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APPENDIX A

TM[-2 LOWER CORE REGION SAMPLE SELECTION

The TMI-2 lower core region samples include samples from both the
32,700 kg (estimated) consolidated region and the fuel assemblies (rod
bundles) that retained their original geometry below the consolidated

The material was collected on three occasions during the defueling

program as follows:

5 core boring in July 1986 after removal of the loose debris
between the cavity at the top of the core and the consolidated
region?

By defueling tooling in December 1986 after the consolidated region
had been pulverized by drilling 409 holes in an overlapping pattern
with a solid-faced bit

B8y defueling tooling in late January 1987 after removal of most of
the pulverized core material that remained in the core region above
the rod bundle geometry after the overlapping hole drilling. Only
25% (8100 kg) of the pulverized core material was retrieved from
the consolidated region after the drilling. The remainder is
assumed to have relocated to the rod bundles and the reactor vessel
lower plenum.

The total collection of material from the lower core region weighed

approximately 187 kg and was composed of the following:

a.

£. L. Tolman et al., TM]- isition Summary Report,

£GG-TM]-7385, Revision 1, February 1987.
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Collection Sample

Date Mass (k Sample Description
July 1986 130 Cores, rocks, and fragments from
(core bores) the consolidated region, rod

bundle rods and tubes from below
the consolidated region and one
lower end fitting core from 10
core positions as identified in
Table A-1.

December 1986 53 Rocks and fragments from the
consolidated region at core
positions F6, H8, and Mll.

Late January 1987 4 Rocks and fragments from the
consolidated region at core
positions H9 and K9.

Table A-2 contains the list of samples that were selected and/or
evolved from the 187 kg of material from the consolidated and lower rod
bundle regions of the core.

A1l eight cores of consolidated material were subdivided by one of the
two sectioning schemes shown in Figure A-1. The specific sectioning
diagrams are shown in Appendix E.

The rock-size samples were selected on the basis of size (> 2.5 cm in
one dimension), distinctive feature, and/or density. A large (24 kg) rock
of consolidated region material from the December 1986 sample collection
near core position M1l was returned to storage in TMI-2 fuel canister D-174
because it was too large to handle with the existing sample examination
tooling. The initial selection of rock samples was based on size and
distinctive feature. After photographing and measurement of density, a
final selection of rocks for examination at the INEL was made. The final
selection emphasized selection of rocks with midrange and extremes of
density to investigate the reasons for the range (9.7 to 5.4 g/cm3) and
apparent stratification of density in the consolidated region.

A-4



TABLE A.1. TRI-2 CORE DORT ACQUISITION SUMMARY..PRELININARY
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TABLE A-2. TMI-2 LOWER CORE REGION SAMPLE LIST

Sample Description

Sample No.b Type Mass (g) Density (g[gm3) Remarks
6 cm Dia Cores:

D08-P1: Lower Crust 632 7.05 Subdivided
D08-P1-A -- -- CSNI-KFK
Do8-P1-B -- -- ANL-E
D08-P1-C -- -- INEL (Chem)
D08-P1-D -- -- INEL (Met)
D08-P1-E -- -- CSNI-France
D08-P1-F -- -- CSNI-Canada

Do8-P2: Side Crust 494 7.59 Subdivided
D08-P2-Al -- -- INEL (Chem)
D08-P2-A2 -- -- INEL (Met)
D08-P2-A3 -- --

D08-P2-8B -- -- CSNI-JRC
Do8-pP2-C -- -- Japan
D08-P2-D -- -- Japan
D08-P2-E -- -- Korea

D08-P3: Upper Crust 746 9.74 Subdivided
D08-P3-Al -- -- CSNI-JRC
D08-P3-A2 -- -- Japan
D08-P3-A3 -- -- Japan
D08-P3-A4 -- -- Japan
D08-P3-A5 -- --

D08-P3-B -- -- CSNI-UK
D08-P3-C -- -- CSNI-Sweden
D08-P3-D1 -- -- INEL (Chem)
D08-P3-D2 -- -- INEL (Met)
D08-P3-D3 -- -- Japan
D08-P3-D4 -- -- Japan
D08-P3-E -- -- Japan

G08-P11: Upper Crust 1847 8.24 Subdivided
GO8-P11-A -- --

GO8-P11-B -- -- INEL (Chem)
G08-P11-C -- -- INEL (Met)
G08-P11-D -- -- Japan

G08-P11-E -- -- INEL (Chem)
G08-P11-F -- -- INEL (Met)
G08-P11-G -- -- Japan

G08-P11-H -- -- CSNI-Switzerland
G08-P11-1 -- -- INEL (Met)
G08-P11-J -- --

G08-P11-K -~ -- Japan
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TABLE A-2. (Continued)

_sample Description
sample No.° Type Mass (g) Density (a/cm’) Remarks
6 cm Dia Cores (continued)
Gl2-P1: Ceramic 513 7.57 Subdivided
Gl2-Pl-A .- -- ANL-E
Gl2-P1-8 -- -- CSNI-KFK
612-P1-Cl -- -- CSNI-UK
612-P1-C2 -- -- CSNI -Sweden
612-P1-D1 -- -- CSNI-France
612-P1-D2 -- -- INEL (Chem)
6l12-P1-D3 -- -- INEL (Met)
Gl12-P1-D4 -- -- Japan
612-P1-D5 -- -- CSNI-Canada
6l2-P1-E -- -- INEL (Chem)/Japan
K09-P1: Lower Crust 1303 7.21 Subdivided
K09-Pl-A -- --
K09-P1-8 -- -- CSNI-UK
K09-P1-C .- -- INEL(Chem)/Korea
K09-P1-D -- -- INEL (Met)
K09-P1-E -- -- ANL-E
K09-P1-F -- -- CSNI-KFK
K09-P1-G -- -- INEL (Met)
K09-P1-H -- -- CSNI-Canada
K09-P2: Upper Crust 913 1.87 Subdivided
K09-P2-A -- -- CSNI-KFK
K09-P2-8 -- -- CSNI-UK
K09-P2-C1 -- --
K09-P2-C2 -- -- INEL (Chem)/Korea
K09-P2-D -- -- INEL (Met)
K09-P2-E -- -- ANL-E
K09-P2-F -- -- CSN]I-Switzerland
007-P4: Side or Upper
Crust 728 8.78 Subdivided
007-P4-A -- -- Japan
07-pP4-8 -- -- CSNI-KFK
007-P4-C] -- --
007-P4-C2 -- -- INEL (Chem)
007-P4-D -- -- INEL (Met)
007-P4-E -- -- CSNI-JRC
007-P4-F -- -- Japan
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TABLE A-2. (Continued)
Sample Description
Sample No.b Type Mass (g) Density (g(cm3) Remarks
Core Bore Rocks:
D04-P2-D 27.2 ANL-E
D04-P2-A 19.7 8.9 INEL (Met&Chem)
D04-P2-B 19.1 CSNI-UK
D04-pP2-C 6.8 9.4 Japan
D04-P1-B 4.6 CSNI
D04-P1-A 1.3
D08-P4-A 67.98 8.67 INEL (Met&Chem)
D08-P4-D 62.02 ANL-E
D08-P4-B 51.84
D08-P4-C 37.63 71.77 INEL (Met&Chem)
G08-P10-A 268.60 8.24 INEL (Met&Chem)
G08-P7-A 198.00 7.35 INEL (Met&Chem)
G08-P9-A 163.20 7.34 INEL (Met&Chem)
G08-P6-B 157.80 7.62 INEL (Met&Chem)
G08-P5-B 120.00 7.96 INEL (Met&Chem)
G08-P8-A 118.50 7.40 INEL (Met&Chem)
G08-P4-B 60.49 ANL-E
G08-P4-A 55.14 7.45 CSNI-KFK
G08-P5-A 50.06 CSNI-KFK
G08-P8-C 50.03 CSNI-Switzerland
G08-P8-B 39.11
G08-P7-B 38.45 ANL-E
G08-P7-C 36.10 8.80 INEL (Met&Chem)
G08-P9-B 33.78 ANL-E
G08-P6-A 21.10 7.69 Japan
G12-P9-A 132.18 7.65 INEL (Met&Chem)
Gl12-P4-A 90.48 7.84 INEL (Met&Chem)
G12-P8-A 82.16 ANL-E
G12-P10-A 64.28 CSNI-JRC
G12-P2-B 60.93 8.47 INEL (Met&Chem)
Gl12-P10-B 54.65 CSNI-Sweden
G12-P8-B 48.93 7.66 Japan
Gl12-P2-E 46.71 CSNI-JRC
G12-P3-A 45.41 7.70 Japan
Gl2-P2-D 40.93 8.33 Japan
Gl12-P7-A 40.75
G12-P6-A 40.60
Gl12-P4-B 38.91
Gl2-P6-E 36.92 CSNI-JRC
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TABLE A-2. (Continued)

_Sample Description
samole No.® Type Mass (a) Density (a/cm’) Remarks
Core Bore Rocks (continued):
612-P5-A 34.87
Gl2-P9-8 33.54 CSNI-JRC
Gl2-P2-C 30.25
612-P10-D 29.03
Gl2-P10-C 28.95 CSNI-KFK
Gl2-P2-A 28.3%
612-P8-C 28.18
Gl2-P6-8B 25.14
6G12-P9-C 24.90
6l2-P6-C 24.30
G12-P10-E 24.18
612-P9-D 20.45
Gl2-P6-D 19.84
Gl2-P3-B 19.01
612-pP8-D 18.04
K09-P3-L 75.55 ANL-E
K09-P4-G 67.73 CSNI-Canada
K09-P4-E 66.30
K09-P4-D 61.34 6.92 INEL (Met&Chem)
K09-P3-A 55.80 7.56 INEL (Met&Chem)
K09-P4-F 46.96
K09-P3-D 43.82 7.44 INEL (Met&Chem)
K09-P3-M 41.63 7.50 CSNI-France
K09-P4-H 38.33 6.66
K09-P4-N 37.93
K09-P3-C 37.73 Korea
K09-P3-J 35.12
K09-P4-L 34.58
K09-P4-M 33.56 ANL-E
K09-P4-J 26.83 ANL-E
K09-P3-F 26.68 7.78 INEL (Met&Chem)
K09-P3-H 24 .54
K09-P4-B 24.53 7.42
K09-P4-A 24.33 Korea (Radchem)
K09-P3-6 23.97 CSNI-UK
K09-P3-1 23.87 7.52
K09-P3-E 23.65
K09-P4-1 23.17
K09-P) -8B 19.98
K09-P3-8 19.47 CSNI-KFK
K09-P4-K 19.24
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TABLE A-2. (Continued)
Sample Description
Sample No. Type Mass (g) Density (gzgm3) Remarks
Core Bore Rocks (continued):
K09-P3-K 18.88
K09-P4-C 18.85 CSNI-KFK
NO5-P1-D 35.55 8.28 INEL (Met&Chem)
NO5-P1-H 22.25 9.09 INEL (Met&Chem)
NOS5-P1-F 18.06 Japan
NO5-P1-A 10.50 7.97 INEL (Met&Chem)
NO5-P1-E 10.34 CSNI-JRC
NO5-P1-G 9.60
NO5-P1-B 5.97 CSNI-KFK
N5-P1-C 3.59
N12-P1-A 145.64 ANL-E
N12-P1-B 0.66 Japan
007-P6 76.03 5.43 INEL (Met&Chem)
007-P5 34.45 CSNI-France
007-P8-B 21.80 CSNI-KFK
007-pP8-C 19.98
007-P8-A 7.24
007-P1-A 4.48 7.61 INEL/Japan
007-P3 ? CSNI-KFK
007-P1-B ?
009-P1-A 30.00 6.91 INEL (Met&Chem)
009-P1-B 20.44 7.22 INEL (Met&Chem)
Post-Drilling Rocks:
F6-P1 936 7.5
F6-P2 794 7.3
F6-P3 540 7.7
F6-P4 233 7.3
F6-P5 199 7.3
F6-P6 75 7.3
F6-P7 52 7.4
F6-P8 46 7.5
F6/H8-P1 1901 7.7
F6/H8-P2 638 7.5
F6/H8-P3 224 6.6
F5/H8-P4 262 7.5
F6/H8-P5 178 6.5
F6/H8-P6 202 6.7
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TABLE A-2. (Continued)

Sample Description
sample No." Iype Mass (q) Density (o/cn’) Remarks
Post-Drilling Rocks (continued):

F6/H8-P7 189 7.9

F6/H8-P8 144 8.5

F6/H8-P9 121 6.5

F6/H8-P10 109 6.9

8ig rock 24000 -- Returned to

(from Ml1]) fuel canister
D-174

Mi1-Pl 1671 1.5

M11-P2 1075 7.6 Japan

M11-P3 265 8.0

M11-P4 105 7.3

M11-P5 9] 7.9

M11-P6 71 7.8

M11-P7 60 8.2

M1]1-P8 56 8.2

M11-P9 49 7.9

M11-P10 63 8.4 Japan

H9/K9-P] 86 8.0

H9/K9-P2 54 7.1

H9/K9-P3 21 7.9

H9/K9-P4 26 7.7 Japan

H9/K9-P5 31 7.0 Japan

H9/K9-P6 74 8.1 Japan

H9/K9-P7 24 7.5

H9/K9-P8 27 7.1

H9/K9-P9 24 7.3 Korea

H9/K9-P10 26 7.9

fuel Rod Lower £nds:

DO4-R9: 123 ¢m long Subdivided
DO4-R9-2 10 to 20 cm? INEL (Met)
DO4-R9-4 38 to 48 cm? INEL (Met)
D04-R9-6 64 to 74 cm? INEL (Met)
D04-R9-8 107 to 117 cm? INEL (Met)

004-R12: 122 cm long Subdivided
DO4-R12-2 11 to 21 cmd Japan
DO4-R12-4 38 to 48 cm? Japan
004-R12-6 56 to 66 cm? Japan
004-R12-8 107 to 117 cm? Japan
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TABLE A-2. (Continued)

Sample Description

Sample No,b Type Mass (g) Density (g[cm3)
Fuel Rod Lower Ends (continued):
D08-R4: 69 cm long, with gadolinia:

DO8-R4-2 13 to 23 cm®

D08-R4-4 33 to 38 cm?
DO8-R4-6 53 to 63 cm?

D08-R6: 61 c¢m long, with gadolinia:
D08-R6-2 11.5 to 21.5 cmd
D08-R6-4 28 to 38 cm?
D08-R6-6 48 to 58 cm?

GO8-R6: 64 cm long
G08-R6-2 15 to 25 cm?®

GO8-R9: 64 cm long
GO8-R9-2 11 to 21 cm?
GO8-R9-4 28 to 38 cm@
GO8-R9-6 43 to 53 cmd

Gl2-R2: 110 cm long
Gl12-R2-2 13 to 23 cm 2
Gl12-R2-4 41 to 51 cm®
Gl12-R2-6 64 to 74 cm®
G12-R2-8 94 to 104 cm®

G12-R4: 105 cm long
G12-R4-2 13 to 23 cm®
G12-R4-4 38 to 48 cmd
G12-R4-6 74 to 84 cmd

G12-R8: 105 cm long
G12-R8-2 11.5 to 21.5 cm?
G12-R8-4 38 to 48 cm®
G12-R8-6 61 to 71 cm?
G12-R8-8 91.5 to 101.5 cm?

A-12
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Subdivided

3CA§55(UOZ-Gdzo

Subdivided

Subdivided

Subdivided
INEL (Met)
INEL (Met)
INEL (Met)

Subdivided

Subdivided
ANL-E
ANL-E
ANL-E

Subdivided
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TABLE A-2. (Continued)

_Sample Description

iamnls;u9¢° Type Mass (g) Dgnsixx_igzsmil Remarks
fue) Rod Lower Ends (continued):
K06-R1-2: 16.5 cm long Core elevation unknown
K09-RS: 42 cm long Subdivided
K09-RS-2 11 to 21 cm? INEL (Met)
KO9-RS-4 22 to 32 cm? INEL (Met, clad
SD Chem)
K09-R5-5 32 to 42 cm? INEL (Met)
K09-R9: 4] cm Tong Subdivided
K09-R9-2 10 to 20 cm? ANL-E
KO9-R9-4 23 to 33 cm? ANL-E
K09-R9-5 33 to 41 cm? ANL-E
K0S-R14: S! ¢m long Subdivided
K09-R14-2 10 to 20 cm®
KO9-R14-4 23 to 33 cm? CSNI-UK
K09-R14-5 33 to 43 cm? CSNI-UK
NOS-R2: 120 c¢m long Subdivided
NO5-R2-2 11.5 to 21.5 cm?
NOS-R2-4 41 to 5] cm®
NOS-R2-6 71 to 81 cm?
NOS-R2-8 104 to 114 cm?
NO5-RS5: 119 c¢m long Subdivided
NOS5-RS5-2 15 to 25 cm?
NOS-RS5-4 46 to 56 cm?
NOS-R5-6 76 to 86 cm?
NO5-RS-8 102 to 112 cm?
N12-R4: 112 cm long Subdivided
N12-R4-2 15 to 25 cmd
N12-R4-4 46 to 56 cm?
N12-R4-6 76 to 86 cm?
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TABLE A-2. (Continued)
Sample Description
Sample No.b Type Mass (g) Density (g[cm3) Remarks
Fuel Rod Lower Ends (continued):
N12-R9: 113 cm long Subdivided
N12-R9-2 11 to 21 cm?
N12-R9-4 33 to 43 cm?
N12-R9-6 63.5 to 73.5 cmd
N12-R9-8 84 to 94 cm?
N12-R11: 113 cm long Subdivided
N12-R11-2 11 to 21 cm?
N12-R11-4 24 to 34 cm?
N12-R11-6 63.5 to 73.5 cm? CSNI-Switzerland
N12-R11-8 96.5 to 106.5 cm? CSNI-Switzerland
007-R3: 67.3 cm 1ong Subdivided
007-R3-2 10 to 20 cm
007-R3-4 30.5 to 40.5 cm?
007-R3-6 51 to 61 cm?
007-R5: 66 cm long Subdivided
007-R5-2 10 to 20 cm?
007-R5-4 30.5 to 40.5 cm?
007-R5-6 51 to 61 cm?
009-R6: 72 cm long Subdivided
009-R6-2 13 to 23 cm
009-R6-3 23 to 28 cmd
009-R6-4 28 to 38 cm?
009-R6-6 48 to 58 cmd
009-R11: 69 cm long Subdivided
009-R11-2 13 to 23 cm?
009-R11-3 23 to 28 cm?
009-R11-4 28 to 38 cm?
009-R11-6 48 to 58 cm?



TABLE A-2. (Continued)

Sample Description
Sample o ° Type Mass (g) Density (g[gg3) Remarks
n i 1

DO4-R8: 122 c= long Subdivided
DO4-RB-2 11.5 to 21.5 cm? INEL (Met)
DO4-R8-4 33 to 43 ca® INEL (Met)
DO4-RB-6 66 to 76 ca? INEL (Met)
DO4-R8-8 104 to 114 ca? INEL (Met)

DO8-R7 84 to 94 ca long Subdivided
DO8-R7-2 18 to 28 ca?

DO8-R7-4 4] to 5] ca®
DOB-R7-6 53 to 63 ca?

K09-R13: 49.5 c» long Subdivided
K09-R13-2 S to .5 cm? INEL (Met)
K09-R13-4 20 to 30 cm? INEL (Met)
K09-R13-6 36 to 46 cm? INEL (Met)

Ni2-R7: 117 ca long Subdivided
Nl12-R7-2 8 to 18 cm
N12-R7-4 28 to 38 ca?

N12-R7-6 61 to 71 ca?
N12-R7-8 8] to 92 c»®
N12-R7-10 107 to 117 ca® INEL (Met and SS

Clad SD Ches)

N12-R13:
M12-R]3-2
N12-R]13-4
N12-R13-6

007-R7:
007-R7-2
OLO7-R7-4
007-R7-6

009-R7:
009 -

0 0 O

7-
7-
7-

NeaMN

009-
009-

52 cm long
5 to 15 cm?

25 to 35 ca?
46 to 56 ca®

74 cm long w/poss. solidified core mat’l:
10 to 20 cm?
53 to 63 ca?
64 to 74 ca®

109 cm long w/poss. solidified core mat’l:

S to 15 cm

23 to 33 cm?
46 to 56 cm?

A-15 -
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ANL-E
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Subdivided
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TABLE A-2. (Continued)

Sample Description

Sample No.b Type Mass (g) Density (g(cm3) Remarks
Control _Rod/Guide Tube Lower Ends (continued):
009-R8: 109 cm long Subdivided
009-R8-2 5 to 15 cm
009-R8-4 23 to 33 cm?
009-R8-6 43 to 53 cm?
Burnable Poison Rod/Guide Tube Lower Ends:
GO8-R11: 30.5 cm long Subdivided
GO8-R11-2 10 to 20 cm INEL (BP Chem)
G12-R13: 88 cm long Subdivided
G12-R13-2 20 to 30 cm? INEL (BP Chem)
G12-R13-4 66 to 76 cm? CSNI-KFK
R12-R16: 98 cm long Subdivided
G12-R16-2 23 to 33 cm? CSNI-KFA
G12-R16-4 56 to 66 cm? CSNI-KFK
NO5-R7: 122 cm 1ong Subdivided
NO5-R7-2 5 to 15 cm ANL-E
NO5-R7-4 48 to 58 cm? ANL-E
NO5-R7-6 76 to 86 cm? ANL-E
NO5-R7-8 99 to 109 cm? ANL-E
Instrument Tube Lower Ends:
D04-R1: 79 cm long Subdivided
D04-R1-2 10 to 20 cm?
D04-R1-4 41 to 51 cm?
D04-R1-6 63.5 to 73.5 cm?
D08-R8: 49.5 cm long Subdivided
D08-R8-2 8 to 18 cm?
D08-R8-4 25 to 35 cm?d
D08-R8-6 38 to 48 cm?



TABLE A-2. (Continued)

Sample Description

Sample No.°

Type

Instrument Tube Lower Ends (continued):

GO8-R3: 56 cm long w/solidified core material:
GO8-R3-2 4 to 14 cm?

G08-R3-4 16.5 to 17.5 cm?

GO8-R3-6 36 to 46 cm?

Gl2-Rl2: 113 cm long w/poss. solidified core material:
612-R12-2 8 to 18 cm
G12-R12-4 28 to 38 cm?
G12-R12-6 69 to 79 cm?
612-R12-8 97 to 107 cm?

K09-R4: 39 cm long
K09-R4-2 10 to 20 cm?
K09-R4-4 25 to 35 cm?

NOS-R1S: 60 cm long
NOS-R1S-2 25 to 35 cm?

007-R4: 67 cm long
007-R4-2 10 to 20 cm®
007-R4-4 30.5 to 40.5 cm?
007-R4-6 51 to 61 cmd

a. Distance above rod or tube bottom.

Mass (g) Density (a/cm’)

Remarks

Subdivided

INEL (Met, IT &
SCM Chem)

INEL (Met &
sleeve SD Chem)
INEL (Met &
sleeve SD Chem)

Subdivided
Japan
Japan
Japan
Japan

Subdivided
Japan
Japan

Subdivided
INEL (Met)

Subdivided

b. Alpha-numeric prefix corresponds to the TMI-2 core position origin of

the sample.







The rod and tube samples were selected on the basis of
representativeness and/or interaction with other core materials. Sections
10 cm long were cut from each rod or tube, as shown in Figure A-2.

Further subdivision of samples occurred to produce the special
geometries needed for the examination methods. The 10 cm long rod and tube
sections were subdivided, including a 0.6 cm long section for metallurgical
examinations, a 2.5 cm long section for radiochemical analysis of the
surface deposits, and an occasional whole fuel or burnable poison pellet for
elemental and/or radiochemical analyses. Microcores (6.35 mm dia) were
obtained from the core and rock samples for dissolution and subsequent
radiochemical and wet-chemistry analysis. Other microcores (11.1 mm dia)
were cut from the metallurgical mounts for remounting for subsequent SEM
examinations.
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Figure A-2. Section Dlagram (K09-R13 Control Rod).
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APPENDIX B

EXAMINATION TECHNIQUES

This Appendix presents a brief overview of techniques used during
examination of the TMI-2 core bore samples, including physical,
~etallurgical, chemical, and radiochemical examinations.

