /3PS | L. 4 Neimark [T

Sample Location Description (attach diagram if necessary): /
Sample ;s From :wf'/éce or ﬂozze Y

3rea of ngﬁ’ca.c(- e bris efﬂsz fon /58 mm
above lbotmS of nozzle,

Examination/Test Purpose:

fu £ S:uf‘f%h:ez C?@Béw745 ,,&L
,? 7“::::.”;:: Z)ao/-[e nanZ/e and #4 erms/ *:ﬁzfec‘&

in *the nozzle

Examination/Test ﬁchnlque and [-‘on:;a/fttlngé_:l> .
// SeM-
M&?maszjm nibcaton 2s-poli e.c{ e "’“/
gr-arhs #L?L. aad /ow m%nzz afen SEM-SE Imad‘es
Qnd

Examination/Test Obsesatlon oﬂ Results

Debris is o mixture s Cr and Fe oxu(es s few fuel
Faﬂ"“es and misses of Cr- leted. I"‘One( me{i
Nozzle Surface, rteracton (nveNed gr oxm(at‘:on,d
Al Pene‘h a’ham. - “Par"f'rc/es found I~
nozzle and in -c(ef:/e\‘eg:( nasses.

Other Parent Breakoffs (Sample Log Nos.) and Purpose:

426F4A, 426 F4B ; sane purpose,

Comments:

Add additional sheets if necessary
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Oate of Sheet Preparation: /o /é /?‘2,
7 7

OECD TMI-2 Vessel Investigation Project
Sample Examination/Test Summary Sheet

Sample Log No.: % {2‘;54»_3_5/

Sample Source (check one): ___ Vessel steel _{Nozzle ____Other (specify)
___Guide tube —__Companion

Performing Organization: Principal Investigator: Sample Core
Grid Location:

ANe-McT/TPS (L A Nemar K|S 500

Sample Location Description (attach diagram if necessary):
Souple /= tom rhe ro2zle surfice FF £he
82 mn elevstion .
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