Upon arrival at the INEL, the core bores were contained in a split tube
that consisted of two semi-cylindrical tubes held together with tightly
wrapped piano wire. The core barrel was placed on the disassembly-
and-examination fixture, where the drill bit (including the end-fitting
remnant) was removed. The core bores, contained in their split-tube
assemblies and gamma-scanning containers, were received at the ARA Hot Cells.

Physical mi ion
LA i

A visual examination of the intact core bores was performed and recorded
using a 35-mn single lens reflex (SLR) camera body and a B&W video camera
attached to a Kollmorgen periscope at the camera and Filar eyepiece ports,
respectively. A “"data back" attached to the SLR camera door was used to
record identification numbers on the negatives. At the ARA Hot Cells, each
core bore was placed on a movable table and moved incrementally under the
periscope while overlapping photographs were taken to produce mosaic
photographs of each core bore. Axial location was determined by including a
scale in each photograph. At selected locations, high-magnification
photographs also were taken to record details of the crust layers, rod stubs,
and rocks. Video recordings were used to record the overall appearance of
the core bores as well as individual rod stubs after they were removed from
the core bores. Cutting operations, such as the removal of the jamming
collar on selected core bores, were also video recorded.

Individual debris samples larger than 2.5 cm were individually
photographed using the method described above. A scale was also included in
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each photograph to define the magnification used and the sample size. In
some cases, the sample was photographed in different orientations to document
important surface features.

Mass

The mass of each intact core bore was measured within #0.1 kg using a
dynamometer. After the surface of the core bore was exposed by removing
one-half of the split tube, the core bore was weighed by suspending the split
tube half containing the core bore from a dynamometer. This total weight of
the core bore and split tube was corrected for the known weight of the other
split tube half.

The mass of each rock-type sample larger than 2.5 cm was determined with
an electronic top loader balance with a capacity of 3000 g and a precision of
0.01 g.

Density

The sample density of selected samples was determined using a standard
immersion technique. For samples weighing less than 630 g, matrix density
was determined within +0.05 g/cm3 using an analytical balance for samples
weighing less than 150 g and a triple beam balance for samples weighing less
than 630 g. For larger samples, an electronic balance was used, allowing the
matrix density to be determined within +0.08 g/cm3.

Beta-Gamma Autoradiography

Beta-gamma autoradiography was performed on samples selected for SEM
analysis to evaluate the distribution of radioactivity in different phases of
the samples. The film packet containing x-ray film (wrapped in plastic to
prevent contamination) was placed on the sample for a period of about 15 s to
attain adequate exposure levels. The actual exposure time for each sample
was recorded. Samples were autoradiographed separately unless multiple
specimens were contained in the same metallographic mount. Additionally,
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radiation field measurements were taken for comparison purposes. The
radiation levels were recorded only for those samples to be shipped to the
TAN hot cells.

Metallurgical Examinations

Optical Metallography

Optical metallography at magnifications up to about 500X was performed
on polished and etched sample cross sections using a Leitz Model MMSRT 1ight
microscope.

Small samples (<19 mm diameter) were mounted in 31.8-mm diameter brass
mounts (Figure B-1) using a low melting lead/bismuth alloy to hold the sample
in place. The sample was then placed in the mount with the surface to be
examined facing up. For large samples (>19.8 mm diameter), a 12.7-cm
diameter aluminum ring placed in a groove in an aluminum plate (Figure B-2)
was used for mounting. In this method, the sample was placed with the face
to be examined facing downward towards the bottom plate. After epoxy was
poured around the sample, the mount was placed in a vacuum to fully
impregnate the sample. After the epoxy had cured, the ring containing the
epoxied sample was removed from the base plate, exposing the surface to be

examined.

The following grinding and polishing sequence was used to prepare the
TMI-2 core debris samples for optical metallography:

. Coarse grind with water-lubricated silicon carbide 120 grit paper
with a whirlamat

. Medium grind with 240 and 400 grit paper (Wash between grit sizes)
. Final grind with 600 grit paper

. Initial polish with 6 mm diamond grit in mineral oil-type fluid on
a hard paper with a whirlamat
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Figure B-2. Schematic drawing of 5 in. metallographic mount.
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. Final polish with 3 mm diamond grit in mineral oil on a short nap
nylon cloth.

For ceramic samples a swab-etching technique was used with varying
etchants times depending on the sample, but generally for about a minute or
less. The fuel etchant was 85% hydrogen peroxide (Hp07), and 15%
sulphuric acid (H,S04) .

For metallic phases, a zircaloy etch was used. This etch also was
useful in characterizing the microstructure of the Ag-In-Cd control rod
materials. This etch contained 19% nitric acid (HNO3), 19% water, 28%
lactic acid, and 7% hydroflouric acid (HF).

scanning flectron Microscopy

Scanning electron microscope samples were removed from metallographic
samples by core drilling. A 1.27-cm outer diameter diamond-tipped corer was
inserted into a drill press, and the sample was mounted onto the drill press
base. A template developed from a photomacrograph was taped to the specimen
and used as a guide to position the drill within 1 mm of the desired
location. The sample was removed from the core drill and mounted using a
lead/bismuth alloy into a brass SEM mount.

Energy dispersive X-ray spectroscopy (EDS) was used to determine the
elemental composition of a sample by measuring the energy and intensity of
characteristic X-rays generated in the material when bombarded by an electron
beam in a SEM. A solid state detector is used to acquire the spectrum,
providing a simultaneous acquisition of the entire detectable X-ray energy
range (1-20 keV, corresponding to peaks of elements with atomic numbers 11
and greater). This made EDS useful for quick area surveys of elemental
content as a preliminary to detailed WDS analysis. Two factors limited the
utility of EDS spectra: high sample-induced radiation background (due to the
close proximity of detector to sample) and the relatively poor resolution
inrerent in solid-state X-ray detection. As an example of the latter, the
energies of the major peak clusters for U, Ag, Cd, In, and Sn overlap and
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were impossible to separate analytically. Consequently, EDS was only used
qualitatively.

Wavelength dispersive X-ray spectroscopy (WDS) is similar to EDS except
that the X-rays generated by the electron beam are separated by wavelength
through a diffracting crystal, and a gas filled proportional counter is used
as the detector. The detector is physically scanned across the spectrum of
diffracted X-rays and generates a signal on a point-by-point basis.
Acquisition is slow, but results in a very high resolution spectrum.

WDS was used to provide elemental data of two types: qualitative X-ray
dot maps, and spectra for quantitative analysis. Dot maps are produced by
tuning the spectrometer to the peak of the element of interest and rastering
the electron beam across the area of interest. Spectrometer output is
correlated to beam position, and a picture of the area is constructed in
which relative brightness corresponds to beam-generated X-ray intensity, and
thereby to concentration of the element. The images show the relative
distribution of elements in an area.

WDS can be used to ascertain precise elemental compositions in very
small (<10 um) regions of a sample. The peak heights of unknowns are
compared to those of well characterized standards. This method is described
in detail in Appendix J.

SEM System Confiquration

The SEM/WDS laboratory was configured and hardware was modified to allow
examination of highly radioactive, contaminated specimens. Lower core SEM
specimens from TMI ranged from 5 to greater than 50 R/h (beta-gamma) at
contact. The microscope column was installed in a hot cell in the Hot Cell
Annex at Test Area North, and electrically interconnected with the control
console and operating system electronics situated in a nearby room. Samples
were stored in a second hot cell connected to the SEM cell by a remote
transfer drawer. Sample loading was performed with master/slave
manipulators. Operations were performed remotely, including changing the
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objective aperture and alignment; inserting/retracting the optical focusing

microscope:. opening/closing the specimen chamber door; resetting the specimen
stage position; and refilling the EDS dewar.

The SEM was a JEOL JSM-840 with Tracor/Northern (T/N) 5600 stage
automation. It was fitted with a T/N EDS and three JEOL WDS spectrometers.
The EDS spectrometer was controlled by a T/N 5500 system, which also
performed spectrum analysis and image digitizing and analysis. The WDS
spectrometers were controlled by the T/N 5600 system that also controlled the
motion of the sample stage.

The EDS detecting crystal was shielded from the sample by a tungsten
disk 2 mm thick with a 0.5 mm hole through the center. This shielding
reduced the radiation induced background to the point that useful spectra
were obtained, although in order to acquire a suitably intense signal through
the pinhole, very high beam currents (200 - 300 nA) had to be employed.

Three WDS spectrometers, containing two different diffracting crystals,
were attached to the SEM column. Crystals in the system included lead
stearate (STE, d spacing 35A), thallium acid phthalate (TAP, d spacing
13.0A), pentaerythritol (PET, d spacing 4.37A), and lithium fluoride (LiF,

d spacing 2.01A). Two of the spectrometers contained both PET and Lif, while
the third held TAP and STE. The duplication of crystals is a time saving
device designed to acquire more than one element simultaneously with the same
type of crystal. The TMI material examinations used only TAP, PET and Lif
crystals. The STE was not used because it was intended for oxygen and other
1ight elements which the TAP detected with greater resolution. Specific
crystals used for the different elements detected in the lower core samples
are listed below.

o TAP: A1, O
. PET: Sn, In, Ag, U, Cd, Mo, Tc, Ru, Pd, ir

. LiF: Ni, fe, Cr
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Chemical Examinations

Inductively Coupled Plasma Spectrometry

Dissolved solid samples are nebulized and pulse-injected into an
inductively (radio frequency) heated plasma, causing all elements present to
emit characteristic light wavelengths. The 1ight is separated on a
diffraction-grating monochromator, and the wavelength intensities are
sequentially measured by a photomultiplier tube. (As such, inductively
coupled plasma (ICP) spectrometry is a refinement of atomic emission
spectroscopy.) This technique generally is free of elemental interferences,
is highly accurate, and has a detection threshold of approximately 0.001 at%

(10 ppm).
Radiochemical Examinations

Gamma Spectroscopy

The initial radiochemical analysis performed was gamma spectroscopy.
This technique is based on gamma-ray emissions that produce a spectrum
specific to individual radionuclide species. The spectra were analyzed by a
computerized gamma spectroscopy system using DEC PDP-15 and PDP-11/44
computers with a GAUSS VI analysis program.? This program (a) identifies
the radionuclides associated with the gamma-ray energy peaks, and (b)
determines their emission rates corrected for detector efficiency, random
pulse summing, and decay during the count. The values were converted to
disintegration rates by dividing them by the gamma-ray emission
probability. The equipment was fabricated at EG&G Idaho and calibrated
using standards of the National Bureau of Standards.

Dissolved portions of samples were diluted and analyzed in 60 mL
bottles at calibrated distances with a computerized Ge(Li) gamma

a. J. E. Klein, M. H. Putnam, R. H. Helmer, GAUSS VI, A Computer Program
for the Automatic Analysis of Gamma Rays from Germanium Spectrometers,
ANRC-13, June 1973.

B-10



spectroscopy system. They were analyzed as point source geometries at
distances from the detector ranging up to 195 cm. The mass of each portion
analyzed was less than or equal to 100 mg to keep the specific radionuclide
concentration low and to minimize the effects of mass attenuation that were
evaluated and corrected. The uncertainty of the gamma spectroscopy analysis
method is less than +10%, with the exception of those radionuclides whose
concentrations were determined using low energy gamma rays (152Eu and
125Sb). The uncertainty associated with these radionuclides is
approximately +30%.

Neytron Acti ign 1 r n i

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

The fissile material content was determined by exposing the cylinder to
a thermal spectrum neutron flux, causing only the uranium-235 and
plutonium-239 within the sample to fission and emit delayed neutrons. It
was assumed that the quantity of plutonium-239 was insignificant (-2 wt%
based on theoretical predictions). However, a bias between 5% and 8% may
have resulted. The fertile material contents were determined by subtracting
the measured fissile material content (uranium-235 and plutonium-239) from
the total fissile/fertile material content using appropriate calibrations.
Calibration measurements were made using both mass and various enrichment
standards (depleted uranium, natural uranium, 4.3% enriched uranium, and 93%

enriched uranium).



lodine-129, Strontium-90, and Tellurium Analyses

Analyses for strontium-90 and iodine-129 were performed on dissolved
sample material. After an organic separation, the volatile sample fraction
was analyzed via neutron activation with a subsequent gamma spectroscopy
analysis. The ijodine-129 present in the dissolved material was activated to
iodine-130, a gamma-ray-emitting radionuclide. The sample material then was
analyzed via gamma spectrometry, and the iodine-129 concentration calculated
from the measured iodine-130.

The strontium-90 analysis was performed on the nonvolatile sample
fractions by precipitating the strontium carrier and strontium-90 from the
other radionuclides, followed by beta analysis performed in a liquid
scintillation counter (Packard Tricarb 3385).

The tellurium analyses were performed by two methods. Analyses were
performed for tellurium on all samples using ICP; however, the detection
limit for this method is near the core average concentration for tellurium
in the TMI-2 core, which causes many analysis results to be at the detection
limit. Consequently, a more sensitive analysis technique based on neutron
activation analysis had been developed.

The tellurium analysis technique based on neutron activation analysis
has a detection 1imit at the nanogram/gram level. In this method, a
chemical separation is performed to remove the elemental tellurium with an
appropriate tracer (tellurium-123m) from a dissolved sample of material.
Chemical separations are then performed and the sample loaded on a resin
column, which is then activated to determine the production of tellurium-131
from tellurium-130. Tellurium-130 is a naturally occurring isotope that is
also produced by fission; however, there is no known source of this isotope
at TMI-2.

There is a total uncertainty associated with the strontium-90 and

tellurium analyses of +10 to +20%. Uncertainties associated with these
analysis results are from the sample dissolution and measurement methods
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used. The uncertainty associated with the dissolution is due to potential
material losses on glassware surfaces and the occasional presence of small
(<10%) amounts of insoluble material after the dissolution. However, for
some samples, the uncertainties are 30 to +50% due to uncertainties in

sample weight for small (<10 mg) samples and losses during dissolution as

determined from comparing uranium analysis results from the fissile/fertile
and chemical analyses.
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APPENDIX C

VISUAL EXAMINATIONS

Although ten core bores were extracted from TMI-2, only nine were
examined. The tenth core bore, (K06), only contained a 12-cm long fuel rod
fragment. This rod was broken at each end so that its location in the core
could not be determined. Because the location could not be ascertained and
other fuel rods were available, this piece was discarded.

The nine core bores were visually examined and weighed. The visual
examination was recorded by 35-mm color film and video recordings, as
described in Appendix B. From these nine core bores, samples from the fuel
rods, large particles, and plugs from crusts were extracted. This Appendix
documents the results of these nondestructive examinations.

The total mass of the ten core bores was 130.48 kg (Table C-1).
Excluding core bore K06, which contained a small piece of fuel rod, the
average mass per core bore is 14.5 kg. With the exception of core bore D08,
the lighter core bores consisted of a lesser amount of fuel rods and more
loose debris. Of the 130.48 kg, 14.7] kg was loose debris. The remaining
mass of 115.77 kg was fuel rods. Particles larger than 2.5 cm were
extracted from the loose debris, which totaled 11.55 kg or 78.5% of the
loose debris.

The visual appearance of each of the core bores is shown from the
mosaic photograph of each core bore in Figures C-1 - C-3. At the bottom of
the core bore, a jamming collar which covered the lower spacer grid
prevented the loss of the core bore when it was removed from the reactor.

Core Bore DO4

The longest fuel rod in core bore D04 was about 157.5 cm long; most of
the rods were about 129.2 cm. A number of the rods were torn open by the
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TABLE C-1. CORE BORE DEBRIS MASS AND LARGE PARTICLES

Core
Bore

D04
D08
G08
G12
K06
K09
NO5
N12
007
009

Total mass Loose debris
(ka) mass (q)
19.1 77
18.1 2287
12.7 3476
15.9 2638

0.08 0
10.9 4951
17.0 114
13.9 146
10.7 936
12.4 89

a.

Particles larger than 25 mm

Large particles?

mass

77
2092
3232
1731
0
3209
114
146
896

50

Number of
particles?

6
7
16
30

w
NN O
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core-boring operation exposing fragments of the fuel rods. The lack of
discoloration on the fuel rod cladding indicates that 1ittle oxidation
occurred. Four metallic appearing rock-like particles, along with some fine
debris, were located at the top of the core. The brown particle between the
cluster of particles and the fuel rods appears to be a fabric type material
that may have dropped into the open reactor vessel.

Core Bore D08

The longest fuel rod in core bore D08 was about 114.3 cm. The rods
were torn open by the core-boring operation exposing fragments of fuel. The
lack of oxidation on the fuel rod cladding indicates that 1little oxidation
took place. This core bore contained three large crust samples as shown in
Figure C-1. Two of these are from the lower crust, and the third one at the
top of the core bore came from the upper crust.

The upper crust plug was a coherent mass of ceramic-type material with
very fine dispersions of metallics, as indicated by bright metallic-looking
flakes.

The group of particles located between the upper and middle plugs is
shown in Figure C-4. Most of these particles appear to be ceramic with a
substantial amount of metallic inclusions. The particle near the top of the
figure contains large voids.

Core Bore GO8

The longest fuel rods in core bore GO8 were about 63.5 cm. The lack of
discoloration on the rods indicates very little oxidation occurred. A piece
of spacer grid lies just above the fuel rods. A number of large particles
lie between the fuel rods and the plug from the upper crust. Most of the
loose debris (93%) was in the form of large particles greater than 2.5 cm
diameter.

A view of the surface of the plug from the upper crust is shown in
Figure C-5. This plug was a coherent mass of ceramic-type material with a









large amount of metallic materials dispersed in the crevices and cracks.
The ductility of these metallics is indicated by the smearing of the
metallics over the surface of the plug as a result of the core-boring
operations. Another view of this plug shows numerous fissures and cracks
along with some metallics smeared over the surface (Figure C-6).

A particle between some fuel rods is shown in Figure C-7. The rounded
surfaces of this particle indicate that it was a previously molten metallic
globule.

Core Bore 612

The longest fuel rods in core bore Gl2 were about 111.8 cm. The lack
of discoloration on the fuel rods indicates very little oxidation occurred.
A number of large particles lie between the fuel rods and the top of the
core. A plug from the peripheral crust lies just above the fuel rods. A
large part of the loose debris (65%) was in the form of large particles
greater than 2.5 cm diameter.

A view of the surface of the plug from the peripheral crust is shown in
Figure C-8. This crust was a coherent mass of ceramic-type material with a
large amount of metallic materials dispersed in the matrix. This view is
from a transition zone from a dull, grayish surface that is relatively
smooth to an area that appears freshly fractured with numerous cracks and
fissures. The metallics appear bright and reflective.

Several particles located near the top of the core bore are shown in
Figure C-9. A piece of the piano wire that held the split tube together is
shown in this figure. The particles contain some large pores but little
fine porosity. The surfaces are very irregular.

Core Bore K09

The longest fuel rods in core bore K09 were about 48.3 cm, which is the
smallest of any of the core bores. The fuel rods were severely damaged from
the core-boring operations and exhibited extensive ductility, as exhibited
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by the bent and twisted shapes. The fuel rod cladding did not exhibit much
discoloration from oxidation. A plug from the lower crust (K09-Pl) lies
just above the fuel rods, and one from the upper crust (K09-P2) is located
at the top of the core bore. A number of large particles lie between the
two plugs. The loose debris (65%) was in the form of large particles
greater than 2.5 cm diameter.

The upper crust sample was a coherent mass of ceramic material with
finely dispersed metallics in the matrix. A view of the plug from the lower
crust is shown in Figure C-10. A remnant of a fuel pellet is present at the
edge of the plug.

Several particles are shown in Figure C-11. The one in the center of
the figure appears to be a ceramic particle with a fine dispersion of
metallics distributed through the particle. It contains some large voids
with some fine porosity. The surrounding particles are very irregular in
shape and contain some large voids.

Core Bore NO5

The longest fuel rods in core bore NO5 were about 121.9 cm. The fuel
rods were slightly damaged at about 61 cm (24 in.). The rods were slightly
discolored indicating some oxidation.

Core Bore N12
The fuel rods varied in length and were damaged extensively from the
core-boring operation. This core bore weighed 13.6 kg and contained only
about 146 g of debris. A control rod that was previously molten at the
endtip is shown in Figure C-12.

Core Bore 007

The longest fuel rods in core bore 007 were about 68.6 cm. The fuel
rods were cut and twisted from the core-boring operation and exhibited
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extensive ductility, as exhibited by the bent and twisted shapes. The fuel
rod cladding did not exhibit much discoloration from oxidation. A plug from
the peripheral crust lies above the fuel rods. This plug resembled the
ceramic upper crust material. This core bore contained only a small amount
of loose debris. The fuel rod damage and some of the small fuel fragments
are shown in Figure C-13.

The surface of the plug from the peripheral crust is shown in
Figure C-14. This crust was a coherent mass of ceramic material with
metallics embedded in the cracks and crevices. The metallics have been
smeared over the surface as a result of the core-boring operations.

A large particle is shown in Figure C-15. This particle contains a
number of metallic inclusions and folds or fissures in the ceramic phase.

Core Bore 009

The fuel rods in core bore 009 were about 165 cm long and were damaged
from the core-boring operation. A few rods were cut, but more were bent and
twisted, exhibiting ductility in the cladding. This core bore weighed
12.4 kg. A control rod that was previously molten is shown in Figure C-16.
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APPENDIX O
DENSITY DATA

The densities are listed in Table D-1 for 36 “"rock-type" samples
selected from the nine core bores, eight plugs from the lower, upper, and
peripheral crusts, and 38 other samples that were obtained after the
core-boring operations.

The densities varied from 5.45 g/c-3 to 9.736 g/ca3. The lowest
density is for a metallic particle containing large voids. The highest
density is for a large plug sample from the upper crust. The measured
densities reflect a broad range because the measured densities depend upon
the composition (the amount of ceramic and metallic constituents and the
composition of each of these phases) and the porosity. For specific types
of samples, as determined from the metallographic examination, the density
of metallic particles varied between 5.45 and 8.78 g/cn3; the density of
the ceramic particles varied between 6.923 and 8.79 g/cm3. and the density
for mixed metallic and ceramic particles varied between 7.63 and

9.08 g/cm’.
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TABLE D-1.

DENSITY OF SELECTED SAMPLES

Sample Weight
1D (q)
D04-P2-A 19.06
D04-P2-C 6.16
D08-P1 632.27
D08-P2 494.25
D08-P3 746.75
D08-P4-A 67.35
D08-P4-C 36.98
F6-P1 936.30
F6-P2 794.70
F6-P3 539.80
F6-P4 222.62
F6-P5 198.91
F6-P6 75.17
F6-P7 52.08
F6-P8 45.56
F6/H8-P1 1901.00
F6/H8-P2 638.40
F6/H8-P3 223.86
F6/H8-P4 262.05
F6/H8-P5 178.09
F6/H8-P6 201.54
F6/H8-P7 189.23
F6/H8-P8 144.24
F6/H8-P9 121.36
F6/H8-P10 109.48
G08-P11 1847.53
G08-P4-A 55.52
G08-P5-B 116.06
GO8-P6-A 20.46
G08-P6-B 153.62
GO8-P7-A 193.84
G08-P7-C 36.10
G08-P8-A 114.26
G08-P9-A 158.94
GO8-P10-A 263.78
Gl12-P1 520.80
Gl2-P2-B 60.54
Gl2-P2-D 40.54
G12-P3-A 45.02
G12-P4-A 90.48
Gl2-P8-B 48.51
G12-P9-A 131.45
H9/K9-P1 86.17
H9/K9-P2 54.13
H9/K9-P3 21.08
H9/K9-P4 26.12
H9/K9-P5 30.57
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TABLE D-1. (continued)

Sample Weight Density
D | {gq) 1
H9/K9-P6 74.01 8.09
H9/K9-P7 3.7 7.47
H9/K9-P8 27.48 7.12
H9/K9-P9 24.04 7.29
H9/K9-P10 25.67 7.89
K09-P1-A 1306.54 7.31
K09-P2 912.98 7.86
K09-P3-A 55.15 7.56
K09-P3-D 43.17 7.44
K09-P3-F 26.03 7.78
K09-P3-1 23.22 7.52
K09-P3-M 40.98 7.49
K09-P4-A 10.28 7.13
K09-P4-8B 23.90 7.41
K09-P4-D 60.69 6.92
K09-P4-H 37.68 6.65
M11-P1 1671.00 7.47
M11-P2 1075.30 7.63
M11-P3 264.60 7.99
M11-P4 104.80 7.28
M11-P5 91.30 7.85
M11-P6 70.80 1.79
M11-P7 60.00 8.17
M11-P8 55.90 8.19
M11-P9 49.20 7.86
M11-P10 62.70 8.44
NO5-P1-A 9.85 7.97
NO5-P1-D 34.90 8.27
NOS-P1-H 21.65 9.08
N12-P1-B 0.66 8.86
007-P1-A 4.09 7.61
007-P4 732.58 8.78
007-P6 75.65 5.45
009-P1-A 29.61 6.90
009-P1-8 20.05 7.21
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APPENDIX E
OPTICAL METALLOGRAPHY AND SEM DATA

This appendix provides additional details from the metallographic and
scanning electron microscope examinations of the nine core bores obtained
from the TMI-2 reactor. These results serve to further illustrate the
points that were made in Section 3, by providing additional representative
photographs of the various regions. A perspective of the locations of these
samples is provided in Figure E-1, which shows the end state configuration
of the TMI-2 reactor. Samples were obtained from the lower, upper, and
peripheral regions of the crust, as well as from the previously molten core
region contained within the crust, and the intact region below the lower
crust.

Dog-P]

A photograph of the D08-Pl plug from the lower crust is shown in
Figure E-2. The crust sample was 5.1 cm long and 6.4 cm in diameter. The
plug weighed 631.77 g and had a density of 7.00 g/c-3. The circumference
of the plug contained appreciable metallic material that was smeared over
most of the surface, apparently as a result of the core boring operation.
An enlarged view of the surface of this sample is provided in Figure E-3.
This photograph shows fuel pellets surrounded by an agglomeration of
previously molten material.

The sectioning scheme for this plug is shown in Figure £-2. A 0.64-cm
thick transverse cross section was first taken from the top end. Half of
the plug was then cut into longitudinal slices designated as B. C, and D.
The other half of the plug was cut into two quarter sections designated as t
and F. Sectfon C was used for radiochemical analyses, and Section D was
metallographically examined at the INEL. The other sections were held for
examinations by the organizations shown in Figure E-2.
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The as-cut transverse section D08-P1-A is shown in Figure E-4. It
shows an agglomerate of fuel pellets surrounded by prior-molten material,
similar to Figure £-3. The melt appears to be a mixture of ceramic and
metallic melts.

The as-polished longitudinal cross section of DO8-P1-D is shown in
Figure E-5. This cross section contained two recognizable fuel pellets
surrounded by prior molten material. The zircaloy cladding had been
liquefied by the metallic melt.

The typical fuel structure is shown in Figure E-6. The U0, grain
size was about 6 um, and grain boundary separation had occurred. This
separation resulted in the subsequent pullout of grains during the
preparation of this sample. The grain boundary separation may have been
caused by reduction of the fuel by the surrounding metallic melt, which
would have resulted in hypostociometric U0, and 1iquid uranium metal along
the grain boundaries. Figure E-7 shows a fuel pellet remnant that has
apparently been partially liquefied by the surrounding metallic melt, as
evidenced by the irregular surface.

Typical microstructures in the metallic melt are presented in
Figures E-8 and E-9. These microstructures consisted of both single phase
melt globules and laminar eutectic structures. SEM examinations were not
conducted on the samples to provide elemental analysis, but the metallic
melts were most likely composed of various mixtures of the structural
components (Ir, Fe, Cr, Ni, Ag, and In).

Dog-pP2

A photograph of lower crust sample DO8-P2 is shown in Figure E-10. The
crust sample was 3.8 cm long and 6.4 cm in diameter. This plug weighed
494.29 g and had a density of 7.6 g/cn3. Although this plug was located
above DO8-Pl, it is believed to be a part of the lower crust because it was
also an agglomerate of fuel pellets embedded in prior-molten metallic and
ceramic phases. From the combined lengths of DO8-P1 and D08-P2, the
thickness of the bottom crust was estimated to be 8.9 cm.
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Figure E-6. Grain boundary separation in fuel pellet in D08-P1-D.












The sectioning diagram for this plug is provided in Figure E-10. A
0.95-cm thick transverse cross section was obtained from the top end to show
a complete view of the plug. The remainder of the sample was then cut into
four quarter sections, and from one of these quarter sections (Section A)
two 0.64-cm pie-shaped wafers were cut. Section A-1 was used for
radiochemical analyses, and Section A-2 was used for metallographic
examination.

A transverse section of D08-P2-E, shown in Figure E-11, reveals an
agglomerate of fuel pellets embedded in a prior molten mixture of ceramic
and metallic phases. The structure appears very similar to that which was
observed on transverse section D08-P1-A (Figure E-4).

The as-polished transverse cross section from quarter section D08-P2-A2
is shown in Figure E-12. This cross section shows the remnants of three
fuel pellets embedded in a matrix of predominately metallic melt and the
locations where further detailed metallographic examinations were conducted.

Metallographic examination of Area 1 indicated that the cladding had
oxidized and reacted with the fuel (Figure E-13). The interaction zone is
indicated by the region containing the large amount of porosity adjacent to
the Zr0,. Metallic melt had flowed into the cracks in the fuel pellets
and completely filled voids in the ceramic fuel. This metallic melt was
primarily a single phase solid solution, which contained areas of immiscible
metallic melts; however, two phase metallic melt structures and some ceramic
melt were observed in Area 2 of this sample (Figure E-14). The composition
of these phases was not determined.

K09-P1

The photograph of thé lower crust sample from central core position K09
is shown in Figure E-15. The crust sample was 8.6 cm long and 6.4 cm in
diameter. This plug weighed 1302.59 g, and the density was 7.21 g/cm3.

The sectioning diagram for the plug is shown in Figure E-15. A 1.27-cm
thick transverse cross section was taken from the top end to show a complete
view of a cross section of this plug. Half of the remaining sample was then
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cut into longitudinal slices designated as B, C, and D. The other half of
the sample was cut into two quarter sections, and from one of these sections
two 0.64-cm thick wafers were cut (Sections G and H). Sections D and G were
used for metallographic examinations; Sections H and a portion of section C
were used for radiochemical analyses, with most of section C being allocated
for Korea.

The transverse section (K09-P1-A) shows an agglomerate of prior molten
material surrounding fuel pellets (Figure E-16). It is very similar to
transverse sections through the D08 lower crust samples.

Longitudinal metallographic cross section K09-P1-D consisted of a
metallic melt surrounding intact fuel pellet stacks. Several areas of this
sample were examined in detail, as indicated in Figure E-17. Two areas were
located at axial pellet/pellet interfaces (Areas 1 and 2); one area was in
the flow channel between two fuel stacks (Area 3); the fourth area was in a
region where most of the fuel was gone.

Small samples were also drilled from this cross section for SEM/WDS
examinations. The microcores were obtained from the locations shown in
Figure E-18; however, microcore K09-P1-D5 was not examined because the
microstructure was similar to K09-P1-D4.

An enlarged view of Area 1 at the pellet/pellet interface is shown in
Figure E-19. The melt flowed into the dished interfaces between the fuel
pellets and into cracks in the fuel. The melt adjacent to the fuel was
oxidized. Small precipitates of fuel were present in the metallic melt, and
the typical microstructure of these particles is shown in Figure E-20. WDS
point analysis was performed on a similar area as described in Appenidx J
(Figure J-7).

The composition of the material in the pellet/pellet interface is shown
in the SEM elemental dot maps in Figure E-21. Various metallic and ceramic
phases consisting of complex mixtures of Zr, Sn, Fe, Cr, Ni, U, and O were
present. Ag and In were present as an immiscible metallic melt phase. WDS
point analysis was also performed in these areas as described in Appendix J
(Figure J-8).
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The microstructure of the area next to the fuel pellet in Area 2 of
Figure E-17 1s shown in figure £-22. The fuel is severely fragmented, and
the oxidized cladding remnant was partially dissolved by the metallic melt.
Any unoxidized zircaloy cladding would probably have been dissolved by
molten silver or liquefied by eutectic interactions with iron or nickel.

The backscattered electron image of SEM sample K09-P1-D3, extracted
from Area 2 in Figure E-17, is shown in Figure E-23. The compositions of
the major phases in this area are surmarized in Figure E-24. Precipitated
crystals of UO, are surrounded by prior molten material with a few Ag/In
particles. The dissolution of the fuel is indicated by the mixed oxide of
uranium, zirconium, and fron.

Figure E-25 shows the material in the flow channel between the fuel
columns in Area 3 of Figure E-17. This structure is similar to the material
in the flow channel in Area 1, in which the molten material is primarily
metallic with small UO, precipitates.

A backscattered electron image of microcore K09-P1-D2, extracted from
Area 3 in figure E-17, is shown in Figure E-26. This figure shows the areas
which were examined in detail, and the significant results are discussed
below.

The composition of material at Area C is shown in Figure E-27. This
sample contains a vein of Ag-In melt located in a crack in a ceramic matrix
of (U,2r)0, melt material, which also contains metallic melt regions
consisting primarily of Zr, Fe, Cr, Ni, and Sn. WDS point analysis was also
perfomed in this area as described in Appendx J (Figure J-10).

A series of elemental dot maps from Area D in the U0, pellet shows

fuel that was dissolved in a Zr, Ni, Fe metallic melt which penetrated along
a crack in the fuel (Figure E-28).
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Figure £-29 1is a photomicrograph from K09-P1-D Area 4 (Figure E-17),
which shows three fuel remnants surrounded by metallic melt. Precipitated
fuel crystals are once again apparent in the metallic melt. Figures £-30
and E-3]1 show in greater detail the diversity in the melt microstructures in
this area. Figure E-30 shows the precipitated U0, crystals in the
metallic melt. These fragments varied between 50 and 100 um.

Figure E-3] shows metallic melts penetrating and dissolving the fuel
remnants.

Transverse section K09-P1-G is shown in Figure E-32. This section
contained two fuel pellets that were surrounded by cladding that was
severely attacked by the metallic melt. An area of the metallic melt
adjacent to the fuel is shown in more detail in Figure E-33. The cladding
has essentially been dissolved by the metallic melt, and a number of
different metallic phases are present. Precipitated U0, crystals are once
again apparent in the metallic melt.
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Upper Crust

DO8-P3

A photograph of a plug from the upper crust at central core position
D08 is shown in Figure E-34. The crust sample was 4.5 cm long and 6.4 cm
in diameter. This plug weighed 746.47 g and had a density of
9.74 g/cm3.

Figure E-34 also shows the sectioning diagram for this plug. A
0.95-cm thick transverse cross section (Section D08-P3-E) was cut from one
end to show a transverse view of the plug. The remaining plug was then
cut into quarter sections designated A, B, C, and D. Two of these quarter
sections were cut into wafers, five from section A and four from
section D, as shown in Figure E-34. Section D08-P3-D1 was used for
radiochemical analyses, and section D08-P3-D2 was used for metallographic
examinations at the INEL.

The polished section of D08-P3-D2 shows a ceramic melt with extensive
metallic inclusions (Figure E-35). The typical microstructure of
D08-P3-D2 is shown in Figure E-36. The matrix is ceramic with a large
amount of porosity. The as-polished structure shows metallic globules
with fine porosity or second-phase precipitates. At the surface of these
metallic globules there was a very fine lamellar structure representing
eutectic solidification. Another example of the sample microstructure is
shown in Figure E-37. Again, the matrix is ceramic with a large amount of
porosity and a few metallic inclusions. A few microcracks are also
present.

After the metallographic examinations, a small microcore was drilled
from this cross section for SEM elemental analysis. The location of this
microcore is shown in Figure E-38. The backscattered electron image of
this microcore is shown in Figure E-39. This photograph shows the area
that was examined on the SEM. This area was at the interface between two
metallic inclusions.
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The elemental dot maps of this area are shown in Figure £-40. The
immiscible metallic phase at the bottom is (Ag.In,Cd) control rod alloy.
Other metallic phases include predominantly (Ni,Sn) and (Fe,Cr,Mo,Ni),
with a ceramic (Ir,Sn,0) phase separating the metallic phase at the top of
the image. The fission products Pd and Ru were distributed in small
concentrations throughout the metallic phases. A layer of uranium and
iron oxides was also present.

K09-P2

A photograph of upper crust sample K09-P2 is shown in Figure E-41.
The sample was 6.4 cm long and 6.4 cm in diameter. This plug weighed
912.81 g and had a density of 7.80 g/cm3.

The sectioning scheme for this plug is also outlined in Figure E-4].
A 0.95 cm thick transverse cross section was first cut from the top end.
Half of the remaining plug was then cut into longitudinal slices
designated as B. C, and D. The other half of the plug was cut into two
quarter sections € and F. Section D was metallographically examined at
the INEL.

Most of the significant results from the metallographic examinations of
sample K09-P2-D were discussed in Section 3.1. The sample basically
consisted of a mixture of ceramic and metallic melts. Some of the results
of SEM analysis of small microcores drilled from this cross section are
discussed here. The microcores were taken from the locations shown in
Figure £-42, which also shows the overall condition of the sample. After
the samples were drilled, it was decided not to examine microcore K09-P2-D2.

A backscattered electron image of microcore K09-P2-D1 is shown in
Figure E-43. Area A is the interface between two metallic inclusions that
was examined in detail, and a higher magnification backscattered electron
image of this area is shown in Figure £-44.

The elemental dot maps for this area are shown in Figure £-45. These
dot maps show the two immiscible metallic melts that are composed of
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(Fe,Cr,Ni) and (Ag,In), with Sn being partitioned between the two phases. A
WDS quantitative analysis was preformed in one location in this area as
described in Appendix J (Figure J-6).

A backscattered electron image of microcore K09-P2-D3 is shown in
Figure E-46. A typical interface between a metallic inclusion and the
ceramic matrix was examined in detail. The backscattered electron image and
elemental dot maps are shown in Figure E-47. 1In the top right corner are
Zr, Cr, and In oxides phases. Below this are metallic layers of
(U,Ag,In,Sn) and (Ni,Sn,Fe,U) and (Fe,Ni,Mo). The apparent presence of
metallic uranium would suggest fuel reduction to hypostociometric UO,_,
and liquid metallic uranium. The only major bundle constituent capable of
reducing UOZ is Zr, which in the immediate vicinity is only present as an
oxide in the ceramic phase.

G08-P11

The photograph of upper crust sample G08-P11 is shown in Figure E-48.
The sample was 11.5 cm long and 6.4 cm in diameter. The plug weighed
1847.17 g and had a density of 8.24 g/cm3.

The sectioning scheme for the plug is outlined in Figure E-48. The
plug was sectioned as shown, with samples C, F, and I being
metallographically examined at the INEL.

Most of the significant metallographic results from sample GO8-P11-C
were discussed in Section 3.1. The sample consisted of metallic melt
surrounding and penetrating fuel pellets as shown in Figure E-49, which also
shows the locations of SEM samples drilled from this cross section. The
details of these SEM examinations are discussed here, although after
microcore G08-P11-C1 was drilled, it was decided not to examine it on the
SEM.

A backscattered electron image of microcore GO8-P11-C3 is shown in
Figure E-50. Area A is the interface between two metallic phases; Area B is
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a ceramic layer adjacent to a metallic phase; and Area C contains a metallic
inclusion inside a U0, fuel pellet. Only areas A and C are discussed
here.

The elemental dot maps at Area A show the interface between two
metallic phases (Figure E-51). One phase contains (Ag,In,Sn) with
(Fe.Ni,Cr,Sn) inclusions, while the other phase contains (Fe,Ni,Cr) with
inclusions of (Ag,In). A (Ni,Sn) phase is also present at the interface.
These dot maps demonstrate the immiscibility of (Fe,Ni.Cr) melts from the
stainless steel and Inconel components, and (Ag,In) melts from the control
rods. The tin from the zircaloy is alloyed with nickel and the control rod
materials.

The elemental dot maps for the metallic inclusion in the fuel at Area C
are shown in Figure E-52. The matrix is UO, with inclusions of Zr, Fe,
Ni, and Cr. Several immiscible phases are present in the large metallic
inclusion. These include (Ag,In,Cd,Sn), (Ni,Sn,Fe,In), (Ni,Sn), and
Cry03. These irniscible phases are similar to those observed in Area A
of this same sample.

A backscattered electron image of microcore GO8-P11-C2 is shown in
Figure E-53. Area A is near an interface between oxidized cladding and
UOZ fuel, and an overview of this area is shown in Figure E-54. Elemental
dot maps, obtained to characterize the region within the box in this figure,
are presented in Figure E-55. These dot maps indicate some diffusion of
zirconium into the fuel and a eutectic microstructure composed of
(U,Fe,Ni,Ag,Cr). WDS point analysis was also preformed in this area. as
described in Appendix J (Figure J-5).

Longftudinal cross section GO8-PIl-f is shown in Figure E-56. The
crust at this location contained a substantial amount of metallic melt
surrounding and penetrating the U0, fuel. About half of this cross
section was ceramic melt. A number of different areas were examined, as
shown in Figure E-56.
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The microstructure of the material in GO8-P11-F Area 1 is shown in
Figures E-57 and E-58. The microstructure in Figure E-57 shows a matrix of
(U,Zr)0, with areas of mottled structure near some of the grain
boundaries. The area within these mottled regions is shown in more detail
in Figure E-58.

Metallographic examinations at Area 2 (Figure E-59) indicated that the
cladding was oxidized, and metallic melts had flowed between the cladding
and fuel. The irregular surface of the fuel suggests that some fuel
liquefaction had occurred.

Figure E-60 shows multiphase metallic melt adjacent to the fuel in
Area 3 of GO8-P11-F. Extensive porosity was present in the fuel, and
metallic inclusions were located throughout the fuel. The metallic globule
next to the fuel contains a number of different metallic phases.

Transverse cross section GO8-P11-I is shown in Figure E-61. This
sample contained a substantial amount of metallic melt surrounding and
penetrating U0, fuel. Figure E-62 shows the metallic melt structure at
Area 1. This area includes a two-phase layer of immiscible melts, coating a
multiphase metallic melt. Metallographic examination of Area 2
(Figure E-63) shows a large amount of two phase metallic melt surrounding a
fuel fragment. This fuel fragment contained extensive porosity and some
metallic inclusions in the voids. The irregular surface suggests that it
may have been partially liquefied.
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Ql2-P1

A photograph of peripheral crust sample G12-Pl is shown in
Figure £-64. The sample was 5.1 cm long and 6.4 cm in diameter. This
plug weighed 512.12 g and had a density of 7.57 g/cm3.

The sectioning diagram for this crust sample is also shown in
Figure E-64. A 0.95-cm thick transverse section (Section £) was cut from
the top end to show a transverse view of the plug in the rough cut
condition; it was never polished and photographed. The remaining plug was
cut into four quarter sections designated as A, B, C, and D. Section D
was further cut into five wafers, as shown in the diagram, and Section
G12-P1-D3 was metallographically examined at the INEL.

Cross section G12-P1-D3 is shown in Figure E-65. The sample was
composed of previously molten ceramic material. This figure also
indicates the area that was examined in detail.

Figure £-66 shows the typical structure of the (U,Zr)0, ceramic melt
material at Area 1. This area contains several large pores that are
surrounded by a mottled phase. A small microcore was subsequently drilled
from this area for elemental analyses to identify the composition of this
mottled phase. The backscattered electron image of this microcore is
shown in Figure E-67. The elemental dot maps for this area are shown in
Figure E-68. The matrix consists of (U,Zr)0, with a secondary phase
composed of (Fe,Cr,A1,Ni,0). This secondary phase is the cause of the
mottled structure fn Figure E-66.

007-P4
A photograph of peripheral crust sample 007-P4 is shown in

Figure E-69. The sample was 5.1 cm long and 6.4 cm in diameter. This
plug weighed 727.90 g and had a density of 8.78 g/cm3.
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The sectioning diagram for this plug is also depicted in Figure E-69.
A 0.95-cm thick cross section was taken from the top end to show a
complete transverse view of the plug in the rough cut condition; it was
never polished and photographed. Half of the remaining plug was then cut
into longitudinal slices designated as B, C, and D. The other half of the
plug was cut into two quarter sections E and F. Section C was used for
radiochemical analyses, and Section D was used for metallographic
examination at the INEL.

Longitudinal cross section 007-P4-D is shown in Figure E-70. The
sample contained a substantial amount of metallic melt surrounding fuel
pellet remnants. The irregular shape of these fuel remnants indicates
extensive fuel liquefaction as a result of interactions with the metallic
melt. A number of different areas were examined on this cross section;
however, the discussion will be Timited to a few representative
photographs.

Figure E-71 shows the interface between a fuel pellet and the metallic
melt in Area 3. The fuel is very porous and has an irregular surface,
which indicates the fuel was in the process of being Tiquefied by the
metallic melt. Some metallic melt flowed into the fuel and formed
inclusions in the voids.

The metallic melt had a dendritic microstructure in Area 2 are shown
in Figure E-72. In other areas the melt was a solid solution, as can be
seen in Figure E-71.

The microstructure of the ceramic phase in Area 1 is shown in
Figure E-73. The matrix is composed of (U,Zr)0, with a mottled
structure concentrated near the pores in the melt. This mottled structure
was previously identified‘(periphera] crust sample G12-Pl) as being a
secondary phase composed of structural oxides. This phase can be expected
to have a lTower melting point than the (U,Zr)0,, and the segregation of
this mottled phase near the gas pores in the melt is consistent with gas
being concentrated in the last material to solidify.
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Central Consolidated Core Region

Examinations of particles >25 mm from the central consolidated core
region indicated a wide variation in the composition of these materials.
Some particles were entirely ceramic, a few were entirely metallic, and many
were mixtures of metallic and ceramic phases. Samples from each category
are discussed.

Metallic Samples

DO4-P2-A A metallic particle removed from the D04 core position is
shown in Figure E-74. This particle appears to be almost entirely metallic,
with stringers of metallics at one end of the particle. This particle
weighed 19.07 g and had a density of 8.9 g/cu3.

A cross section from this particle is presented in Figure E-75. The
microstructure of this particle is shown in Figure E-76, and it shows the
presence of (Ag,In,Cd) control rod material. The presence of voids in the
overall cross section indicates that this material was previously molten.
This particle appears to be the molten endtip of a control rod.

009-P1-A Particle 009-P1-A is shown in Figure E-77. This sample
weighed 29.62 g and had a density of 6.9 g/cm3.

The cross section of 009-P1-A is shown in Figure E-78. The matrix
consisted of a dendritic metallic melt with spherical inclusions. Within
the spherical inclusions were spherical voids or ceramic inclusions.

Elevental dot maps of a typical inclusion are shown in Figure E-79.
The matrix consisted primarily of (Fe,Ni) with small inclusions of Ag, Sn,
and In. The larger spherical inclusion contained Ag, In, and Sn. The dark
spherical inclusion within the inclusion was Cry03. The presence of
molten Cr,03 indicates that temperatures were in excess of 2266 K in
this region.
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009-P1-B The second metallic particle from core bore 009 was very
similar to the first one (Figure €-80). The particle was blackish in
appearance with some bright areas, indicating a metallic luster. This
sample weighed 20.06 g, and the density was 7.2 g/cm3.

A cross section from this particle is shown in Figure E-81. The
particle contained some very large voids, and the microstructure was a
dendritic metallic melt as shown in Figure E-82. A few spherical particles
were embedded in the matrix, and inside these spherical particles were voids
or inclusions of other materials, very similar to the inclusions seen on
sample 009-Pl-A.

Q07-P1-A This metallic particle is shown in Figure £E-83. The particle
weighed 4.1 g and had a density of 7.6 9/cm3.

A cross section from this particle is shown in Figure E-84. Like the
other metallic particles, this particle contained large voids indicative of
previously molten material. The typical microstructure is shown in
Figure E-85, which shows a dendritic metallic melt.

007-P6 This particle appeared ceramic, with some small protrusions
showing a metallic luster (Figure E-86). The particle weighed 75.67 g and
had a density of 5.4 g/cn3. which was the lowest density of all the
particle samples.

The cross section through this sample is shown in Figure E-87. This
cross section shows that the particle was mostly metallic with some ceramic
regions. Large voids and smaller porosity are apparent, and these are shown
in more detail in Figure E-88. The large amount of closed porosity in this
metallic melt is the cause of the low overall measured density. The
dendritic structure of the metallic melt in Area B is shown in Figures E-89
and £-90.

A SEM sample was drilled from the location shown in Figure E-87. The

backscattered electron image in figure E-9]1 shows the porosity distribution
in this sample. Elemental analysis of the area shown in Figure £-92
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Figure £-85. Dendritic structure of metallic melt sample 007-P1-A.
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figure E-89. Dendritic growth in metallic phase (007-P6 Area B).
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indicated that the matrix was composed of Fe and Ni with a small amount of
Cr and Mo. Ag and In had also precipitated in the grain boundaries.
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Ceramic Particles

D08-P4-A This particle is shown in Figure E-93. It weighed 67.35 g
and had a density of 8.7 g/cm3. A cross section from this particle,
shown in Figure E-94, shows a few large voids. As shown in Figure E-95,
this particle was composed of (U,Zr)0, with some structural oxides mixed
in the areas where the microstructure had a mottled appearance.

D08-P4-C The overall view of this particle is shown in Figure E-96.
This particle weighed 37.00 g and had a density of 7.80 g/cm3. A cross
section through this particle, shown in Figure E-97, shows the extent of
porosity in this particle. The typical microstructure is shown in
Figure E-98. Metallic inclusions were distributed throughout the
(U,Zr)0, matrix, and structural oxides had precipitated in the grain
boundaries.

GO8-P5-B A photograph of this particle is shown in Figure E-99. It
weighed 116.06 g and had a density of 8.0 g/cm3. A cross section
through this particle is shown in Figure E-100. Voids are evident in this
cross section along with a few microcracks. The typical microstructure is
shown in Figure E-101. It consists of structural oxides mixed in a matrix
of (U,Zr)0,.

G08-P6-B The overall view of this particle is shown in Figure E-102,
which shows some surface porosity and the ceramic nature of the rock. The
sample weighed 153.62 g and had a density of 7.6 g/cm3.

After the metallographic examinations a small microcore was drilled
from this cross section for elemental analysis. The backscattered
electron image of the microcore is shown in Figure E-103. This image
shows the area that was examined in detail on the SEM. A backscattered
electron image of this detailed area is shown in Figure E-104. There
region consists of areas of (U,Zr)0,, with a eutectic phase along the
grain boundaries. This microstructure is very similar to other areas
which were previously identified as containing structural oxides (see
Figure E-68 in peripheral crust appendix section).
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Figure E-98. Metallic inclusions in (U,Zr)0, (D08-P4-C).
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Figure E-104. Backscattered electron image of grain
boundary eutectics in GO8-P6-Bl.
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G08-P7-A The overall view of this particle is shown in Figure E-105.
This sample weighed 193.84 g and had a density of 7.8 g/cm3. A cross
section from this particle is shown in Figure £E-106. As shown in
Figure £-107, the typical microstructure consisted of (U,Ir)0, ceramic
melt with regions of structural oxides mixed in the melt.

G08-P7-C The overall view of this particle is shown in Figure E-108.
This rock weighed 36.10 g and had a density of 8.8 g/cm3. A cross section
from this particle is shown in Figure £-109. Figure E-110 shows the typical
microstructure of (U,Zr)0, melt with structural oxides concentrated along
the grain boundaries.

G08-P8-A The overall view of this particle is shown in Figure E-111.
This sample weighed 114.26 g and had a density of 7.4 g/cm3. A cross
section from this particle is shown in Figure E-112. The microstructure is
typically (U,2r)0, melt with structural oxides mixed in as shown in
Figure E-113.

608-P9-A The overall view of this particle is shown in Figure E-114.
This rock weighed 158.94 g and had a density of 7.3 g/cm3. A cross
section through this particle is shown in Figure E-115. Figure E-116 shows
the typical microstructure of structural oxides and (U,Ir)0, ceramic melt.

G12-P2-B The overall view of this particle is shown in Figure E-117.
This particle weighed 60.51 g and had a density of 8.5 g/cm3. A cross
section from this particle is shown in Figure E-118. The typical
microstructure of structural oxides in (U,Zr)0, is shown in Figure E-119.
However, after etching, another area of the particle showed a banded
structure of a light phase embedded in an oxide matrix (Figure E-120). This
area is shown in more detail in Figure E-12]1, which shows a darker
precipitate in the center of the band.

G12-P4-A The overall view of this particle is shown in Figure E-122.

This rock weighed 90.48 g and had a density of 7.7 g/cm3. A cross section
from this particle shows partially molten fuel pellet remnants encased in a

£-143
















































ceramic matrix of (U,2r)0, (Figure E-123). Large voids were present in
the partially molten fuel. This microstructure was previously discussed in
Section 3.4.

KQ9-P3-A This particle is shown in Figure E-124. The particle weighed
55.15 g and had a density of 7.6 g/cm3. A cross section from this
particle is shown in Figure £-125. The microstructure consisted of
structural oxides mixed in (U,Zr)0, as shown in Figure E-126.

K09-P3-D This particle is shown in Figure £-127. The particle weighed
43.19 g and had a density of 7.4 g/cm3. A cross section from this
particle is shown in Figure E-128. The typical microstructure of structural
oxides in (U,Zr)0, is shown in Figure E-129.

K09-P3-F This sample is shown in Figure E-130. The particle weighed
26.04 g and had a density of 7.8 g/cm3. A cross section through this
particle is shown in Figure £E-13]1. The typical microstructure of structural
oxides concentrated along grain boundaries in the (U,2Zr)0, is shown in
Figure £-132. A backscattered electron image of this cross section is shown
in Figure £-133. The elemental dot maps for the area shown in Figure £-133,
are shown in Figure £-134. These dot maps show regions of (U,Zr)0, and a
second phase composed of (Fe,Cr,Ni,Al1,0).

KQ9-P4-A The overall view of this particle is shown in Figure E-135.
This particle weighed 10.28 g and had a density of 7.1 g/cm3. A cross
section of this particle is shown in Figure E-136. Figure E-137 shows the
typical structural oxides mixed in the ceramic (U,Ir)0, melt.

KQ9-P4-D The overall view of this particle is shown in Figure E-138.
This particle weighed 23.9 g and had a density of 6.9 g/cm3. The cross
section through this particle is shown in Figure £-139. The typical
microstructure of structural oxides in (U.Zr)oz is shown in Figure E-140.

A backscattered electron image of the cross section is shown in
Figure £-14]. This figure shows the different areas which were examined in
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Figure E-132. Porosity and grain boundary precipitates
in K09-P3-F.
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detail on the SEM. Area A represents a metallic inclusion; Area B is the

U0, fuel, and Areas C and D represent the matrix composition of this
sample.

The metallic inclusion in Area A consisted of a number of different
phases, as shown in Figure E-142. The fuel pellet in Area B contained
inclusions of Zr0, and (Fe,Cr,Ni) as shown in Figure E-143. The
compositions were quite different in Areas C and D, as shown in
Figures E-144 and E-145. 1In Area C (Figure E-144), consisted primarily of
metallic (Fe,Cr,Ni,Sn). Stringers of Ir0, were also present, in addition
to isolated inclusions of UO,. In Area D (Figure E-145) the matrix was
(Fe,Ni,Sn,Mo). (U,Zr,0) was precipitated along the (Fe,Ni,Sn,Mo) grain
boundaries.
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Mixed Metall| | Ceramic Particl

G08-P10-A This particle is shown in Figure E-146). The surface appears
oxidized except for some small metallic regions. This particle weighed
223.78 g and had a density of 8.2 g/cmS.

A cross section through this particle is shown in Figure E-147. The
dendritic microstructure of a metallic inclusion is shown in Figure E-148.

The microstructure of the ceramic matrix is shown in Figure E-149. It
shows the typical structural oxides mixed in (U,Zr)0,. Grain boundary
precipitates are shown in detail in Figure E-150.

A backscattered electron image of a microcore from this sample is shown
in Figure E-151. It shows the ceramic matrix with a metallic inclusion in a
large void. Area A in this figure was examined to determine the composition
of the matrix and the metallic globule.

The elemental analysis is summarized in the backscattered electron
image of this interface (figure E-152.) The matrix consisted of mixed
oxides of uranium and zirconium and various metallic phases, as shown in the
figure.

Gl2-P9-A This particle is shown in Figure E-153. The particle
appeared partially oxided, with some unoxidized metallic inclusions at one
end of the particle. This particle weighed 131.45 g, and the density was
7.6 g/cmd.

To facilitate handling, this particle was cut in half so that the
metallic-bearing portion was mounted as one sample (G12-P9-Al), and the
ceramic-bearing portion was prepared as another sample (G12-P9-A2).

A cross section from the metallic-bearing portion is shown in
figure E-154. A long fissure extends almost all the way through the center
of this sample. A metallic inclusion from this sample is shown in
Figure £-155. This globule has a number of second-phase metallics
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precipitated in the matrix. These second-phase particles were in themselves
composed of multiple metallic phases as shown in Figure E-156.

A metallic inclusion in a pore in the ceramic matrix of G12-P9-Al was
examined on the SEM. Inside the pore there were some uo, single crystals,
as shown in the backscattered electron image in Figure E-157. A secondary
electron image of this area is shown in Figure £-158. The rod-shaped
material surrounding these U0, crystals consisted entirely of iron.

Indium crystals were deposited on the surface of these iron crystals.

The cross section of the ceramic portion (G12-P9-A2) is shown in
Figure £-159. It shows the structure to be rather homogeneous with a
uniform distribution of pores. The typical microstructure consisted of
(U,Zr)0, with some metallic inclusions, as shown in Figure E-160.

NOS-P1-A A photograph of particle NO5-P1-A is shown in Figure E-161.
This particle has a metallic globule located at one end of the ceramic
particle. This particle weighed 9.86 g and had a density of 8.0 g/cm3.

A cross section through this particle is shown in Figure E-162. It
shows two distinct and separate ceramic phases surrounded by a metallic
melt. The dendritic microstructure of the metallic melt {s shown in
Figure E-163. The typical microstructure of the ceramic phase is shown in
Figure E-164, which consists of various metallic inclusions in a matrix of
(U.Zr)oz.

NOS-P1-D The overall view of particle NO5-P1-D is shown in
Figure E-165. This particle is a mixture of metallics surrounding the
remnants of a fuel pellet. This particle weighed 34.91 g and had a density
of 8.3 g/cn3.

The cross section of this particle, along with the details of the

microstructure at two locations, is shown in Figure E-166. The remains of a
fuel rod are surrounded by a mixture of metallic melts. The photograph at
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the left shows an area where metallic melt has penetrated along a crack in
the fuel. The microstructure on the right of Figure E-166 shows the
degradation of the cladding and a thin layer of Zr02 oxide on the
cladding. The eutectic structure of the metallic melt is shown in more
detail in Figure E-167.

NO5-P1-H A view of this particle is shown in Figure E-168. The
particle is a mixture of ceramic and metallic phases. The particle appears
very jagged with stringers extending from the particle and globules of
molten material adhering to the larger particle. This particle weighed
21.65 g, and the density was 9.1 g/cm3.

A cross section of this particle is shown in Figure E-169. This
section shows ceramic and metallic phases. Round globules of a metallic
phase are embedded in the large pores of the ceramic phase.

The microstructure of the ceramic phase with a large metallic inclusion
is shown in Figure E-170. The ceramic phase consists of a matrix of fine
porosity and large voids. The microstructure of the large metallic phase is
shown in Figure E-171. This metallic phase was attacked by the etchant,
resulting in etch pits.

A backscattered electron image of the cross section is shown in
Figure E-172. Elemental analyses were performed in areas indicated by the
letters.

The elemental dot maps of the ceramic phase at Area A are shown in
Figure E-173, which shows the matrix to be (U,Zr)02 with Fe and Cr
structural oxides precipitated in the grain boundaries. A magnified view of
the grain boundary precipitates is shown in Figure E-174.

Figure E-175 shows the elemental dot maps for the metallic melt in
Area B. The matrix is primarily an alloy of zirconium and indium, with a
small amount of silver. The precipitates are an alloy of zirconium and
nickel.
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Figure E-176 shows the elemental dot maps for a metallic inclusion in
Area C. These dot maps show a metallic inclusion consisting of Fe-Ni-Cr. A
layer of previously molten Cry03 is concentrated on the periphery of the
inclusion. This indicates temperatures were in excess of 2266 K.
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Intact Core Components

D04-R9 Fuel Rod

The sectioning diagram for fuel rod D04-R9 is shown in Figure E-177.
Samples D04-R9-2, D04-R9-4, D04-R9-6, and D04-R9-8 were all subdivided and
examined in a similar manner, and consequently the detailed sectioning and
examination plan is only shown for sample DO4-R9-2. Al1 the metallographic
samples were very similar, and hence only representative photographs will be
presented and discussed.

The cross section of sample D04-R9-2B from near the bottom of the fuel
rod is shown in Figure E-178. The as-polished cladding is shown in
Figure E-179, which shows some zirconium-hydride precipitates oriented in
the circumferential direction. Based upon out-of-pile experiments, the
hydride concentration is <25 ppm.2

The microstructure of the fuel near the outer surface is shown in
Figure E-180. Some fuel grains were pulled out during sample preparation,
but the microstructure still shows the as-fabricated porosity contained
within the fuel grains, which indicates relatively low temperature
conditions. The average grain size was approximately 8 um.

The structure of the cladding in a sample obtained near the top of this
fuel rod stub is shown in Figure E-181, which shows minor amounts of
zirconium-hydride precipitates oriented in the circumferential direction,
similar to sample D04-R9-2B. A thin oxide film (2 pm) at the top of
this rod is shown in Figure E-182.

The structure of the fuel at the center and edge of the fuel pellet of
sample D04-R9-8Q are shown in Figures E-183 and E-184, respectively. The
fuel microstructure is very similar to D04-R9-2B.

a. Barry Z. Hyatt, Metallographic Hydride Standards for LWBR Zircaloy 4
Seed Tuning Based on Out-of-Pile Corrosion Tests, WAPD-LC(BB)-89, February
1974.
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Figure E-184. Fuel structure near edge of pellet (D04-R9-8Q).
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G08-RI Fuel Rod

The sectioning diagram for fuel rod GO8-R9 is shown in Figure E-185.
Samples GO8-R9-2, GO8-R9-4, and GO8-R9-6 were all subdivided and examined in
a similar manner, and consequently the detailed sectioning and examination
plan is only shown for sample GO8-R9-2. All the metallographic samples were
very similar, and hence only representative photographs will be presented
and discussed.

The cross section of sample GO8-R9-6L, from near the top of the fuel
rod, is shown in Figure E-186. Figure E-187 shows some zirconium-hydride
precipitates oriented in the circumferential direction. The microstructure
of the fuel near the center of the pellet is shown in Figure E-188. Both
the cladding and fuel microstructures are very similar to those observed on
sample DO4-R9.

K09-R 1R

The sectioning diagram for fuel rod K09-R5 is shown in Figure E-189.
Samples K09-RS-2, K09-R5-4, and KO9-RS5-5 were all subdivided and examined in
a similar manner, and consequently the detailed sectioning and examination
plan is only shown for sample K09-R5-2. All the metallographic samples were
very similar, and hence only representative photographs will be presented
and discussed.

The cross section of sample K09-R5-5L, obtained from near the top of
the fuel rod, is shown in Figure £-190. The cladding and fuel
microstuctures were very similar to those on the other fuel rods, as shown
in Figures E-19]1 and E-192.

-R n R
The sectioning diagram for control rod DO4-R8 is shown in

Figure £-193. Samples D04-R8-2, DO4-R8-4, D04-R8-6, and DO4-R8-8 were all
subdivided and examined in a similar manner, and consequently the detailed
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622-3

— 16-1/2 in. >

@ —— - 4.1/4n. > 4 in - *i/4ine 4 in: > 4.n. >

P — p—— : haun 1R ST T T T s ——y

1 ABC o] poF } F.G;H: | S [S{% N 10 I

le———x08-R5 ! ole & K09-RE-2 = »#4[-}-}-»409415-4 i |4t KO9-RE-5 S—— !
------ | e KO09-R5-3

| MBC D | E.
| D '
- KO9-R6-1  ~-::KO9-RG-2 -

{

Sample No. Location Comments
Bottom Top
K09-R5-1 0 4-1/4 Remnant
K09-R5-2 4-1/4 8-1/4
'KO9-R5-2A 0 1/4 Remnant

K09-R5-2B 1/4 1/2 Met
K09-R56-2C 1/2 3/4 Remnant
K09-R5-2D 3/4 3 CSNI

KO9-R5-2E 3 4 Rad chemistry

PB14 C50-488-02

Figure E-189. Sectioning diagram for fuel rod K09-RS.









2te-3

-

»

48-1/2 in:

-

<4in—>edinre—Tin—>edin>e—6in—r<+4in—re———13 in—> <4 in—>2-1/2in.

O ]
m D E

Y04-RE-2

<—D04-R8-3—»|}04-RB-4

N 1O

304-RBL6

s T

! | D04-
e« D04-R8-7—»|DD4-RB-8§ RB-9

DO4-R8-1

Figure E-193.

-— DO4-R8-1 —

. D04-R8-2—

D | E

Sample No.

DO4-R8-1

D04-R8-2
DO04-R8-2A
D0O4-R8-2B
D04-R8-2C
D04-R8-2D
D0O4-R8-2E

Location
Bottom Top
0 4
4 8
0 1/4
1/4 1/2
1/2 3/4
3/4 3
3 4

Sectioning diagram from control rod DO04-R8.

Comments

Remnant

Remnant
Met
Remnant
CSNI
Rad chemistry

P614 CSO-488-06



sectioning and examination plan is only shown for sample D04-R8-2. All the
metallographic samples were very similar, and hence only representative
photographs will be presented and discussed.

Figure E-194 shows cross section DO4-R8-2B taken from near the bottom
of the control rod. The zircaloy guide tube has been cut in two places as a
result of the core-boring operation.

The microstructure of the zircaloy guide tube is shown in
Figure £-195. A few more zirconium hydrides were present than in the
zircaloy fuel rod cladding that was examined.

The typical microstructure of the control rod material is shown in
Figure E-196. A mixture of small and large grain sizes suggest the
(Ag,In,Cd) alloy was partially molten or recrystallized.

KQ9-R ntrol R

The sectioning diagram for control rod K09-R13 is shown in
Figure E-197. Samples K09-R13-2, K09-R13-4, and K09-R13-6, were all
subdivided and examined in a similar manner, and consequently the detailed
sectioning and examination plan is only shown for sample K09-R13-2. All the
metallographic samples were very similar, and hence only representative
photographs will be presented and discussed.

The microstructure of the zircaloy guide tube is shown in Figure E-198,
and it {s very similar to the guide tube from sample DO4-R8. The
microstructure of the stainless steel cladding is shown in Figure £-199.
This microstructure is typical, and does not indicate any abnormal
conditions at this reactor location.

The typical microstructure of the control rod material is shown in
Figure £-200. This microstructure is typical for as-fabricated control rod
material, which indicates that this material remained intact and that
temperatures for this reactor location were less than 1073 k.
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Figure E£-199.
(K09-R13-28).
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Microstructure of 304 SS cladding
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Figure E-200. Intact Ag-In-Cd microstructure (K09-R13-28B).
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Ni2-R7 Contro] Rod

The sectioning diagram for this control rod is shown in Figure E-20!.
The sample at the top of this rod was examined because it had apparently
melted.

The cross section sample N12-R7-10Y is shown in Figure E-202.
Figure E-203 shows the previously molten (Ag,In,Cd) microstructure from this
sample, which indicates temperatures in excess of 1073 K.

Q07-R7 Control Rod

The sectioning diagram for control rod 007-R7 {s shown in
Figure E-204. Only the sample at the top of this rod (007-R7-60) was
examined because it had apparently melted.

The cross section of sample 007-R7-60 is shown in Figure E-205. The
microstructure in Area 1 is shown in Figure £-206. The surface coating has
been oxidized to a limited extent, and metallic and oxide fragments appear
to be trapped in a molten layer covering the intact zircaloy guide tube
resnant. The microstructure in Area 2 is shown in Figure £-207. Various
metallic melt regions are present.

Figure £-208 shows the results of SEM analysis conducted on this molten
materfal. In addition to (Ag,In,Cd) control material, Fe, Cr, and Ni from
the melting of the stainless steel control rod cladding is present, as well
as small amounts of UO,.

The elemental distribution at Area 1 is shown in Figure £-209, which
shows the remnants of a zircaloy guide tube. Various complex melt phases
surrounded and interacted with the guide tube remnant.

The interaction of zirconium with indium is illustrated in

Figure E-210. Various complex metallic inclusions are present in the Ir-In
-matrix.
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Figure E-201. Sectioning diagram for control rod N12-R7.
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Sample No. Location Comments
Bottom Top
007-R3-1 0 2 Remnant
007-R3-2 2 6
007-R7-2A 0 1/4 Remnant

007-R7-28B 1/4 1/2

007-R7-2C 1/2 3/4

007-R7-2D 3/4 3

007-R7-2E 3 4 Remnant

P814 CSO-488-19

Figure E-204. Sectioning diagram for control rod 007-R7.





































The sectioning diagram for this rod is shown in Figure £-211. This rod
apparently was a burnable poison rod containing boron carbide in alumina.
. The rod was extensively damaged from the core boring, which is why sample
NOS5-R15-28 was obtained from the center of the rod rather than at the end.
However, a sample could not be obtained that contained some of the burnable
poison material because it apparently fell out during sample handling.

The microstructure of the inner zircaloy cladding is shown in Figures
£-212 and £-213. Figure £-212 shows the lack of any hydrides, as determined
under bright field conditions. The microstructure in Figure E-213, under
polarized light, shows the typical as-fabricated cold-worked
microstructure. This indicates that temperatures did not exceed 920 K.

The sectioning diagram for instrument tube GO8-R3 is shown in
Figure E-214. Samples GO8-R3-2, GOB-R3-4, and GO8-R3-6 were all subdivided
and examined in a similar manner, and consequently the detailed sectioning
and examination plan is only shown for sample GO8-R3-2. All the
metallographic samples were very similar, and hence only representative
photographs will be presented and discussed.

The cross section of sample GO8-R3-4H, taken from the middle of the
rod, is shown in Figure E-215. The outer zircaloy guide tube was nicked in
one place as a result of the core boring operation.

The zircaloy guide tube had experienced some minor hydriding, as shown

in Figure E-216. The structure of the material inside the instrument tube
is shown in Figures £-217 and E-2]8.
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Figure E-211.
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- NO5-R15-1 > |4+ NO-R16-2—»|+——————NO5-R15-3————»
ABC D E
< NOb-R15-2 -
Sample No. Location Comments
Bottom Top
NObH-R15-1 0 10 Remnant
NOb-R15-2 10 14
NOb-R15-2A 0 1/4 Remnant
NOb-R15-2B 1/4 1/2 Met
NOb-R15-2C 1/2 3/4 Remnant
NOb-R156-2D 3/4 3 CSNI
NO5-R15-2E 3 4 Rad chemistry

Sectioning diagram for burnable poison rod NO5-RI1S.
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Figure E-213. Microstructure of inner tube of NO5
burnable poison rod under polarized light conditions
(NO5-R15-2B).
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GO08-R3-2B 1/4 1/2 Met
G08-R3-2C 1/2 3/4 Remnant

GO08-R3-2D 3/4 3 CSNI sample
G0O8-R3-2E 3 4 Rad chemistry
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figure E-214. sectioning diagram for {nstrument tube GO8-R3.










H—— As polished | 87M-15
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Figure E-217. Microstructure of molten material in
instrument tube (GO8-R3-6M).

—1  As polished 87M-72.
20 pym

Figure E-218. Magnified view of molten material in
instrument tube (GO8-R3-2B).
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The backscattered electron image of a cross section taken near the top
of the rod is shown in Figure E-219. The examination locations for the SEM
are also shown in this figure. The material inside the instrument tube
contains numerous cracks.

The distribution of elements inside the tube is shown in Figure E-220.
Previously molten fuel, control material, and structural materials are
present.

The distribution of elements in Area C, at the interface between the
zircaloy cladding and the molten debris, fs shown in Figure E-221. The
material is similar to that found in Area B. These data indicate that the
instrument tubes provided paths for relocating material.
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APPENDIX F
BETA-GAMMA AUTORADIOGRAPHY

Beta-gamma autoradiographs were obtained for each of the samples to be
examined by the scanning electron microscope (SEM) in order to determine the
distribution of the fission products between the ceramic and metallic
phases, and to ascertain any special features or locations that would
warrant more detailed SEM examinations. Although autoradiographs were
obtained for all 22 SEM samples, not all will be discussed because those
from the rod stubs and small rocks did not show anything significantly
different from those autoradiographs discussed below.

The autoradiographs from the lower crust and the upper crust of the
central core bore K09 are shown respectively in Figures F-] and F-2. In
Figure F-1, the autoradiograph shows that the radioactivity is concentrated
in the fuel, rather than in the metallics around the fuel. In contrast, the
autoradiograph of the upper crust in Figure F-2 shows that the radiocactivity
1s concentrated in the metallic inclusions rather than in the ceramic
matrix. The primary difference between the two crusts is that the ceramic
phase in the upper crust had been molten, which allowed the fission products
that have the propensity to be in the metallic phase to be scavenged by the
metallic phase. The lower crust fuel had not been previously molten, so
that the scavenging process did not occur.

Figure F-3 shows an autoradiograph of upper crust sample GO8-Pll. This
autoradiograph shows various radioactivity levels in both the fuel pellets
and the metallic melt.

The autoradiographs of four cross sections from upper, peripheral, and
lower crusts are compared with photomacrographs of the cross sections in
Figure F-4. The sections K09-P1-G and D08-P2-A2 are from the lower crust
that contained fuel pellets surrounded with prior-molten metallic debris.
The radfoactivity in these two cross sections s associated with the fuel.
. The radioactivity in upper crust sample D0B-P3 {is associated with the
ceramic melt, and the radioactivity in peripheral crust sample G12-P1-D3 is
also asssociated with the ceramic melt.
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Figure F-5 shows ihe autoradiographs of some samples from the
consolidated core region, compared with photomacrographs of their cross
sections. The section from NO5-P1-D contains a fuel rod remnant surrounded
by metallic melt. The autoradiograph indicates that, in this case, the fuel
pellet as well as the metallic materials are radioactive. Particle 007-P6
is metallic, and particle G08-P6-B is ceramic. The autoradiographs for
sections from these two particles show that the metallic particle is more
radioactive than the ceramic particle. The particle G08-P10-A contains
metallic phases distributed in a ceramic matrix, and the autoradiograph
shows that the metallic phase is more radioactive than the ceramic phase.
Because all four of these sections were exposed for the same length of time,
the degree of blackness indicates the relative activity of each specimen.
For the metallics in each particle, the blackness is about the same for all
cross sections.
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APPENDIX G
ELEMENTAL ANALYSIS RESULTS

This Appendix presents results of the elemental analyses performed on
samples removed from the lower core region using inductively coupled plasma
(ICP) spectroscopy. This analysis was performed on the nonvolatile,
dissolved liquid portions of the samples. The results are listed in weight
percent. Many of the samples indicate a total measured elemental content
from 60 to 85 wtX, depending on the composition of the sample. The balance

of the sample is expected to be oxygen, which is not measurable by this
technique.

The uncertainty quoted by the Battelle Pacific Northwest Laboratories
where the ICP analyses were done is from 2 to 5% for the analysis and with
sample dilution and and weighing uncertainties, the total uncertainty is
approximately 15%. However, some samples have higher uncertainties because
of dilution or other problems identified during the analysis process. The
results for these samples are included by a higher degree of uncertainty
(typically 20 to 30%) associated with each sample.

G-3



TABLE G1. K9-P2-C ELEMENTAL CONCENTRATIONS

(in Wt %)
Element #1 (36)

Ag 2.14E+00
Al 1.32E-01
B <6.60E-03
cd 1.19E-01
Cr 3.69E+400
Cu 1.59E-01
Fe 5.34E+01
Gd 6.60E-03
In 1.84E+00
Mn 3.30E-02
Mo 2.15E+00
Nb 1.19E-01
Ni 2.36E+01
Si 1.65E-01
Sn 3.71E+400
Te 3.30E-02
U <3.30E-01
Ir <6.60E-03
9.17E+01

a. Uncertainty

up to 20% associated with result.
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TABLE 62. 68-P11-B ELEMENTAL CONCENTRATIONS

(in Wt %)
G8-Pl11-B

Element #] (40) 2 (31) #3 (52)
Ag 9.48E-02 5.21€+00 2.48E-0]
Al 1.90E-01 2.76E-0] 3.16E-01
B 3.38£-02 2.59E-01 «<3.23t-03
Cd <6.77€-03 1.99€-01 <3.23E-03
Cr 2.37€-01 1.79€+00 4.84€-01
Cu 1.42€-01 1.07E-01 7.42E-02
Fe 4.20E-0] 5.61E+00 1.15E+00
6d 8.80E-02 7.77€-02 7.10E-02
In 2.17€-01 1.30E+00 8.71€-02
Mn 2.71€-02 6.91€-02 5.16E-02
Mo <2.03E-02 9.50E-02 9.68£-03
Nb 1.02€-01 1.35€-01 7.10€-02
Ni 6.77t-02 1.33t+00 2.07€-01
Si 5.08E-01 5.38E-01 3.13t-01
Sn 1.15E-01 9.79€-01 1.06€-01
Te 2.71E-02 4.61E-02 2.58E-02
U 6.67£+01 5.07E+01 6.20E+01
lr 1.76E+01 1.72E+01 2.26E+0]

........................

8.66E+01] 8.59E+01 8.78t+01
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TABLE G3. G8-P11-E ELEMENTAL CONCENTRATIONS

(in Wt. %)
G8-P11-E

Element 1 (20) #2 (50) #3 (18)
Ag 7.85E400  2.12E-01  1.92E+00
Al 8.73-02  2.30E-01  1.42E-01
B 2.55E-01 <4.51E-03  1.90E-01
cd 3.20E-01 <4.51E-03  2.03E-02
Cr 3.85€+00  4.11E-01  1.00E+00
Cu 1.09€-01  6.32E-02  1.29€-01
Fe 2.44E+01  8.80E-01  2.87E+00
Gd 2.91E-02  7.22E-02  1.02E-01
In 1.77€400  4.52E-02  7.04E-01
Mn 8.00E-02  4.52E-02  6.09E-02
Mo 1.02E400 <1.35E-02  7.45E-02
Nb 1.75€-01  8.13E-02  3.25E-01
Ni 1.08E401  1.356-01  7.24E-01
Si 2.25€-01  3.03E-01  5.69E-01
Sn 3.36E+00  7.68E-02  3.72E-01
Te 2.91E-02 <4.51E-03  4.06E-02
U 1.51E+01  6.46E+01  7.04E+01
Ir 5.20E+400  2.21E+01  4.01E+00

7.47E+401 8.92E+01 8.37E+01
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TABLE G4. D8-P3-A ELEMENTAL CONCENTRATIONS

(in Wt %)

Element 1 (11)% 92 (25)
Ag 6.78E+00  3.73E-0l
Al 2.05€-01 1.77€-01

B 1.44€-01 1.44E-01
o 2.19E-01 1.31E-02
Cr 6.02E-01 1.56E+00
Cu 1.78E-01  9.16€-02
Fe 5.85£+00  2.74E+00
6d 5.47€-02  1.05E-01
In 2.586+00  6.21E-01
Mn 4.79E-02  4.58£-02
Mo 3.08€-01] 1.05E-01
Nb <6.84E-03  1.31€-01
Ni 2.956400  6.61E-01
Si 1.48E+00  9.42€-01
Sn 1.68€+00  1.44E-01
Te <6.84E-03  2.62E-02

v 6.08£+01  6.09E+01
Ir 1.40E401  1.12€+01

9.79E+01 8.00E+01]

a. Uncertainty up to 20% associated with results
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TABLE G5. K9-P1-C ELEMENTAL CONCENTRATIONS

(Wt %)
#1 (51) #2 (30) #3 (28) #4 (4)

Element  ----cc-ee meceiiiee amieeae e
Ag 3.68€+00  2.28E+00  3.91E+00  2.93E+00
Al 7.88E-01  1.58E-01  6.41E-01  8.34E-01
B 5.25-02  1.09E-01  1.22E-01  1.29E-01
cd 6.36E-02  1.98E-02  1.03E-01  1.10E-01
Cr 1.87E+00  3.06E-01  1.17E+00  2.06E+00
Cu 6.08E-02  8.89E-02  4.68E-02  5.48E-02
Fe 9.37€+00  1.76E+00  5.85E+00  1.02E+01
Gd 1.93E-02  9.88E-02  1.64E-02  2.62E-02
In 1.856+00  7.51E-01  1.09E+00  1.11E+00
Mn 6.36E-02  1.98E-02  5.15€-02  7.39E-02
Mo 3.43E-01  8.89€-02  1.85€-01  3.77E-01
Nb 1.93€-01  8.89E-02  1.17E-01  2.10E-01
Ni 4.42E+00  1.04E+00  3.86E+00  5.05E+00
Si 2.13E-01  6.52€-01  2.11E-01  4.31E-01
Sn 1.41E+00  2.47E-01  1.52E+00  1.86E+00
Te 1.11E-02 <9.88E-03  2.57E-02  3.57E-02
u 1.74E4+01  6.03E+01  7.20E+00  1.42E+01
Ir 4.45€+01 1.01E+01  3.67E+01  4.03E+01

8.63E+01 7.81E+01 6.28E+01 8.00E+01
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TABLE G6. D8-P1-C ELEMENTAL CONCENTRATIONS

(Wt %)
a

#18 (48b) #2 (15) #3 (68)
Element  ---------v ceieniieae acieeaa.on
Ag 1.04E+01 4.66E+00 6.42€+00
Al 6.39E+00 1.42E-01 3.08E-01
8 1.18E-01 8.88E-02 1.12€-0]
Cd 1.18£-01 8.88E£-02 8.39€-02
Cr 4.06£+00 6.53E-01 3.23E+00
Cu 1.18€-0] 1.29€-01 1.12€-01
Fe 3.40€+01 5.28E+00 2.82E+0]
Gd 1.86E-02 2.92E+00 3.73E-02
In 1.74E+00 1.13E+00 1.93E+00
Mn 8.69E-02 2.66E-02 4.66£-02
Mo 1.33E+00 2.09E-01 1.14€+00
Nb 1.49€-01  <4.44€-03 1.40€-0]
Ni 1.37¢+01 2.09E+00 1.30E+01
Si 5.59€-01 1.11€+00 9.32t-02
Sn 3.12E+00 7.15E-01 2.92€+00
Te <6.21E-03 <4.44E-03 6.53E-02
U 2.65E+00 8.79£+01 6.57€£+00
ir 1.17€+01 1.36E+0] 1.38E+01

9.03E+01 1.21€+02 7.82E+01

a. Uncertainty up to 30% associated with result.
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TABLE G7. D8-P2-A ELEMENTAL CONCENTRATIONS

(in Wt %)

Element #1 (53b)  #2 (24)
Ag 5.09E+00  1.13E-00
Al 1.71€-01  1.86E-01

B <1.32E-02  1.16E-02
cd 1.326-02  1.16E-02
Cr 4.626-01  4.30E-01
Cu 2.58E-01  1.63E-01
Fe 2.91E+00  2.18E+00
Gd <1.32€-02  9.29E-02
In 2.77€-01  2.90E-01
Mn 1.326-02  2.32E-02
Mo <3.96E-02  5.81E-02
Nb <5.27€-02  1.51E-01
Ni 5.79E+400  5.23E-01
Si <1.326-01  4.99E-01
Sn 1.56E+00  3.02E-01
Te <1.32€-02  6.97E-02

U 5.25£401  5.96E+01
Ir 1.826+01  8.57E+00

8.75E+01 7.43E+01
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TABLE G8. 07-P4-C ELEMENTAL CONCENTRATIONS

Element

(in Wt %)
t] (495)

6.89E+00
4.66L-01
1.10E-01
4.20E-01

.76E+00
.10E-01
.89E+01
.51€-02

.13E+00
.44E-02
.18£+00
.85€-02

— N e (o)

O = OO N

1.26€E+01
3.79¢-01]
2.92E+00
3.03E-02
3.20€+00
1.66E+01

8.05E+01

#2 (61)

.39E+00
.14E-02
.00E-02
.21€-01

S

7

S

2
3.23€+00
1.46E-01
3.93E+00
$.35€-02
2
1
|
8

.94E+00
.S4E-01
.54E-01
.S7E-02

1.76E+00
3.75¢-01
2.75E+00
<3.57E-03
5.32E+0]
4.39E+00

#3 (6)

.44E+00
.08E-01
.88E-01
.T4E-02

00 v o— on

.61E+00
.31€-01
.98E+00
.07E-02

00 ot st ot

1.25€+00
7.06E-02
3.36E-02
1.08t-01

3.09¢-01
8.50€-0!
8.94E-0!
1.04E-01
5.68E+01
6.02E+00

14 (56)

.88E+00
.38E£-01
.11€-01
.52€-02

—t bt N s

.56E-01
.09E-02
.52E-01
.09E-02

1.82¢-01
3.04E-02
l
1

NWO NS

.52€-02
.67€-01

2.78E-01
5.82€E-01
2.23E-01
2.03E-02
6.63E+01]
1.70E+01



TABLE G9. G12-P1-E ELEMENTAL CONCENTRATIONS
(Wt %)

#2 (59) #3 (69) #4 (70)

Element  -----ccen cmceienn el
Ag 7.39E+00 3.77E-02 4 .99E-02
Al 1.42E-01 2.45E-01 5.32E-01

B 8.21E-02 3.77E-02 4.16E-02
Cd 7.12E-02 <9.42E-03 8.31E-03
Cr 3.88E+00 3.86E-01 5.15E-01
Cu 9.31E-02 8.48E-02 6.65E-02
Fe 1.76E+401 8.39E-01 1.02E+00
Gd 2.74E-02 9.42E-02 8.31E-02
In 2.04E+00 3.77E-01 3.57E-01
Mn 4.00E-01 4.71€-02 4.16E-02
Mo 3.18E-01 3.77E-02 <2.49E-02
Nb 1.53E-01 1.51E-01 1.33E-01
Ni 8.76E+00 1.88E-01 2.49E-01
Si 2.08E-01 4 .05E-01 1.51E+00
Sn 2.10E+00 1.60E-01 <1.25E-01
Te 7.67E-02 7.54E-02 1.16E-01

U 1.41E+01 5.38E+01 4 .95E+01
Ir 2.32E+01 1.94E+01 1.77€+01

8.05E+01 7.64E+01 7.21E+01



TABLE 610. G612-P1-D2 ELEMENTAL CONCENTRATIONS

’1 (49) 02 (43)

Element  --------- eea....
A5 1.84E-01 2.13E-0]
Ly 2.04E-01 6.34E-01]

B <1.02E-02 <5.20E-03
Cd <]1.02E-02 <5.20E-03
Cr 4.49¢-01 1.08E+00
Cu 4.08E-02 1.04E-01
Fe 1.08E+00 1.60E+00
Gd 5.10£-02 7.80E-02
In <1.02E-02 1.82€-01
Mn 5.10€-02 5.20E-02
Mo <3.06E-02 1.56E-02
Nb 1.33¢-01 1.25E-01
Ni 1.74E-01 3.74€-0]
Si <1.02¢-01 3.28E-01
Sn <1.02E-01 1.25E-01
Te 2.04E-02 T.28E-02

U 6.32€+01 5.51E-01
lr 2.21E+01] 1.97€+0!

cccosevrane 2 meamewn=-=a



TABLE G11. K9 PARTICLES ELEMENTAL CONCENTRATIONS
(in Wt %)

k9-P3-A K9-P3-D K9-P3-F
Element  #1 (46)  #1 (62)  #2°(67)  #1 (19)

Ag 1.01E-01 2.24E-01 1.28E-01 2.60E-01
Al 1.34E+00 2.17E-01 3.23E-01 8.12E-01
8 8.68E-02 3.87E-02 2.78E-02 7.53E-02
Cd <7.24E-03  <7.74E-03 5.56E-03 <8.37E-03
Cr 2.34E+00 4.4]1E-01 4.73E-01 5.94E-01
Cu 7.96E-02 8.51E-02 7.23E-02 1.26E-01
Fe 3.44E+00 9.44E-01 9.96E-01 1.46E+00
Gd 7.24E-02 8.51E-02 7.23E-02 9.21E-02
In 1.66E-01 3.10E-01 2.56E-01 2.51E-01
Mn 8.68E-02 4.64E-02 4.45E-02 5.86E-02
Mo 4.34E-02 3.10E-02 2.78E-02 3.35E-02
Nb 1.30E-01 1.24E-01 8.35E-02 2.43E-01
Ni 9.70E-01 2.71E-01 2.17E-01 7.37tE-01
Si 3.76E-01 4.18E-01 3.95E-01 1.53E+00
Sn 1.88E-01 1.78E-01 1.45E-01 1.51€-01
Te 2.17E-02 5.42E-02 4.45E-02 1.00E-01
U 5.21E+01 5.59E+01 5.31E+01 5.47E+01
Ir 1.96E+01 2.04E+01 1.91E+01 1.98E+01

8.12E+01 7.98E+01 7.55E+01 8.10E+01



TABLE Gl1. K9 PARTICLES ELEMENTAL CONCENTRATIONS (cont’d)
(in Wt %)

s s e e e .o P R ceweeasnnee

Ag 6.41£+00 6.49E-02
Al 1.03E+00 2.41E-0]
8 1.85€-01 3.71€-02
Cd 3.21€-02 <9.27E-03
Cr 1.23E+00 5.19¢-01
Cu 1.12¢-01 6.49E-02
fe 8.35t+00 1.06€+00
Gd 2.41t-02 8.35€-02
In 1.38£+00 2.41E-01
Mn 4.82t-02 §.64E-02
Mo 3.29€-01 <2.78E-02
Nb 1.69¢-01 1.02¢E-01
Ni 4.44E+00 2.60E-01
Si 2.23E+00 5.47¢-01
Sn 1.32E+00 2.32E-01
Te 1.61€-01 2.78t-02
V 1.91€+01 5.90E+0!
lr 3.45E+01 2.11E+01

8.11t+01 8.37t+01



TABLE G12. G8 PARTICLE ELEMENTAL CONCENTRATIONS
(in Wt %)

G8-P5-B
a T ———
Element #¥1 (14) ¥2 (1) 1563 (34) 1689 (9)

Ag 3.02E-01 1.91€-01 2.19E-01 2.19E-01
Al 2.73E-01 2.41E-01 4.00E-01 2.77E-01
B 2.95E-02 6.02E-02 <9.52E-03 4.01E-02
Cd <7.37E-03 1.00E-02 <9.52E-03 7.30E-03
Cr 4.72E-01 4.21E-01 5.52E-01 4.93E-01
Cu 1.84E-01 5.02E-02 1.14E-01 8.76E-02
Fe 9.58E-01 8.63E-01 1.29E+00 1.06E+00
Gd 8.84E-02 9.03E-02 7.62E-02 8.39E-02
In 5.16E-02 6.52E-01 1.62E-01 3.94E-01
Mn 5.16E-02 4.01E-02 5.71E-02 5.11E-02
Mo 1.47E-02 <3.01E-02 <1.90E-02 3.28E-02
Nb 2.21E-02 1.20E-01 2.38E-01 6.20E-02
Ni 3.61E-01 1.20E-01 2.67E-01 2.34E-01
Si 1.56E+00 5.62E-01 3.24E-01 4.31E-01
Sn <1.11E-01  <1.50E-01 2.09E-01 <5.47E-02
Te 1.47E-02 3.01E-02  <9.52E-03 3.28E-02
u 8.70E+01 6.05E+01 5.67E+01 5.87E+01
Ir 2.78E+01 1.91E+01 2.15E+01 2.15E+01

1.19E+02 8.32E+01 8.22E+01 8.38E+01

a. Uncertainty up to 30% associated with result.



TABLE Gl2. G8 PARTICLE ELEMENTAL CONCENTRATIONS (cont’d)
(in Wt %)

G8-P7-A G8-P7-C G8-P8-A
Element 1 (39) 1 (8) 12 (32) " (21)

R L Y cTeveccmens eevmsemee | Sesesceasss  eecessece

Ag 2.20€E-01 9.29€+00 2.12€-01 2.38E-01
Al 3.50€-01 4.56E-01 2.61E-01 2.17€-01
8 <5.94€-03 1.31E-01  <9.65E-03 4.89€-02
Cd <5.94E-03 4.65€-01 <9.65E-03 6.99€-03
Cr 4.63E-01] 4.20€E+00 3.67E€-01 4.47€-0]
Cu 1.07€-01 9.64E-02 5.79E-02 7.69€-02
fFe 1.06E+00 3.15E+01 8.69E-01 9.50€-01
Gd 7.72E-02 1.75E-02 8.69E-02 9.08E-02
In 1.54€E-01 1.42€+00 2.12E-01 5.59€-01
Mn 5.35E-02 7.89E-02 4.83E-02 4.89t-02
Mo <].19E-02 1.29E+00 <1.93E-02 2.10€-02
Nb 1.25E-01 1.49€-01] 1.45E-01 1.12€-01
Ni 2.08t-01 1.41€+01] 1.74E-01 1.89€-01
Si 3.86E-01 2.10€-01 4.05€-01 3.77e-01
Sn 1.31€-01 3.1SE+00 <1.45€-01 <1.0SE-0]
Te 5.94€-02 5.26E-02 5.79€-02 4.19E-02
v 5.70€E+0] 3.93t+00 5.79€+01 5.83€+01
lr 2.11E+01 1.82E+01 2.03E+01 2.12E+0]

8.15E+01 8.87E+01 8.13E+01 8.31E+01




TABLE Gl2. G8 PARTICLE ELEMENTAL CONCENTRATIONS (cont’d)

(in Wt %)
G8-P9-A G8-P10-A__
Element #1 (2) #1 (5) #2 (10)
Ag 7.42E+00 7.95E-02 3.52E+00
Al <9.79E-02 1.70E-01 1.73E-01
B 9.79E-02 6.53E-02 8.96E-02
Cd 8.32E-01 4.26E-03 2.88E-02
Cr 5.10E+00 2.78E-01 2.08E-01
Cu 1.71E-01 6.53E-02 1.34E-01
Fe 3.75E+01 1.01E+00 2.09E+00
Gd 2.45E-02 9.22E-02 9.92E-02
In 2.35E+00 3.58E-01 9.41E-01
Mn 7.34E-02 3.12E-02 2.24E-02
Mo 1.54E+00 1.56E-02 5.44E-02
Nb 2.20E-01 6.24E-02 4.16E-02
Ni 1.70E+01 5.96E-02 5.60E-01
Si 3.18E-01 5.01E-01 9.18E-01
Sn 4.63E+00 3.41E-02 6.02E-01
Te 2.45E-02 5.39E-02 9.28E-02
U 1.21E+00 6.57E+01 7.39E+01
Ir 1.20E+00 1.52E+01 6.98E+00

7.98E+01 8.38E+01 9.05E+01

G-18



TABLE G13. D8 PARTICLE ELEMENTAL CONCENTRATIONS
(in Wt %)

D8-P4-A D8-P4-C
Element 1l (33) #2 (80) #1A (37a) #1B (37b) 92 (23)

------------------------------------------------------

Ag 1.22E+00 2.70E+00 1.74E-01 1.13E-01 7.11E-02
Al 1.26E-01 <]1.04E-01 2.29€-01 1.86E-01 3.16E-01
B8 <1.40E-02 <1.30E-02 <7.91E-03 3.99€-02 <7.89E-03
Cd <1.40€-02 <1.30E-02 <7.91E-03 <6.64E-03 <7.89E-03
Cr 6.63E+00 3.90€-02 2.29E-0] 2.26E-01 2.45€-01
Cu 1.96E-01 2.73E-01 5.54€-02 8.64E-02 1.34E-01
Fe 5.79E+01 5.03E+01 4.27€-01 4.52€-01 4.18t-0l
Gd <1.40E-02 <1.30E-02 8.70E-02 8.64E-02 9.47€-02
In 8.11€-01 3.25E-01 1.11E-01 3.12€-01 1.03€-01
Mn 9.798-02 <1.30E-02 3.16E-02 3.32E-02 3.16E-02
Mo 2.25E+00 3.67E+00 <1.58E-02 <1.99E-02 <1.58E-02
Nb 2.24E-01 <1.30E-02 1.58t-01 7.31£-02 1.42€-01
Ni 2.45E+01 3.67E+01 5.54E-02 9.30E-02 1.74€-01
Si 3.356-01 <]1.30E-01 4.03€-01 4.85E-01 8.76E-01
Sn 3.98E+00 5.33e+00 <1.19€-01 1.13E-01 «<1.18E-01
Te 5.59E-02 <].30E-02 4.75€-02 1.99E-02 5.53E-02
U <6.99€-01 <6.50E-01 6.08E+01 6.71E+01] 6.58E+01
Ir 1.40€E-02 <1.30E-02 1.68E+01 1.77E+01 1.73E+01

9.90E+01 1.00E+02 7.98E+01 8.72E+01 8.59E+01

G-19



TABLE G14. 09 PARTICLE ELEMENTAL CONCENTRATIONS

a.

(in Wt %)

09-P1-A
a 09-P1-B
Element #1 C (35) #2 P (44) #1 (64)

Ag 1.96E+00 2.61E-01 3.78E-01
Al 8.49E-02 1.75E-01 1.45E-01

B 1.06E-01 4.47E-02 2.91E-02
Cd 2.12E-02 <3.72E-03 <5.82E-03
Cr 6.55E+00 1.49E-01 1.40E-01
Cu 1.91€-01 1.08E-01 8.15E-02
Fe 5.56E+01 3.09E-01 2.62E-01
Gd 8.49E-02 1.23E-01 8.73E-02
In 1.09€E+00 3.01€E-01 3.14€-01
Mn 9.19€-02 2.98E-02 2.33E-02
Mo 2.28E+00 1.12E-02 2.91E-02
Nb 2.05E-01 5.58E-02 9.31£-02
Ni 2.43E+01 6.70E-02 5.82E-02
Si 1.84E-01 5.81£-01 3.90E-01
Sn 4.02E+00 8.56E-02 9.89E-02
Te <4.95E-02 4.47E-02 4.66E-02
U <3.54E-01 9.34E+01 6.17E+01
Ir <7.07E-03 2.21E+401 1.56E+01

9.71E+01 1.18E+02 7.95E+01

Uncertainty up to 30% associated with result.
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TABLE G15. G12 PARTICLE ELEMENTAL CONCENTRATIONS
(in Wt %)

Gl2-P2-8 G12-P4-A Gl2-P9-Al
Element 7T (29) 2 (82) #1 (58) fl (22)

.............................................

Ag 2.08t-01 9.90E-02 2.00E-01 4.68E+00
Al 1.50€-01 1.93€-01 2.47¢E-01 6.95€-01
B8 4.04E-02 3.13E-02 8.67E-02 1.08E-01
Cd 1.15€-02 <5.21E-03 6.67€-03 1.54E-02
Cr 1.96€E-01 1.51E-01 4.47E-01 8.26E-01
Cu 7.50E-02 8.34E-02 8.67€-02 9.27E-02
Fe 3.92E-01 3.70€-01 1.07€+00 4.49€+00
Gd 9.23E-02 8.86E-02 8.00E-02 8.49E-02
In 4.62E-01 1.72€-01 2.93E-01 7.34E-01
Mn 2.89¢E-02 4.17€-02 4.67E-02 6.18E-02
Mo 2.89€-02 1.56E-02 2.00E-02 1.72E-02
Nb 9.81E-02 6.78E-02 1.00€E-01 1.24€-01
Ni 1.33E-01 5.21E-02 2.07€-01 2.38E+00
Si 4.27E-01 5.11E-01 4.27E-0] 3.94€-01
Sn <8.66E-02 < 7.82E-02 1.27€-01 5.02€-01
Te 2.89E-02 3.65E-02 4.00€-02 2.32€-02
U 5.83E+01 6.20E+0! 5.51£401 5.08E+01
Ir 1.68E+01 1.65E+01 2.00€+01 1.41E+01

7.76E+01 8.05E+01 7.86E+01 8.02€E+01

6-21



TABLE G16. N5 PARTICLE ELEMENTAL CONCENTRATIONS
(in Wt %)

N5-P1-D N5-P1-H
Element #1A (12a) #1B (12b) #2 (63) #1 (13) #2 (65)

Ag 1.50E+00 2.01E-01 1.29E+0C°  7.70E+00 <2.70E-02
Al 4.43E-01 8.24E-02 1.91€-01 4.19E-01 9.17€-01
B 2.32E-01 5.15E-02 5.45E-02 5.63E-02 5.39E-02
Cd 2.06E-02 5.15E-03 <1.36E-02 3.13E-01 <2.70E-02
Cr 2.72E+00 4.17E-01 1.08E+00 1.88E-01 6.74E-01
Cu 7.21E-02 6.18E-02 1.23E-01 1.50€-01 1.08E-01
Fe 3.02E+01 5.11E+00 1.36E+01 3.07E-01 1.11E+00
Gd 1.55E-02 6.18E-02 8.18E-02 1.25E-02 1.08E-01
In 4.69E-01 4.12E-01 6.95E-01 3.54E+00 7.01E-01
Mn 2.06E-02 1.03E-02 1.36E-02 1.25E-02 5.39E-02
Mo 1.34E+00 2.42E-01 6.68E-01 <1.25E-02 <8.09E-02
Nb 3.09E-02 7.72E-02 2.04E-01 <6.26E-03 3.78E-01
Ni 1.30€+01 2.32E+00 6.13E+00 3.82E-01 1.35E-01
Si 4.02E-01 2.94E-01 3.82E-01 1.16E+00 9.71€-01
Sn 1.83E+00 4.74E-01 1.55E+00 2.08E+00 6.74E-01
Te 4.64E-02 2.58E-02 4.09€-02 <6.26E-03 2.43E-01
U 1.47E+00 4.11€+01 5.04E+01 3.24E+01 5.74E+01
Ir 2.59E+01 1.30€+00 3.95E+00 3.74E+01 1.38E+01

7.97E+01 5.23E+401 8.05E+01 8.61E+01 7.75E+401

G-22



TABLE G17. D4 and 07 PARTICLE ELEMENTAL CONCENTRATIONS
(in Wt %)

07-P1-A 07-P6 D4-P2-A
Element #1 (26) "1 (16) 02 (27) #] (38)

ccceannee ceeaweanse $Cececcesew  esececeecrece Seccen-=e=

Ag 1.36E£+00 5.92E+00 5.64E+00 3.45E+01
Al 3.50€-01 1.60E-01 1.60E-01 <2.58E-01
8 <2.19E-02 3.21€-02 2.91E-02  <3.23E-02

Cd <2.19€-02 <1.60E-02 1.45E-02 5.81E-01
Cr 1.97€-01 3.67E+00 4.87E+00 1.61€+00
Cu 5.91€-01 2.56E-01 2.47E-01 1.94€E-01
Fe 5.06E+01 5.47E+01 4.45E+01 2.61E+01
Gd <2.19€-02 <1.60E-02 1.45€-02 <3.23E-02
In 7.66E-01 1.17€+00 1.10E+00 7.65E+00
Mn <2.19E-02 6.41€-02 1.026-01 <3.23E-02
Mo 2.30E+00 2.87E+00 2.27E+00 1.39€+00
Nb 2.85E-01 2.40E-01 2.62€-0] 5.81€-01
Ni 2.82E+01 2.18E+01 1.74E+01 1.39€+01
Si 1.44E+00 7.05E-01 1.60E-01  <3.23E-01]
Sn 4.90E+00 5.16E+00 4.24E+00 7.52E+00
Te 1.31E-01 1.12€-01 1.45E-02 1.29¢E-01
u <1.09€+00 <8.01E-01 1.55E+00 <]1.61E+00

Ir 8.76E-02 <1.60E-02 3.20E-01 1.61E-01
9.24E+01 9.77t+01 8.29€+0! 9.66E+01

G-23
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APPENDIX H

RADIOCHEMICAL ANALYSIS RESULTS

This Appendix presents the results of the radiochemical analyses of
the lower core region samples. Analytical techniques are discussed in
Appendix B. The uncertainty listed for the results is that associated
with counting statistics. To this uncertainty must be added uncertainties
due to dilution, weighing, and handling of the samples. The total
uncertainty associated with the analytical results is approximately 15%.
A1l radionuclide activities have been decay corrected to April 1, 1987,

8 y after the accident.

H-3



t-H

TABLE H-1. CORE BORE K9 RADIONUCLIDE CONCENTRATIONS
(uCi/g on April 1, 1987)

Identification uCi/g +/- Error uCi/g +/- Error uCi/g +/- Error uCi/g +/- Error

K9-P1-C- #1 (51) 3.90E+02 +/-1.64E+00 1.41E+402 +/-1.13E+01 4.21E+02 +/-3.24E+00 2.49E402 +/-1.04E+00
#2 (28) 3.37e+02 +/-1.28€+00 7.76€+02 +/-6.21E+01 7.24E+01 +/-1.98€+00 2.52E+02 +/-1.29€+00
#3 (30) 7.29E+01 +/-1.42E+00 7.04€+03 +/-5.63E+02 1.19€+02 +/-5.73€+00 9.06E+01 +/-3.14E+00
# (4) 1.87€+03 +/-6.74E+00 3.28E+03 +/-2.62E+02 8.23€+02 +/-8.89€+00 1.33E+03 +/-5.44E+00
K9-P2-C #1 (36) 1.43E+03 +/-5.42E+00 3.64E+00 +/-2.90E-01 7.44E+02 +/-8.4BE+00 1.28E+03 +/-4.22€+00
#A (36a) 1.39E+03 +/-3.88€+00 3.33€+400 +/-2.66E-01 8.11E+02 +/-9.24E+00 1.24E+03 +/-4.82E+00
#18 (36b)  1.43E+03 +/-5.16€+00 1.20E+00 +/-9.60E-02 2.01€+02 +/-5.09€+00 1.26E+03 +/-5.03E+00
2 A7 2.52E+02 +/-1.01E+00 1.46E+02 +/-1.17E+01 2.86E+02 +/-2.51€+00 5.66E+02 +/-1.13€+00
#W3A (S54a) 3.52E+02 +/-1.72E+00 6.59E+02 +/-5.27E+01 6.63E+02 +/-2.38€+00 1.44E-01 +/-2.88E-02
3B (54b)  4.92E+02 +/-1.67E+00 2.42E+02 +/-1.94E+01 7.00E+02 +/-4.55E+00 4.58E+02 +/-2.29€+00
# (57) 9.21E+00 +/-1.94E-01 2.56E+03 +/-2.05E+02 <2.20E+0 1.06E+00 +/-2.62E-01
K9-P3-A #1 (46) 6.97+401 +/-2.99€-01 8.97€+02 7.18E+01 <3.67E+0 1.91€E+00 +/-2.02E-01

K9-P3-D #1 (62) 1.73e+401 +/-1.69€-01 5.02E+03 4.02€+02 5.39E+00 +/-5.52€-01 4.63E+00 +/-2.00€-01
#2 (67) 1.85E+01 +/-1.66€-01 1.86E+03 1.49€+02 2.72E+00 +/-3.75€E-01 1.78E+00 +/-1.81E-01

X9-P3-F #1 (19) 2.24E+01 +/-1.81E-01 8.28E+03 6.62E+02 3.72E+00 +/-6.96E-01 1.45€+00 +/-1.82E-01

K9-P4-D #1 (7) 3.67€+02 +/-1.06E+00 2.51E+03 2.01E+02 4.22E+02 +/-2.70E+00 3.28€+02 +/-1.48E+00
#2 (47) 1.99E+01 +/-1.90E-01 1.08€+03 8.64E+01 9.95€+00 +/-7.13E-01 1.33E400 +/-2.30E-01



S-H

TABLE H-1. (continued)
* Identification «i/g
K9-P1-C- 81 (51)  1.10€-04
2 (28) 3.406-05

£3 (30)  4.60€-03

8% (¢) 2.666-05

9-P2-C 81 (38) 7.10€ - 04
#1a (380) 7.10€-04

#18 (36b) 2.30€-02

” On 6.00¢ -04

34 (548) 2.50€-04

#38 (Seb)  3.00€-04

8% (S 2.80€ -06

£9-PY-A 81 (&6) 7.10€ -06
X9-P3-D 1 (62) 4.40€-05
”2 (67 1.10€-05

X9-P3-F #1 (19) 1.70€-05
K9-P4-D 91 (7) 1,608 - 04
#2 (&7) 1.50¢ - 06

¢/ Error

1 2.00005
*/-8.%08-08
o/ 9.50¢ - 04
*/-2.00€-07
*/-.60¢-04
*/-1.40€-04
*/-4.80€-03
*/-1.10€-04
*/-4.58€-05
*/-6.24€-05
*/-4.37€-06
*/-1.69€-06

¢/-1.03€-05
+/-2.29¢-06

*/-1.68¢-05

*/-3.78€-05
*/-3.99€-06

...................

8.40E+00 +/ 2.16£-01

1.24€+02 /-1, 728+00

$.62E+00 ¢/-7.84E-01

«2.66€+0

<1 17€+0

<1.24£0

3.10€+00 +/-1.61€-01

V.68€¢01 «/ 3 1TE-OV

9.2T€+00 +/-5.03¢-01

3.81€-01 +/-6.70€-02

6.49E-01 +/-6.86E-02

8.69€-01 ¢/-7.97¢-02
1.12€400 /-5.80€-02

6.59€-01 +/-5.41E€-02

<8.79€-0
7.81€-01 +/-7.05€-02

JKi/g ¢/ Error
2.45C¢01 ¢/-2.97¢-01
3.92£6+02 ¢/-1.69€+00
$.306+03 +/-1.0V€+01
1.936002 +/-1.96£+00
«3.27¢+0

<1.75€¢0

<2 .20E+0

1.336402 ¢/ 4.64E-01
8.03€002 ¢/-1.TTE«D0
& 506402 ¢/-2.70€+00
1.83¢+01 +/-3.86E-01

3.29€+01 ¢/-2.31E-01

3.44E01 ¢/-2.65E-01
5.27€+01 +/-3.63E-01

2.96E+01 ¢/-2.19€-01

2.52€400 ¢/-2.526-01
3.44E«0V +/-3.06€-01

Ce- 144

capesmeessaBE s

JKXi/g ¢/ Error

«3.77¢+0

2.386402 +/-7,726+00
7.15€401 +/-6.17€+00
«1.37¢+0

«2.45€+0

«2.87¢0

S.4hE+Q01 ¢/-2. 238400
1.19€002 o/-1.94E+0"
8.158+01 /-2 .9E+00
1.70€+02 +/-9.69E+00
2.516+02 +/-9.26£+00

2.13E+02 +/-6.27E+00
1.926402 +/-7.TTE+00

2.10E+02 +/-9.72E+00

7.47€+01 +/-2.01€400
2.04€+02 +/-9.00€+00
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TABLE H-1.

Identification

K9-P1-C- #1 (51)
#2 (28)
#3 (30)
# (4)

K9-P2-C #1 (36)
#1A (36a)
#18 (36b)
#2 (17)
#3A (54a)
#38 (54b)
# (57)

K9-P3-A #1 (46)

K9-P3-D #1 (62)
#2 (67)

K9-P3-F #1 (19)

K9-P4-D #1 (7)
#2 (47)

(continued)

2.67E+00 +/-0.189694

<5.86€E-0

5.05€+01 +/-1.004353

1.48E+01 +/-0.892712

<2.07E+0

<1.37E+0

<1.30E+0

1.33£+401 +/-3.30E-01

3.71E+01 +/-4.11E-01

1.81E+01 +/-3.68E-01

4.61E+01 +/-2.53E-01

3.65E+01 +/-2.08E-01

4.56E+01 +/-2.19€-01
4.37€+401 +/-1.79e-01

4.12E+01 +/-2.02E-01

2.29€+01 +/-2.47€E-01
4.60E+01 +/-2.57€-01

4.326+00 +/-2.40€-01

<1.22€+0

6.43E+01 +/-1.75€+00

2.58E+01 +/-1.22e+00

<4 .87€+0

<3.76E+0

5.24E+00 +/-1.14E+00

1.65€+01 +/-6.27E-01

4.73E401 +/-4.26E-01

2.60E+01 +/-5.44E-01

5.99E+01 +/-4.91E-01

4.67E+01 +/-4.62E-01

5.8B8E+01 +/-3.76E-01
5.68E+01 +/-4.71E-01

5.30E+01 +/-3.82€-01

2.99E+01 +/-5.35E-01
5.93E+01 +/-4.75E-01

U-235 (mg)

1.02€-01 +/-8.00€E-03
1.10E+00 +/-1.60€E-02
3.00€-02 +/-7.00E-03
—-p--
--A--

LT TR

1.90£-01 +/-8.00E-03

®

2.02E+00 +/-2.20E-02
-.a--

~-A--
4.06E+00 3.50€-02
4.51E+00 3.70€-02
8.73e+00 6.00E-02
~=A--
1.45€E-01 8.00E-03
2.87e+00 2.70€E-02

U-238 (mg)

4.20E+00 +/-4.90E-01
5.96€+01 +/-9.10E-01
8.82E-01 +/-5.06€-01
-oA--
--A--

--A--

8.68E+00 +/-5.20E-01

9.40E+01 +/-1.40E+00

.-B..
--A-.
1.84E+02  1.92€+00
1.926402  2.01€+00
3.776402  6.226+00
.-A--
6.07€+00  2.39E-01
6.54E+01  9.90E-01



L-H

TABLE H-2.

identification

crernaremmsa

G3-P11-8 M1 (40)

5

G8-PIV-E M

2

G3-P3-8 1

2

G8-Po-0 1N
[ 4

GA-P7-A M

G8-p7-c M
”

G8-P8-A M

G8-P9-A M1

G3-P10-A M

3
(52)
(20)
€30)

\8)

(14)
o)

34)
9

39

(8)
32

21

)

%)
(10)

Co-60

5.18€¢00 ¢/-9.17¢-02
$.986401 /- 1. 3%-01
2.068401 +/-1.38¢8-01
6.60€002 +/-2.97E+00
1.42€01 /-1.93¢-01

3. 356401 ¢/-9.45€-01

1.13€401 ¢/-2.05¢-01
2.56E¢02 /-3.51€+00

2.29€+01 +/-3.0%-01
1.78E+01 «/-1.4TE-0V

«2.05€-03

9.16E+02 +/-4.58E+00
1.356401 /-1,36E-01

1.736+01 «/-1.66E-01

9.80€002 +/-3.14€+00

$.62€401 ¢/ -7 64E-O1
2.21€+01 +/-2.04€-0V

Radionuc | ide not detected

7.428+02
&.71€+0)
$.44€+02
6.30€+03
9.048+02

4.32¢+03
3.01€+03

4.35€+03
5.69€+03

4. 44E+03

1.47E¢02
$.07¢+03

6.06£+03

2.528+02

T.19€+03
1.66€+03

.........

‘e/ Error

« ses sevevess

¢/-1.35¢€002
*/-5.94E 01
o)) . TTE«02
¢/ & .35€+01
*/-5.04E+02

*/-7.236+01

*/-3.46E+02
*/-2.61€+02

*/-3.4BE+02
o/ 4.55€+02

3.55¢€+02

o/ 1. 18E+01
+/-& . 06E+02

*/-4 . 85€+02

¢/-2.026+01

¢/ -5.T5€+02
*/-1.336+02

CORE BORE G8 RADIONUCLIDE CONCENTRATIONS
(uC1/g on Apri) 1, 1987)

Ru- 106
uCi/sg ¢/« Error

«2.04E+0

2.78£+01 +/-9.0%¢-01
6.14€+00 +/-5.37€-0)
1.51€+03 o/-1,04€+01
2.19€¢00 ¢/-3.9%¢ 01
T.97E«01 «/-1,228+01

1.39€+01 +/-4.83€-01
«2.4360

3.14€¢00 +/-6.19€-01
4.92¢+00 +/-3.50€-01

1.61E-01 +/-1.39€01

1.97€+03 o7-7.21€+00
2.50€+01 +/-8.04E-01

<3.73E+0

2.68E+03 /-4 .29€+00

<1.47%+0
6.426+01 +/-1,068+00

so-12%

wadccanrsanssame.

uCi/g ¢/- Error

wseeees e vesmsmsw

<6.36¢-0

2.608+02 +/-1.25€+00
1.45€¢00 «/-1.07¢-01
$.90E¢02 ¢/ 2.30£+00
3.926-02 +/-1.33¢-02

1.07€402 «/-5.436+00

1.89€+00 ¢/-1.34E-0Y
1.78£+01 +/-6.21E+00

2.20€+00 +/-1,63E-01
1.286+00 «/-1.436-00

<) . 64E-0

8.48E¢02 «/-1.95E+00
1.87€+00 +/-2.00€-01

1.AVE+00 +/-1.74E-01

1.35€03 +/-3.92E+00

<3.06€+0
1.51€¢02 ¢/-6.05¢-01



8-H

TABLE H-2.

G8-P11-8 M1
#2
3
G8-P11-E M1
#

#3

G8-P5-8 #1
#2

G8-P6-8 M
»2

G8-P7-A M

G8-P7-C M
»2

G8-P8-A #1

G8-P9-A #1

G8-P10-A M
#2

(52)
(20)
(50)
(18)

(14)
QD)

(34)
(4D

39

8
(32)

21

(2)

(5)
10

2.10E-06
3.50€-04
1.30€-05
1.80E-04
2.10€E-05

4.50E-05

8.60E-06
2.41E-06

1.30E-05
P

8.00E-06

6.00E-05
9.80E-06

1.00E-05

8.49E-05

2.75E-06
1.50E-04

(continued)

+/-6.59E-07
+/-8.05€E-05
+/-4.29€-06
+/-3.73€-05
+/-8.40E-06

+/-1.03€E-05

+/-2.57€-06
+/-3.30E-07

+/-3.51E-06

+/-6.16E-06

+/-1.25€-05
+/-3.63E-06

+/-3.10E-06

+/-7.00E-07

+/-1.60E-07
+/-2.80E-05

5.44E-01 +/-5.26E-02
1.37€+01 +/-1.98€-01
9.18€-01 +/-6.60€E-02
3.02e+01 +/-5.48E-01
2.44E-01 +/-5.23E-02

2.17E+02 +/-2.21E+00

5.45E-01 +/-5.69E-02
1.61E+01 +/-9.53E-01

6.10E-01 +/-6.39E-02
4.28E-01 +/-3.89E-02

<2.62E-0

<1.25E+0
4.75E-01 +/-6.95E-02

8.14E-01 +/-5.22E-02

1.67E+00 +/-8.19E-01

1.44E+01 +/-4.18E-01
4.27€+00 +/-5.85E-02

2.65E+01
6.43E+02
4.01E+01
1.36E+03
1.08E+01

9.60E+03

3.17e+01
7.05E+02

3.06€E+01
1.96E+01

1.25€-02

2.31E+01
2.49€E+01

3.46E+01
9.72e+01%

6.5TE+02
1.88E+02

+/-2.09E-01
+/-1.54E+00
+/-1.72e-01
+/-3.94E+00
+/-7.98€-02

+/-2.40E+01

+/-2.70E-01
+/-8.326+00

+/-2.69E-01
+/-1.25€-01

+/-1.27e+01

+/-5.03e-01
+/-2.31E-01

+/-1.90E-01

+/-8.16E-01

+/-2.76E+00
+/-5.82E-01

1.456+02 +/-7.92E+00
3.38E+01 +/-1.18E+00
2.04E+02 +/-4.55E+00
1.21€+01 +/-5.28€E+00
1.81E+02 +/-6.32E+00

7.45E+01 +/-1.17€+01

1.83E+02 +/-7.01E+00
3.53E+03 +/-1.14E+02

2.14E+02 +/-6.76E+00
1.92E+02 +/-4.70E+00

<1.89E-0

<1.54E+0
2.03e+02 +/-8.06E+00

2.07€+02 +/-8.80E+00

<1.01E+0

1.39E+403 +/-3.97E+01
6.71E+01 +/-5.05€+00



6-H

TABLE H-2.

identificatton

G8-r11-8

G8-P11-E

G8-P5-8

GB-P7-A

G8-P7-C

GB-P9-A

GB-P10-A

”
2
n
n
”2

n
[ 24

n
n

(40)
31
(52)
(20)
(50)

(18)

)
(4}

(34)
"

({}]
(32)

(21)

2)

3)
(10)

(cont inued)

...................

4126401 ¢/-2.27%-01
1.61E400 «/-1.40¢-01
4.208+01 +/-1 TE-00
«1.54€+0

4.238401 ¢/-2.07¢-00

9.22E+00 +/-9.22¢-01

4.34E¢01 /-2 78E-01
7.80€+02 ¢/-4.538+00

4.30€001 ¢/-2 S4E-01
4188001 o/-1,48€-01

<« . 23¢-0

1.92€+00 +/-5.06€-01
4.28E+01 ¢/-1.768-01

6 .B6E01 +/-2.33E-01

«2.10E¢0

3.65€402 +/-1.97€+00
7.96E+00 +/-1,30€-01

3.31E401 o/-4.35%€-0)
1.34E401 ¢/-4.15%€-01
3.65€¢01 /-4 . 64E-OV
<6.33€+0

3.350€+01 +/-4.95€-01

4.128+01 #/-2,02¢+00

3.58E¢01 +/-2.84E-00
1.06E+03 ¢/-1.11€+01

3.53€401 +/-9.5%-01
5.46E401 +/-3 66¢-01

<3.26¢ -02

«2.95€+0
3.55€401 /-4 . 10€-01

6.28E+01 ¢/-4.71€-01

4. BBE202 +/-4 . 44E000
2.05€+01 ¢/-2.31€-01

u-235 (eg)

snsannsssanas *xo

ag/Seme /- Error
4.008+00 +/-3.40¢-02
1. 126400 ¢/-1,60€-02
3.008+00 +/-2.90€-02
8.60¢-01 1.50€ -02
3.74£+00 ¢/-3.30€-02
7.742+00 / 5.30€-02

2.24E+00 +/-2.40€-02
9.14E-02 ¢/-7.40€-03

$.15€+00 /-4, 10€-02
4. 368400 +/-3.60€-02
1.72€+00 2.00€ -02

1.12¢-01 8.00¢-03
1.82€+00 +/-2.10€-02

3.49€+00 +/-3,.10€-02

2.47E+00 2.50€ -02

U-238 (mg)
ap/Sams /- Error
1.82€E402 ¢/-1.918+00
5.79€¢01 +/-8.90F-01
1.366+02 */-1.53£+00
5.05% 01 8.40¢€-01
1.62€+02 ¢/-1,75¢+00
3.80€+02 +/-3.51€+00

1.06€+02 +/-1,29€+00
4. 19€+00 ¢/-5.40¢-01

2.2TE+02 +/-2.206E+00
2.02€+02 +/-2.188+00
7.61E+01 1.05¢+00

4. 40E+00 /-5 44E-01
7.95€+01 +/-1,088+00

1.60€+02 /-1 73£+00

PRYE
1.34€+402 +/-1.51€+00



Ol-H

TABLE H-3. CORE BORE D8 RADIONUCLIDE CONCENTRATIONS
(uCi/g on April 1, 1987)

Identification

D8-P1-C #1 (48)
#18 (48b)
#2 (15)
#3 (68)

D8-P2-A1 #1 (53a)
#18 (53b)
2 (24)

08-pP3-01 #1 (11)
#2 (25)

D8-P4-A #1 (33)
#2 (60)

08-P4-C #1 (370)
#18 (37b)
#2 (23)

a. Not detected

1.10€+01
1.01E+03
1.04€+02
8.87€+02

7.43E+01
2.70€+02
3.40€+01

1.40€+02
3.70e+01

1.54€+03
1.64E+03

5.69E+00
1.06€E+01
5.36E+00

+/-2.03€E-01
+/-2.93€+00
+/-9.54€-01
+/-2.84E+00

+/-4 .83E-01
+/-1.57E+00
+/-2.72e-01

+/-7.54E-01
+/-3.11€-01

+/-4.156+00
+/-7.69E+00

+/-5.92€-02
+/-2.15€-01
+/-8.84E-02

b. Uranium below detection Limit

2.71e+01
8.21E+01
5.48E+03
1.36€E+01

1.91€+03
4.63E+03
6.43€+03

3.01€+03
1.01€+03

5.76E+00
2.526+01

4.49€E+03
cep-~

2.54E+03

+/-2.17€+00
+/-6.57€+00
+/-4.38BE+02
+/-1.09€+00

+/-1.53€+02
+/-3.70€+02
+/-5.14E+02

+/-2.641E+02
+/-8.08E+01

+/-4.60E-01
+/-2.02E+00

+/-3.59€+02

+/-2.03E+02

...................

1.33€+01
1.536+03
2.61€+02
1.74€E+03

6.90E+01
3.80E+02
1.28€+02

2.01E+02
4.39€+01

3.17e+03
7.71€+03

+/-7.60€E-01
+/-6.13E+00
+/-5.38€+00
+/-8.55€+00

+/-1.61€+00
+/-3.16€E+00
+/-2.05€+00

+/-2.61E+00
+/-2.01E+00

+/-1.59€+01
+/-3.39E+01

<2.14E+0

7.21€+00

+/-1.03€+00

<1.29€+0

...................

8.27€+02
1.06€E+03
2.92€-01
9.25E+02

1.50€+02
4.71E+02
7.91E+01

3.98€e+02
3.89e+01

1.31E+03
2.91E+03

+/-1.90E+00
+/-3.29€+00
+/-4.82€-02
+/-2.03E+00

+/-8.7T1E-01
+/-2.12E+00
+/-4.03€-01

+/-1.51E+00
+/-6.54E-01

+/-2.76E+00
+/-9.60E+00

<4 .54E-0

1.24E+00

+/-3.7TE-01

<4.47€-0

P



[1-H

TABLE H-3. (continued)

1129
identiticotion JuCi/e */- trror
D8-P1-C #1 (48)  4.70E-04 ¢/-8.932-0%

018 (480) 2.308-04 ¢/-1.02¢-04
02 (%) 1.00€-03 +/-2.29€-04
2 (68) 1. 706 04 ¢/ -1.9508-0%
08-P2-A1 @1 (33a)  9.40£-03 +/ 1 96¢-0%
018 (330)  1.508-04 </ 3 .73¢-0%
02 (20) 9.00€-04 ¢/ 1.96¢-04
08-3-01 #1 (11) 2.708-06 +/-6.21€-0%
”2 () 1.008-04 +/-2.408-0%
08-P4-A #1 (33)  4.908-03 ¢/-1.92€-0%
§2 (60)  5.80E-04 +/ 1.04E-04
08-P4-C #1 (378)  1.400-0% +/-9.46E-06
018 (370)  1.408-03 ¢/ 4.34E-08
02 (29 2.008-06 /-2.80€-06

.20
«1.021 0
7.30001 ¢/-8.478-01
6.892400 ¢/-3.932-01

1.638¢00 ¢/ 1.41¢-0V
1.99€¢00 +/-3.01¢-01
1.332+00 ¢/-7.90¢-02

1. 118001 ¢/-1,73¢-00
1452401 ¢/-1.708-01

«2.252+0
2,108 0

3.942-01 ¢/-4.29¢-02
9.42€-01 ¢/-9.03¢-02
«3.%1€-0

Ce 137
uci/eg ¢/
1.848000 ¢/-8.4%¢-02
1.798¢01 «/-9.982-01
4.048003 ¢/-3.648:00
3.070¢02 ¢/ \.B4L<00

frror

assesems

7.8%5€¢01 ¢/-8.87¢ -0V
1.920000 «/-6 35%¢ -0
6.648001 ¢/ 6.112-0V

9.038002 ¢/-1.968400
6.618+02 ¢/-2.188+00

9.7644¢00 ¢/-6.40¢-0V
<7,91200

1.698+01 ¢/-2.10¢-01
4. 128601 o/-1,. 2480V
2.562901 ¢/-1.468-01

Co- 164

Cessessarpocrann

WCi/g ¢/ ttror

«1.1640

1,148 40

1.2%€+02 ¢/-2.92€+01
2.82€¢01 ¢/-2.9%+00

4. 288002 ¢/-3.510¢00
2.21€402 ¢/-2.368+01
1.98£002 ¢/-1.24£+01

T.25¢+01 o/-1.468+0
1.40€402 ¢/-1.292+01

«1.03¢+0
«2.72¢0

1.954€+02 ¢/-4.608+00
2.848902 +/-1.108+01
1.90€+02 +/-6.008+00



¢l-H

TABLE H-3.

Identification

D8-P1-C #1 (48)
#18 (48b)
#2 (15)
#3 (68)

D8-P2-A1 #1 (53a)
#18 (53b)
w2 (26)

D8-P3-D1 #1 (11)
#2 (25)

D8-P4-A #1 (33)
#2 (60)

D8-P4-C #1 (37a)
#18 (37b)
#2 (23)

(continued)

<3.39€+0
4.87€+01 +/-1.07€+00
6.10E400 +/-4.10E-01

8.68€+01 +/-8.60E-01
3.50E+01 +/-4.72E-01
3.98€+01 +/-3.27€-01

2.14E+01 +/-2.97€E-01
2.22E401 +/-2.17€-01

<1.05€+0
<2.61E+0

4.02E+01 +/-2.37€-01
7.43E401 +/-5.28€E-01
4.13E401 +/-2.19€E-01

<3.00€+0
3.57€+00 +/-1.30€+00
5.08€+01 +/-1.25€+00
1.09€+01 +/-5.65€-01

1.42€+02 +/-1.81E+00
4 .44E+01 +/-4 . 17E-01
5.31€+01 +/-5.09€-01

3.91E+01 +/-6.80€-01
4.20€+01 +/-3.95E-01

<3.50€+0
<6.20€+0

5.19E+01 +/-1.87€-01
1.28E402 +/-1.05€E+00
5.34E+01 +/-5.44€-01

U-235 (mg)

P
3.05e+00 +/-2.90€-02
1.18€+00 +/-1.70E-02

3.38€+00 +/-3.10€-02
«eC-- ’/.
1.90€+00 +/-2.20E-02

1.15€+00 +/-1.70E-02
5.70E-01 +/-1.10E-02

web--
--b--

U-238 (mg)

--C--
1.67E+02 +/-1.T76E+00
6.70E+01 +/-3.73E+00

1.54€E+402 +/-1.68E+00
eeCe- +/-
9.38E+01 +/-1.18€+00

5.08E+01 +/-8.50£-01
2.56€E+01 +/-6.50€-01

--b-~
-=b--



El-H

TABLE H-4. CORE BORE G12 RADIONUCL IDE CONCENTRATIONS
(uCi/g on April 1, 1987)

Co-60 Sr-90 Ru- 104 $b- 129
identification uci/g *+/ Error uCi/g *e/ Error ui/g +/- Error ui/g ¢/ Error
G12-P1-02 M (&9) 1.79€«01 ¢/-2.20€-01 8.268¢02 +/-6.61E°0 <«2.93+0 «8.12€-0

82 (43) 1.65€E+00 +/-1.01€-02 2.46E¢03 +/-1.97€02 2.37€-01 +/-2.%0€-02 1.45€-01 «/-7.00¢-03
828 (43b) S5.0VE*00 +/-4.41E-02 B R Y B 6.50€-01 ¢/-2.01¢-01 J.94E-01 ¢/-5,67E-02
G12-PY-E M\ (}) 8.25€-01 ¢/-1,8%-02 1.568+402 +/-1.25€+01 2.638-01 ¢/ 6.73% 02 3.306-01 +/-2.11€-02
2 (59) 6. 60€e02 ¢/-2 168¢00 6.3TE+02 +/-5.10€+01 2.55€+02 ¢/-5.09€+00 $S.70€002 ¢/-2.16£+00
3 (69) 1.49€01 +/-1,83€-01 1.98E+03 +/-1.58£02 <3.44E0 1.03€°00 ¢/-2.48¢-01
8% (70) 1.99€+01 +/-1,52€-01 1.50£+03 «/-1,20€+02 <5.35¢€+0 2.17€+00 +/-1.91E-01
G12-P2-8 M\ (29) $.49€000 ¢/-9,22€-02 1,89€+03 +/-1.51€+02 <1.42€+0 2.68E-01 +/-1.33¢-01
22 (42) 4.52€+00 +/-9,23E-02 T7.T4E¢00 +/-6.19¢-01 <1,15€+0 4.236-01 ¢/-1.11€-01
G12-P6-A M1 (38) 1.91€+01 ¢/-2,.01E-01 $.86E+03 ¢/-4. 69602 <2.03£+0 1.62€¢00 +/-2.20€-01

G12-P9-A1 81 (22) 1.38£+02 ¢/-4.98E-01 3. 14E03 /- 2.51€:02 1.60€¢02 ¢/-1.73E+00 1.91€002 +/-1.15€+00
” (%% 9.30€401 +/-5.95¢-01 6.15€¢00 +/-4 92¢-01 J.44E+01 +/-9.08¢-00 2.986¢00 +/-3.106-01

e. MNot measured



YI-H

TABLE H-4. (continued)

G12-P1-D2 #1 (49)
#2 (43)
#28 (43b)

G12-P1-E #1 (3)
#2 (59)
#3 (69)
# (70)

G12-P2-8 #1 (29)
#2 (42)

G12-P4-A #1 (58)

G12-P9-A1 #1 (22)
#2 (55)

6.70E-06
9.90E-06
eape-

2.12E-06
3.00€-04
3.90€-06
8.40€-06

5.20€-07
<2.7€-7

7.70€-06

2.40E-04
7.70E-06

+/-5.15E-06
+/-2.T7€-06
cape-

+/-4.00€E-07
+/-6.87€-05
+/-8.89€-07
+/-6.38E-06

+/-2.90E-09

+/-4.40E-08

+/-4.97E-05
+/-6.55E-06

4.09e-01
7.08E-02
1.08e-01

5.43€-02
2.32E+01
6.27€-01
5.56E-01

2.11E-01
2.51€-01

4.14E-01

3.27e+00
3.84E+00

+/-5.95€-02
+/-2.71€E-03
+/-1.36€E-02

+/-5.51€E-03
+/-3.46E-01
+/-7.35E-02
+/-5.92€-02

+/-4_.70E-02
+/-3.79E-02

+/-5.73€-02

+/-1.42E-01
+/-1.05€-01

2.04E+01
3.226+00
5.92€+00

2.56E+00
1.05€+03
2.56E+01
2.95E+01
1.08E+01
7.23E+00

1.71e+01

1.64E+02
1.75€+02

+/-2.86E-01
+/-1.51E-02
+/-5.45E-02

+/-3.36E-02
+/-4.41E+00
+/-2.25€E-01
+/-2.39€-01

+/-1.18€-01
+/-7.16E-02

+/-1.82e-01

+/-8.18e-01
+/-8.75€-01

1.86€+02
1.07€+01
5.04E+01

4 .89€+00
2.06E+01
1.71E+02
1.88E+02

1.70€+02
1.63E+02

2.02e+02

1.80E+02
1.45E+02

+/-7.81E400
+/-4.01E-01
+/-1.85E+00

+/-7.88E-02
+/-2.34E+00
+/-1.47E+01
+/-8.75E+00

+/-5.83E+00
+/-6.33€+00

+/-5.99E+00

+/-2.03E+00
+/-1.03e+01



SI-H

TABLE H-4. (continued)

Eu-15¢ tu 155 U-23% (mg) u-238 (ag)

G12-P1-02 M (49) 4. 19€¢01 ¢/-2.56¢-01 S.4TEDY «/-5.748-01 4.908+00 +/-4 00€-02 2.24E+02 +/-2.268+00
12 (43) 2.12€00 ¢/-9.73¢-03 2.7T1E+00 +/-1.44E-02 3.19€+00 ¢/-3.00€ -02 1.39€402 ¢/-1.56£+00
028 (43b) 1. 16E0Y +/-4.52¢-02 1.48E01 ¢/-1.61€-01 Y T LAY T

G12-P1-€E 7 (D) 9.9TE-01 +/ 1.68E-02 1.21€¢00 +/-3.37¢-02 ceb-- i - I
82 (59) $.30€+00 ¢/-4.00€-01 1.37€01 ¢/-6.37¢-01 7.43€-01 «/-1.30€-02 3.31601 ¢/-7.10€-01
3 (69) 415601 ¢/-1.91¢8-01 3 .44€+01 ¢/-4.088-01 1.036+01 ¢/-6.90¢-02 4.51€402 +/-6.85€+00
84 (70) 4.32E+01 ¢/-2.4TE-01 $.588¢01 ¢/-4.41E-01 5.34E-01 «/-1.20€-02 2.05€+01 +/-3.42€+00

G12-P2-8 81 (29) 4.68E+01 +/-2,20€-01 5.96E+01 ¢/-3.99¢-01 9.04E+00 */-6.30€-02 4. 138402 +/-3.826+00
2 (L2) 4.58€+01 ¢/-2.06E-01 $.91€+01 +/-3.31€-01 1.018+00 «/-2.10€-02 8.06E+01 ¢/-1.08€+00

G12-P4-A #1 (58) &.64E0T ¢/-2.26E-01 S.T26¢01 +/-4.58E-01 3.98€+00 */-3.40€-02 1.626402 +/-1.76E+00

G12-P9-AY M (22) 2.06E+01 */-2.06E-01 2.76E+01 +/-5.25€-01 2.65€+00 ¢/-2.60€-02 1.28E+02 +/-1.46E+00
2 (5%) 2.55€+01 +/-2.22€-01 3.49€+01 ¢/-5.10€-01 3.48€+00 +/-3.10€-02 ABE+02 ¢/-1.64E+00

-



91-H

TABLE H-5. CORE BORES 07, D5, N5 AND 09 RADIONUCLIDE CONCENTRATIONS
(uCi/g on April 1, 1987)

07-P4-C #1 (45) 8.87e+02 +/-3.10E+00 1.55E402 +/-1.24E+01 5.00E+02 +/-6.30E+00 L44E+02 +/-1.69E+00
#2 (61) 9.53E+01 +/-6.95€E-01 1.40E+03 +/-1.12E+02 2.67€+02 +/-3.36E+00 .27E-01 +/-1.09E-02
#3 (6) 1.24E+01 +/-1.36E-01 7.58E+402 +/-6.06E+01 5.36E+01 +/-8.04E-01 L62E+02 +/-1.10E+00
#4 (56) 1.50E+01 +/-2.28E-01 3.49E+02 +/-2.79E+01 8.88E+00 +/-8.00E-01 .326+01 +/-4.80E-01

o N =2

07-P1-A #1 (26) 1.70E+03 +/-5.25E+00 5.50E+00 +/-9.35€E-01 4.12E+403 +/-1.53E+01 1.77E+03 +/-4.79E+00

07-pP6 #1 (16) 1.23e+03 +/-8.24E+00 1.18E+401 +/-9.44E-01 5.10E+03 +/-2.24E+01 2.31E403 +/-7.40E+00
#2 (27) 9.95€+02 +/-4.6BE+00 1.22E+02 +/-9.76E+00 5.72E+03 +/-1.83E+01 1.86E+03 +/-5.56E+00

D4-P2-A #1 (38) 8.11E+02 +/-3.81E+00 3.61E+01 +/-2.89E+00 1.53E+03 +/-8.69E+00 1.59€-01 +/-3.20€-02

NS-P1-H #1 (13) 3.54E+00 +/-1.92E-01 3.54E+03 +/-2.83E+02 1.156+01 +/-1.27€+00 5.03e+02 +/-2.11E+00
#2 (65) 5.97€+00 +/-2.05E-01 9.32E+03 +/-7.46E+02 1.03E+01 +/-2.99E+00 8.23E+00 +/-1.48E+00

N5-P1-A #1 (41) 1.19€+02 +/-9.31€-01 1.25€+01 +/-1.00E+00 2.98E+02 +/-3.97E+00 3.56E+402 +/-1.64E+00
N5-P1-D #1 (12a)  7.68E+02 +/-3.61E+00 1.01€+02 +/-8.08E+00 7.27€+402 +/-5.67E+00 6.26E+02 +/-2.00E+00
#18 (12b) 2.13E+02 +/-2.30E+00 1.31E404 +/-1.05E+03 8.13E+02 +/-9.10E+00 3.15E+402 +/-4.91€+00
#2 (63) 3.356+02 +/-2.35E+00 7.82E+03 +/-6.26E+02 1.29€403 +/-7.76E+00 3.76E+02 +/-5.41€+00

09-P1-A #1 (35) 1.52E+03 +/-7.61E+00 8.82E+00 +/-7.06€-01 3.64E+03 +/-1.35E+01 1.27E403 +/-2.41E+00
#2 (44) 2.85E+00 +/-4.51E-02 8.93E+02 +/-7.14E+01 <1.13€+0 3.53e+00 +/-1.20€-01

09-P1-8 #1 (64) 4.04E+00 +/-6.79E-02 3.99€+03 +/-3.19E+02 <1.19€+0 1.10E+01 +/-1.21E-01



L1-H

TABLE H-5. (continued)
1-129
Identiticetion uCi/Q ¢/- Error

07-P4-C 1) (49) 2.208-05 ¢/-1.27%-0%
22 (81) 1.206-04 +/-2.75€-09

 (8) 1.502-04 +/-2.70€-05

% (56) 7.306-05 «/-1.7%¢-05

07-P1-A M1 (26) 1.20€-04 */-3.285-0%
07-p6 81 (18) $.40E-04 ¢/-9.99¢-05
2 (27 S.60€-04 +/-1.28E-04

D4-P2-A F\ (38) 8.306-04 +/-1.906-04
uS-P1-% M (13) 2.706-04 +/-4.97€-03
” (65) 1.60€-04 ¢/-3.17€-05

NS-P1-A 8 (41) 3.006-04 ¢/-6.21€-0%
4S-P1-0 81 (12¢) V.10€E-04 ¢/-2.626-05
818 (12b) 1.00E-03 ¢/-4.33E-04

7 (6)) 1.80€-03 +/-3.73€-04

09-P1-A 81 (35) 2.40E-04 ¢/-4.97€-05
#2 (44) 2.506-05 +/-5.20E-06

09-P1-8 01 (64) 1.50€-04 ¢/-3.09€-05

«1,34€0
3.86E+00 +/-1.%0€-01
1.438001 »/-1.6%-01
7.43€000 +/-1.22¢-01
«1,438+0

«2.75€+0
<2.22¢+0

«2.08¢+0

1.45€+01 +/-1.92¢-0V
£.27€+01 +/-3.46E-01

3.13E001 ¢/-6.45E-01
<), 76€+0

1.238002 +/-).86E+00
9.55E+01 +/-2.108+00

€2.47E+0
3.26E-01 +/-3.00€-02

2.28E-01 +/-4.23£-02

Cs-137

eweEsr it conoane

Juci/g ¢/- Error

N smBLcacn MmErcemon

1.34€001 /-4 15€-01
1.TTE02 +/-1.04E+00
6.66£+02 o/-1.87E+00
3.326402 #/-3.98¢-01

7.038+00 +/-7.90€-01

«3.58£+0
1.03£¢01 #/-8.97¢-01

3.20€6+00 +/-6.25€-01

7.16E+02 +/-2.15E+00
2.01E+03 ¢/-5,22¢+00

1.42€+03 +/-3.83£+00
7.59€+01 +/-5.61€-01
6.6TE+03 +/-8.00E+00
4£.92E+03 +/-7.388+00

<3.39€+0
1.31€+0) +/-2.35€-01

9.MESQ0 */-1.66E-01

Ce- 144

uci/g ¢/- Error

<9.79¢+0

9.88£+01 +/-1.188+01
1.43€402 +/-6.39€+00
8.26E+01 +/-5.42¢+00

<3.32¢+0

«2.82€+0
«1.34E0

<1.81€+0

6.05€+01 +/-6.82£+00
2.02€02 +/-2.09€+01

1.4TE+02 «/-2.19E+01
<9 .80€+0

1.99€+02 +/-9.74E+00
1.57€+02 ¢/-9.44E+00

<2.93€+0
1.54E+02 +/-5.00€+00

1.326402 +/-4.5TE+00



81-H

TABLE H-5.

07-P4-C #1 (45)
#2

3 (6)
07-P1-A #1 (26)

07-P6 #1 (16)
#2 (27)

D4-P2-A #1 (38)

NS-P1-H #1 (13)
#2 (65)

N5-P1-A #1 (41)

N5-P1-D #1 (12a)
#18 (12b)
#2 (63)

09-P1-A #1 (35)
#2 (44)

09-P1-8 #1 (64)

(continued)

<1.38E+0
1.90E+01 +/-2.67€-01
2.62€+01 +/-1.70€-01
1.20E+01 +/-1.22€-01
<2.31E+0

<2.44E+0
<1.93€+0

<2.42E+0

1.18€+01 +/-1.96E-01
4.54E+01 +/-4.04E-01

2.50E+01 +/-4.70€-01
<1.46E+0

3.16E+01 +/-1.36E+00

2.31E+01 +/-1.42E+00

<2.90€E+0
4.23€+01 +/-1.78€-01

4.6LE+01 +/-2.32E-01

2.00E+00 +/-9.33c-01

3.44E+01 +/-5.19E-01

4.07e+01 +/-3.33E-01
1.83E+01 +/-2.12€-01
<3.66E+0

9.66E+00 +/-2.06€E+00
<4 .62E+0

7.82E+00 +/-1.85€+00

2.31E+01 +/-4.51€-01
5.98E+01 +/-1.33€+00

4. 136401 +/-1.27€+00
<2.00€E+0

6.30E+01 +/-2.25E+00

4.59€+01 +/-1.976+00

<4 .12E+0
5.55€+01 +/-4.60€E-01

5.90€+01 +/-5.01E-01

u-235 (mg)

4.70E-02 +/-7.00E-03
1.71€+00 +/-2.00€E-02
2.53E+00 +/-2.60€-02
6.49E-01 +/-1.30€-02

P
6.60€-02 7.00€-03
aep--

1.16E+00 +/-1.70E-02
4.4BE-01 +/-1.10E-02

2.70E+00 +/-2.60€-02

7.36E400 +/-5.20€-02
--b-~ 0./.

7.96E+00 +/-5.70€-02

--a-- --g--
7.50E+00 +/-5.50€-02

U-238 (mg)

1.34E+00 +/-4.50E-01
8.28E+01 +/-1.10€+400
1.41E+02 +/-1.60E+00
2.92€+01 +/-6.80€E-01

--a--
1.95€+00 4 .60€E-01
.-~

5.25€+01 +/-8.60E-01
1.76E+01 +/-5.90E-01

1.19€+02 +/-1.39E+00
3.24€+02 +/-3.09E+00

--b-- +/-
3.21€+02 +/-3.08E+00

3.40€+02 3.21€+00
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APPENDIX 1
DATA QUALIFICATION

A data qualification program was performed as part of this examination
program. Duplicate samples were obtained from some core bores, and in some
cases, split samples were analyzed after an individual sample had been
dissolved. The results of these examinations are listed in Appendices G
and H. An analysis of these results indicates that the split (dissolved)
sample results produce reproducible results within 5 to 10%; however, the
duplicate samples removed from individual microcores had variations up to
100%. This effect results from the heterogeneity of the microcores and does
not compromise the results, which are indicative of chemical and fission
product phenomena. Normalization of the results to uranium content tends to
remove biases associated with variation in the material content of the
sample. Consequently, each sample is generally indicative of the chemica)l
and fission product behavior in that part of the core when normalized to the
elemental or chemical form of interest. Multiple samples are required to

evaluate radionuclide retention or relocation in a particular portion of the
reactor core.
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APPENDIX J
QUANTITATIVE WDS ANALYSIS

Wavelength dispersive X-ray spectrometry (WDS) provides the capability
of performing quantitative microanalysis of materials in a scanning
electron microscope. This technique was utilized to analyze phases in a
number of the TMI lower core samples. The compositions were quantified
for thirteen points on five samples: two samples from the upper crust
(68-P11-C2, K9-P2-D1), two from the lower crust (K9-P1-Dl, K9-P1-D2), and
one from a ceramic particle (K9-P4-D). However, only selected
representative point analyses are presented in this appendix.

The basic technique of WDS was described in Appendix B. The procedure
for obtaining quantitative information from WDS spectra consists of
comparing, for a given element in a phase of unknown composition, the
intensity of the characteristic X-ray signal (generated by the SEM
electron beam hitting the sample) between the unknown and a
well-characterized standard. To a very rough first approximation, a phase
composed 50% of a given element will give a characteristic X-ray signal
50% as intense as would a pure standard of that element. However, the
atomic processes of electron beam/material and X-ray/material interaction
are extremely complex, and accurate quantitative analyses can only be
achieved by correcting for these effects. This is especially important
for material of highly dissimilar elemental constituents such as heavy
metal oxides.

Quantification is performed by means of a set of correction equations
that take into account such convoluting factors as electron backscattering
and retardation, matrix X-ray absorption, and secondary X-ray
fluorescence, all of which act to change the signal intensity from that
anticipated on a simple compositional percentage basis. This experiment
used a computer program for electron probe correction developed by Dr. J.
Armstrong at the California Institute of Technology. The program (CITZAF)
allows choices of various computational schemes for correction factors
that catenate to generate the overall correction for
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the peak height, from which element concentrations are calculated. The
choice of specific schemes for correction factors depends on the nature of
the sample material and the experimental conditions.

Despite the sophisticated correction schemes that have been developed
for WDS microanalysis, there are still computational errors associated
with any such procedure, due again to the very complex nature of the
problem. That is why the CITZAF program allows the user to choose between
different sets of correction equations; different equations perform better
than others depending on the experimental conditions (beam voltage, sample
composition, sample configuration). The only possible situation without
computational error is the case of both unknown and standard being the
exact same material, where the correction factors reduce to unity. 1In
such a situation only measurement errors are of concern. Computational
errors grow as the number of elements in a phase increases, and this was a
problem for the TMI material, as many of the samples contained phases with
a dozen or more elements.

In the examination of TMI samples experimental difficulties caused by
the high radiation fields of the material had to be overcome before
accurate quantitative analyses could be performed. Samples ranged from
1 to 60 R/h (contact beta-gamma). This radiation generated a very high
background in the WDS detectors that interfered with the acquisition of
spectral peaks from low concentration elements, and from oxygen. The high
fields also necessitated fully remote sample handling, which prevented the
use of a standard carbon coater for specimen preparation. The methods
used to handle these difficulties are described below.

High Spectral Background

The background observed in a WDS spectrum of TMI material is composed
of two parts: electron beam induced background (primarily Bremsstrahlung
radiation) and beam independent background caused by radioactive decay.
The decay background is the dominant effect, in some cases an order of
magnitude greater in intensity than the beam-induced signal. Although
W shielding was placed where possible between the sample holder and X-ray
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detectors, it was not possible to shield them through their full range of
travel because the detectors moved along a large arc. The resulting
background is shown in Figure J-1, a spectrum acquired with the electron
beam off. The spectrum thus contains no compositional information, and
the variation of intensity is purely a function of the radiation field.

" The decrease with increasing spectrometer position is caused by the motion
of the detector, which travels in an arc away from the specimen for most
of its range. The small increase at the high end (high wavelength/low
energy) of the range results because the detector reaches a maximum
distance, and then begins to approach the sample. The change in slope of
the decrease is from the W shielding.

Decay background degraded the ability of the system to detect and
quantify trace elements, but did not greatly affect the acquisition of
major constituents, with the significant exception of oxygen. Because
oxygen X-rays are of very low energy and, as a result, highly absorbed in
the sample material, measurable peak intensity is low. A diffracting
crystal with a large d-spacing is required because of the long X-ray
wavelength, resulting in a very broad peak. These factors, coupled with a
rising decay background in the peak region, make it difficult to find the
true peak height required for quantification (Figure J-2).

The following procedure was used for the broad, low intensity oxygen
peaks on a rising background. A WDS spectrum of the peak area was
acquired with the TAP crystal. The resulting spectrum included most of
the peak, although a portion of the low energy tail could not be acquired
because of mechanical limits in spectrometer travel (Figure J-3). The
spectrum is composed of three superimposed spectra: the two background
components mentioned above and the characteristic (peak-forming) X-ray
signal. In order to find the true height of the peak, four measurements
were made: A, at the peak position with the beam on; B, at a higher energy
peak position beyond the tail of the peak with the beam on; C, at the same
position as B with the beam off; and D, at the peak position with the beam
off (Figure J-4). With the beam off only the radiation background is
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Detector output (counts/channel)

15000
» I | | I | I |
10000 |— Range of internal shielding - —
5000 — —
0 1 I 1 1 1 1 1
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Spectrometer position (mm) 9-0896

Figure J-1. WDS spectrometer background due to radiation from sample

(30 R/h contact beta-gamma) with no beam. Variation due to changing
sample detector distance. Change in slope at 145 mm is caused by internal
tungsten shielding.
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Spectrometer position (mm)

100 125 150 175 200 225 250 275 300
1000 | | | 1 | 1 1
Ni la
m ol —
W Diftracting crystal: TAP
Beam voltage: 18 kV
Beam current: 500 nA
Spectrometer rate: 12.5 simm
Zr la -

g
l
1

X-ray intensity (counts/channef)
|

Fe La O Ka
) | | lj]
82 138 184 230 276
Wavelength (A)

Figure J-2. WDS spectrum of oxidized steel from TMI core. Comparison
with Figure J-1 shows that the broad, weak oxygen peak is located on a
rising background, making background subtraction difficult.
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250 | I l I

200 Diffracting crystal: TAP ]
[ Beam voltage: 10 kV
Beam current: 500 nA

Spectrometer rate:

150

100

X-ray Intensity (counts/channel)
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0 | 1 1 |
23 23.18 23.36 23.54 23.72 23.90
Wavelength (A)

9-0895

Figure J-3. WDX oxygen peak from oxidized TMI steel. The low wavelength
tail (right) is cut off because of spectrometer geometry.
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Figure J-4. Oxygen peak background subtraction method for radioactive

samples. Curves 1, 2, and 3 correspond to beam-in
» respectively.
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measured, and if the beam-induced background is assumed to be constant for
a given beam current and voltage over the range of measurement, then

IP = (IA + Ic) - (IB + ID)

where Ip is the true oxygen peak intensity and I, Ip, I¢, and
Ip are measured intensities at the points listed above.

Specimen Coating

The high radiation fields of the samples necessitated fully remote
operations, including sample coating. A1l nonconductive samples placed in
an SEM must have a conductive surface coating applied to them to prevent
static charging under the electron beam. For quantitative analysis the
coating is usually carbon, which is highly electron and X-ray transparent
and, therefore, does not interfere with the analysis. Carbon coatings are
applied with various forms of evaporative systems, usually involving thin
carbon rods heated by a large current. Such a system could not be
utilized for the TMI quantitative analysis, because remote operation of
such a system did not afford enough control over the rapid evaporative
process to reproduce consistent coating thicknesses. Accuracy in analysis
requires that surface coatings of samples and standards be of equal
thickness.

A gold sputter coater (Ernest Fullam Mini-Coater) achieved more
uniform specimen coating. Sputtering has the advantages of simplicity of
operation, making it ideal for remote usage, and a slow deposition rate,
allowing great control over layer thickness. The disadvantages of having
a gold surface layer on a SEM specimen are 1) a large number of
characteristic peaks generated by gold can interfere by overlapping the
peaks of other elements, and 2) sputtering cannot be used on a sample
where gold might be intrinsically present, for the obvious reason that it
would bias the data. Overlapping higher order peaks presented no
difficulties; the layer required to prevent charging was thin enough so
that only the principal gold peak was detectable and did not interfere
with any other element. The latter problem was not of concern in the
present examination.
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Data Acquisition

In acquiring quantitative WDS data, beam voltage, beam current, and
acquisition time were adjusted to provide optimum measurements. The
nature of the sample material determined the best values for each

"variable. The elemental composition of every analysis point was
considered individually in determining the experimental conditions.

Electron primary beam voltage was adjusted to maximize the X-ray
signal. For heavy elements, higher voltage results in higher count rates,
but for oxygen, low voltage produces X-rays most efficiently. A beam
potential of 10-15 kV was found to be the most effective compromise.

The most intense signal is generated at high primary beam currents,
although a current greater than 100 nA was found to produce instability in
peak heights of some oxide phases. Oue to this instability, and because a
low current and long counting time lead to system drift errors,
measurements were made with a beam current of 100 nA or less, and
acquisition times were limited to 200 seconds.

Selection of sample points was based on both an examination of SEM
images and WDS dot maps and a semi-Quantitative analysis of a large number
of possible points. This analysis consisted of using a ’‘canned’ computer
program to acquire WDS peak height data (Tracor/Northern TASK V on
T/N 5500-5600 coupled systems). The program controlled both spectrometer
and sample motion in the SEM, finding peak heights and backgrounds for
numerous pre-selected points. The program involved a sequence of
operations that did not include actual spectral retention, did not take
into account background anomalies such as nearby peaks or (for oxygen) the
background slope caused by sample radiation, and did not vary the electron
beam current or voltage for different material compositions to maximize
the signal, as described above. Although the results generated included
large errors, especially for oxygen, they provided an idea of the general
composition.



Points selected for final analysis had to meet certain physical
requirements: each point was located in a uniform, single-phase region;
the region was large enough to prevent generation of fluorescent X-rays
from surrounding phases (a minimum diameter of 10 um was desired); and
the surface was both flat and smooth. Accuracy in quantitative
microanalysis can be achieved only when these requirements are fulfilled.

The analyses used a set of element and compound standards prepared by
the C.M. Taylor Corporation. These standards included pure elements for
every component found in the TMI core material with the exceptions of 0
and In (InP was used for In). The oxides Zr0,, UOp, and Fey03
were variously employed as O standards, depending on the analysis point
composition. Best results are obtained with standards as close as
possible in composition to the unknown. Also, for this reason UOZ was
used as the U standard, since most of the U in the bundle had oxidized;
and because, due to the high potential for oxidation, the elemental U
standard always developed a surface layer of U0, which rendered it of
little value as a quantitative standard. Standards used in the several
point analyses are listed along with the data in Tables J-1 through J-9,
which are introduced in the following sections.

The present system has not acquired enough data to provide a precise
uncertainty for the calculated element concentrations. The uncertainties
are a function of experimental and computational uncertainties, and the
latter is, in turn, a function of the complexity of the sample
composition. More elements generate greater probable error. For sample
points of eight or ten elements, the uncertainty is greater than 10%. For
points of two or three elements with standards close in composition to the
unknown [e.g., regions of Zr-rich (U,Zr)0, in the ceramic melt region],
the uncertainty is less than 10%.
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TABLE J-1. WDS QUANTITATIVE ANALYSIS, Sample G8-P11-C2

Sample Point  flement L% Normalized wt¥ Aton®
! 0 12.92 13.86 64.0

Fe 1.30 1.40 1.9

Ir 14.83 15.91 12.9

v 64.14 68.83 21.4

2 0 25.46 25.97 67.0

Ir 70.84 72.25 32.7

v 1.74 1.78 0.3

Primary beam voltage: 10kV

Element/standard: Ollroz
Fe/Fe,04
ZY'/Z ?

U/vo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean fonization potentials of Berger/Seltzer
Phi (0) Equation of Love/Scott

Phi-rho-7 absorption correction of Armstrong
Atomic number correction of Love/Scott



TABLE J-2. WDS QUANTITATIVE ANALYSIS, Sample K9-P2-D1

Sample Point Element Wt% Normalized Wt% Atom%
3 Fe 3.20 3.39 5.1

Ni 34.66 36.72 52.5

Sn 56.54 59.89 42.4

Primary beam voltage: 15kV

Element/standard: Fe/Fe
Ni/Ni
Sn/Sn

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Reuter

Phi-rho-Z absorption correction of Philibert
Atomic number correction of Duncumb/Reed
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TABLE J-3. WDS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-DI

Sample Point Element 143 Normalized wi% Atonmk

4 Ag 87.58 90.98 91.5
In 8.69 9.02 8.5
5 Ag 85.99 84.66 85.4
In 15.59 15.34 14.6

Primary beam voltage: 15kV

Element/standard: Ag/Ag
In/InP

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Reuter

Phi-rho-1 absorption correction of Philibert
Atomic number correction of Duncumb/Reed
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TABLE J-4. WDS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-D1

Sample Point [Element Wt% Normalized Wt% Atom%
6 Cr 6.86 7.35 9.8

Fe 35.39 37.88 47.2

Ni 5.90 6.32 7.5

Ir 42.88 45.90 34.9

U 2.38 2.54 0.7

Primary beam voltage: 15kV

Element/standard: Cr/Cr
Fe/Fe
Ni/Ni
ir/Ir
u/uo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Reuter

Phi-rho-Z absorption correction of Philibert
Atomic number correction of Duncumb/Reed
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TABLE J-5. WDS QUANTITATIVE ANALYSIS. SAMPLE K9-P1-Dl

sample Point  Element 1Y Normalized Wt Atom
7 0 15.93 15.88 44.7

Cr 6.65 6.63 5.8

Fe 31.39 31.29 25.3

Ni 7.81 1.79 6.0

Ir 36.60 36.48 18.0

v 1.94 1.94 0.4

Primary beam voltage: 1OkV

Element/standard: 0/Fe,04
Cr/Cr
Fe/Fe,0
Ni/Ni2 3
Iv/lr
U/uo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Love/Scott

Phi-rho-Z absorption correction of Armstrong
Atomic number correction of Love/Scott
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TABLE J-6. WDS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-Dl

Sample Point Element Wt% Normalized Wt% Atont
8 Fe 1.52 1.59 2.5

Ni 24.99 26.02 37.4

Ir 43.28 45.05 41.7

Ag 5.55 5.78 4.5

In 16.98 17.67 13.0

u 3.75 3.90 1.4

Primary beam voltage: 15kV

Element/standard: Fe/Fe
Ni/Ni
Ir/1lr
Ag/Ag
In/InP
U/uo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Reuter

Phi-rho-Z absorption correction of Philibert
Atomic number correction of Duncumb/Reed
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TABLE J-7. WDS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-Dl

Sample Point [Element Wt% Normalized wt¥ Atom%
9 0 11.30 11.70 66.3
U 85.35 88.30 33.7

Primary beam voltage: 10kV

Element/standard: O/UOZ
U/V0,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of lLove/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Reuter

Phi-rho-Z absorption correction of Philibert
Atomic number correction of Duncumb/Reed
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TABLE J-8. WDS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-D2

Sample Point Element Wt% Normalized Wt% Atom%
10 0 16.81 16.94 47.0

Cr 0.58 0.59 0.5

Fe 33.29 33.54 26.7

Ni 9.31 9.38 7.1

lr 37.16 37.45 18.2

U 2.09 2.10 0.4

Primary beam voltage: 10kV

Element/standard: 0/Fe,03
Cr/Cr
Fe/Fe,0
Ni/Ni%
ZY‘/ZY‘OZ
U/uo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean ionization potentials of Berger/Seltzer
Phi (0) Equation of Love/Scott

Phi-rho-Z absorption correction of Armstrong
Atomic number correction of Love/Scott
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TABLE J-9. WOS QUANTITATIVE ANALYSIS, SAMPLE K9-P1-02

Sample Point  Element 143 Normalized wt% Atom
13 0 23.53 23.02 65.7

Ir 64.66 63.26 31.7

U 14.02 13.72 2.6

Primary beam voltage: 10kV

Element/standard: 0/2r0
Zr/Z 2
U/uo,

Correction program: Caltech ZAF with the following correction procedures

Backscatter correction of Love/Scott

Mean fonfzation potentials of Berger/Seltzer
Phi (0) Equation of Love/Scott

Phi-rho-Z absorption correction of Armstrong
Atomic number correction of Love/Scott
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Results

Upper Crust

Two points from the upper crust ceramic material were analyzed from
sample G8-P11-C2 (points 1 and 2, Table J-1, Figure J-5). This ceramic
proved to be (U,Zr)0,. The composition of point 1 was in the U-rich
side of the single-phase solid solution, and contained a small quantity of
Fe. Eutectic solidification of U0, and Fe-Cr oxide took place
extensively around point 1; the presence of 1.9 molecular wt% of Fe at
point 1 is consistent with a mechanism in which prior-oxidized Fe from
stainless steel and Inconel is dissolved in molten (U,Zr)0, before
solidifying eutectically. The minimum melting temperature for a
composition equivalent to point 1 minus the Fe is 2810 K; the Fe in
solution would have depressed the melting point less than 100 degrees.
Point 2 was in a region of oxidized zircaloy cladding. The composition
was Ir0; with 0.9 molecular wt% UO,.

A detail of the upper crust interface between two metallic regions is
seen in Figure J-6 (sample K9-P2-D1). The region that appears darker in
the backscattered electron image is Fe-Ni-Cr; the lighter region is
control rod Ag-In with a small amount of Sn. The structural material
elements are immiscible with the control rod elements, but a mediating
Sn-rich phase is present at the interface. Quantitative analysis
(point 3) gives the composition of this phase as shown in Table J-2. The
phase corresponds to the intermetallic Ni3Sn, with a melting
temperature of 1537 K. It is present at the interface as the only phase
containing components of both metallic regions.

Lower Crust
Two samples from the lower crust were investigated with quantitative
WDS, K9-P1-D1 and K9-P1-D2. These samples contained prior-molten material

from between fuel pellet stacks (K9-P1-D1) and from a pellet-pellet
interface region (K9-P1-D2). Backscattered electron images showing the
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locations of point analyses for sample K9-P1-D1 are shown in Figures J-7
and J-8. Backscattered electron images showing the locations of point
analyses for sample K9-P1-D2 are shown in Figures J-9 and J-10.

Control rod material in both the inter-rod and inter-pellet regions
was analyzred (points 4 and 5. Table J-3). No Cd remained in the alloy,
and Ag was enriched with respect to In from the original .80Ag-.15In-.05Cd
alloy. This enrichment is consistent with the fact that In underwent
extensive solution in a number of phases present in the TMI material,
principally in combination with Sn and Ni. while Ag was less interactive
and tended to remain in the original alloy, and Cd is very volatile.

A large percentage of the prior-molten material of the lower crust is
composed of a mixed structural material, a zircaloy phase which exists in
both metallic and oxidized states. Point 6 (Table J-4) is the metallic
state, while point 7 (Table J-5) is the oxide. Iron and Ir predominate,
with smaller amounts of Ni and Cr and a trace of dissolved U. The
compositions are proportionally close to IrM,, where M represents
Fe+Ni+Cr, which has been identified by Kleykamp of KfK as one of two
principal metallic alloys of Zr in TMI lower crust material (the other
being ZroM). Iron forms an intermetallic Fe,lr, with a melting point
of 1918 K which is probably close to that of the material examined.

The oxidation of lower crust IrM, results in a material with a
metal-oxygen ratio of somewhat greater than one. This is true for point 7
as well as point 10 on sample K9-P1-D2 (Table J-8). This ratio does not
correspond easily to any simple and reasonable oxide formula. The
oxidation state of this materfal is unclear.

Point 8 on sample K9-P1-D1 is an example of one of the phases
mentioned above that is enriched with In from control rod alloy. As shown
ir. Table J-6, the Ni/In ratio corresponds to the intermetallic Nijln,
with a melting point of 1179 K.

Within the fuel pellet sectioned in sample K9-P1-Dl, point 9 was
selected for analysis (Table J-7). The composition was, as expected,
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UOy; the analysis demonstrates the accuracy obtainable with the WDS
system for a simple phase using good standards.

In sample K9-P1-D2 a point was selected on the periphery of a metallic
Fe-Ni-Zr inclusion within a Zr0, matrix (point 10, Table J-8,
Figure J-9). The periphery had been oxidized by contact with the Zr0,,
and WDS analysis (point 10, Table J-8) revealed that the oxide was the
same material as found in the pellet-pellet interface of K9-P1-Dl1, with
the exception that it was lacking in Cr. The ratio of metal to oxygen was
the same, slightly greater than one.

Point 11 was selected in a phase within a complex mixture of phases
next to a fuel pellet, where a vein of control rod material had penetrated
the matrix (Figure J-10, Table J-9). The phase of interest is an oxidized
U-Zr oxide interspersed with oxidized Zr-Fe-Ni-Cr-Sn phases. Quantitative
analysis shows that the composition is (U,Zr)0, with 8 molecular wt%

UO,, indicating a melting temperature of 2825 K.
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